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Dawn va. apreading her saffron rob. ov.r the 

world., vhen Thunderbolt Z.us Qa11411d an ass.mbly of the god. 
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Or X'11 oatch h1m aDd throw hi. down into 
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SOMlt ASTROPHXShCAL ASPECTS 

01" 

BLACK AND WHITB BOLlS 

T.bi. th •• :1e eonsiats 1Of' thr •• parts. Part X deal. 

v:1th oer1nli:n astrophysical aspects of: 'blaok hel •• and Part XX 

with tho •• cf white hoi... Part XXX oontains .0.0Iud1_. 

ruaarlte. In a11 the proble.. • tud.:led.. the spacet:l.Jao ext.rior 

to a black hele or a whit. hel. has be.n a ..... d to b. on. 

described by the Schwarsohl1d lIIelut:l.on of' the :field equatlons 

ot' ceneral relattYity. 

The ilpaoet1.e sllrroudiq am lut.rono.i.eal obJect wt.'th 

a suf't'io1_tly s ... 11 :ra4:l"'11 1e s. h:1cJl1y 01U"Ved that 1-' :rel<1a 

over :I. 's.lt .. This happen" wh_ the radius of' th. obJ .0_ ,. 
reduoed ". It •• o .... oalled .... eat h.ri_... •• _'.rial parti.ol ••• 

DO photons emitted :fro. the .ur.ta •• of.' an ObJect of.' rad! •• 

•• aller "han it. eyent horilUihl. CaD eYe. reach the o .. ".:ld. "orlel. 

Blaok h01. 1e 'the _. g1Yu, _ •••• h .. obJ •• t. .A. bne:r 

tntrodaotloD to bleok hol.. and whit. hoi.. 1. elY" 1n 

Chapter 1. 

h principle, bi.ok. hoi ••• ~ lIB)" .... upward ." N 10·' .. 

ar. p ••• t:.l. iD. C-H'al. retation.,.. H ........ a. D._lIu"r ., 

u""ph,..i. •• l ..... icl .. tl .... lUdt their ••••• w:l1dd.a .ertau 



:l.i 

.... 1"aD8'e.. We C&D have blacle hoi •• f'onaed •• a oon •• quenc. 

ot' craritation.l oollap •• or 0'1' priMordial orig:lD.. Thu •• ". 

can hay. .~.llar .... black hol.. whioh would form in the gravi­

tational collap.e ot' the core. of' .tar. a. the end of their 

evolatioD and hay. ma.... in the raIlf:. ,...... 1 to,.., 100 ".. There 

are r •••• n. to b.li ... tbat .uporaa •• ly. blaok hol •• wi~ 
5 

....... ~ 10 M. ..ieh .. t'OS"lll .if the _el poiD. lD the ",olat1.o. 

or •• peraa •• ive .tare, •• laetio nuol.i or hiSbly d ..... t .. r 

ol".ter.. Illaole hol.. ,,1 th ...... a. • ... 11 as ~ '0-' .. aacl 

upward. are under.tood to h ..... b ... prod" ... t.a the .arl .... . 

pha ••• ot the Uniyere. ( a 1& 81e Due C .... l • .".) by d ... 1ty 

0.. cl... lIot 'know whether black hol.. ot priMrdial 

orleta exlet. But with the disoovary ot the e.otie obJe.ta, 

.u.oh ... q,ua.are. p1il.l.ar. U1d X-ra,. .oUJ"G •• , the hope. ot 

diaoOTertDs .aperaa •• ive aDd etellar bla._ hole. to~" a. • 

r.aa1 t ot payi t .. tion.al c.l1 .... ha ... e :la.r...... .".llar 

black hoi •• are expeoteel to .. e pre ... t 1a •• taU bia.u7 .tar .,..t.... tho •• with ....... 1"\1102-' M. ap.t re.iele ill alobular 

olue.er. while ~. b •• t pl.... to ltad euper.ae.l.e blaok hol •• 

(""08-10,..) are the ••• 1_ of p1ast. ..... ,...".1»17 ...... e. 

P ••• :Lbly, .... tU' 'b1 .. te !wI •• (~10 10-1'-. ) ........ 'lte llil"kl.q sa 

tat_pl. .... , ...... [,,7 • 

•• 't 'by dd'tD:1t:L •• , • bIn" "01., .,.11 ............... s. ••• 
i. t.Y:L.l~l.. The ... t preai.taa __ y .~ •• ' •• tl0. t. ,._ 

iIlt .... '1_ 0' tho bl •• 1r. holo ri_ ..... w.,. :La 1 ... ~ 



i.:l.i. 

and the subsequ.nt r.le.e. of energy which can •• cape to 

1Df'inity .. 4 r4m.der it 'l.uainou.'. An analytical study of 

radiation .mitted in the forward direction by a source .OT~ 

1ft a hiBbly r.lat:lviet:lc ciroalar orbit about a blaok hole 

h •• beea pr.sented in Chapter 2 ~.inc .oo •• trlcal optl0 •• 

It i. 1'o_d that photon. eMltted. in the forward direot:lon by 

• char.od partlcl. a.yln« in aft orbit .ory 010 •• to tho 1 ••• 

•• tablo elro.lar orbit at 30M/C· ('th. rac:U.". of' ith. photo. 

sphere, G • oon.tant ot cra~tatl0., c •• elo01ty ot ItCh" and 

M ..... o~ the bl.ok hoX.) •• t hi.Chly bl •• ah:ltt.cs. Thi. 

happeaa du. to Doppl.r .~t •• t. a. the partiol .... 01001tl •• are 

010 •• to that ot l:1aht. d •• pllt. __ orao" ......... :It.tio:aal. 

red.hi1't ta the ~ed1.t ••• 1Shborhood ot «b. bl .. k kele. Thi. 

aaaly.:l. ....rall.ad t. .. ..... bl. ot partiol.. tor.tac • r.tac 
aroaDd the blaok hole .t • radiua 8llCh.1T in ...... o~ )aM/.2 

UIdi •• '.. tha' ractiat10ll I'roM the .,..t_ haa a ....... la .......... 

01.' the :t .... ))., ()). 1'req"".7). 8"eb a .p •• t~ i. lad .... 

• __ to utzoapl.a.ti. ra4i.. .0...... ... .ua ....... 
TId. •• ttad)" 11&8 OOllOOr.a.ed vlth oal,. the t .... tf.a1. 

pheto .... 1tt .. tra •• o:lroalar .rb!.' i. the f'.""" tir •• t£ ••• 

Xlt ..... l.tter part of' Chapter 2, 'Wbl. -.1,..,. hU .., ....... n.-

ll ......... b • ...,ltoabl0 .......... *tal p ...... al •• , 

th ••• UM .... b.i.ac ta _ •••• 'rio .rbit, ~ til. t'req • ..,. 

-.hUt •• f' the ph ..... ·.u"ted .............. -.1 •• are •• ..u. ... 
.... ........ • r.t. ••••• p .. ecl:lot .... a.t 1 .... Itn ..... t .. j.a tJ:ae 

•••• .f' .'.11.. .... .1aok hoi.. ... • .-.l!.ar It.. • •• ili •• l ... 



:1. 

in th. ea •• o~ .aper.a •• :1ve black hole. purely OR geo.etr~oaJL 

groU'Dd. •• 

XIl Chapter 't the poa.:1bilit,. of .... h. gravitational r •• o:1.1 

of superM ••• i •• black hole. tro ... la ..... :1o nuolei has beeD 

esplored. The DO. spherical sravitatioaal coll.ps. of a a.e. 

i •• coo~anied by the .. 1 •• ion ot ~.:1' •• ~oaa1 wa •• s ill .. 

ani •• 'ropic t •• hioD whioh car:ry ava,. Dot only _ •• and a:a.cu.lar 

.oIRentwa bu:,: l~n.ar mo •• at .. al.o, Coaaequea'tl,., the blaok 

hole that t'onas au.' rec011 :l.n order to cOIla.rY. l:1.a.ar a •• en tan, 

with •• elooity that OaD pos.ibly b ••• h18h .a rv10' ~ •• 0--' • 

.A. l' actYcc •• throll_ the plaxy, 1t aeor.t ....... 0 ..... tar 

and .tar. which ia du.e oour.. lead to the tOl"ll&t108 0'1- .. 

acor.t:1on d:1sk-.t.llar .ya ... about the bl.ok hol.. BY.atuaJL1y, 

the blaok hoi. oan b.c ••• 1waia.ue ea.alfS ,. b ••••• rva'bl. vb ... 

it _.r.e. out ot .b •• a1axy. The ph ... _.oa ..... t. b. 

r.1.,. ... to the q\lasar-plasy ••••• i •• lem. ebaU'Y.s :I.a • 

• .aber ot ••••• 'tiT Arp. Toward ...... or til. 0Jaap ...... ... 

qu.1i.t.,1 •• ooa.itl.ratl ... are pr ••• 't;eeI &bo •• th ....... ~ 

una •• o ••• tal recoil., YAe., whea the •• 1 •• 1ty or r ••• ll i. 

~ 10' ..... c· ' , aaa. tile b1 •• lt bol. 4 ..... , baY. eut#:l.'.­
'\,; 

ld.a.it.. --n to _era. out et tIM pl....,... 1 .... Ill ....... . 

...... ••• ill •• .,. _u.. ....... tIM •• ,_ .t _. pi..,. ... 

..... 1. t:l.ull,. at , •• _., .. at .... 'I.., ••• Ul •• :&._. The 

_ ....... • t ........... h1 I" ... ila oea1d _ ....... :I.a 

1'1.1." .... _. __ ._ or ... 1 ..... __ 101, ... lI ... ... 

fa '" ••••• '1 .... plaal ••• 
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xt has been suggested by maay author. that whit. 

ho1 •• may s.rve .. s model. for .alaxi •• ~th eXploding nucl.1 

and. qua.ars. A. wh:1te hole ia a t:1 .... r.".r.ect v.raion 01' a 

black hole, i ••• , material bur.tiD« out o~ the .insularity at 

radlu. R • O. Vnl:1k. a cla •• :1oal blaok hole that acoept. 

everytMnc but «iv •• ott nothing. a wbi.te ho1. churn. out 

matter and radiation. BY .. whim. the radJ.at:lng .urf'ace 111 IItill 

inaid. the eveat horiaon, the photons .-itt.d fro. there OaR 

leak tbroach th. hor:laoa and r.aoh a d.ie'tan't obeerver. 

Dependin« OIl the epoch of' .. 1 •• :108, the photena ... y .v.n 

sutter a severe blu.sbitt ~ their 1'requeD0Y beoau.. 01' ~. 

super.edin« ot the enormous ~~tat:1onal redshi:tt by the 

Doppler bIu.8hift. Such an ob., •• ", vouJ,.d appear .e a pout 

soure. according to a diataD'" ob.erYe ... 

Qbapter 4 dea18 with the aaaIy*loal study of ~. 

nonrad:lal .-i •• loa or rad:lat:lon fro. a white hol • • art •••• 

It ls ahoWD tha'" noDrad:lal petelUl 0" leak o.ro.p the ...... t 

h.ri..... of ae wlli't. hole ...... lI~.l"e i. t. .artaa. ........ !'z-.. 

th. ...ea' b..riB.lh The .pper li._ t ... th. '''PaGt plIO"IIIa."er 

ta oalolllat. 1I1'I.der the requr_ .. t that ••• 1'11...... are 

bl ... 1lUted. The .war .. t ~aJI" ,,:1.. fit the wid. 'e hoI. 

detend.aed b7 'bl ••• Mf'ted p:b..... ls .b..... to pe. •• rap:LcU7 

ia th.e .... 11' ., ..... 8" it ....... , .. t!lat 1t prod ....... e 

.pp~"c. ot aupwlwd.Dal. ...... , ... 
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In Chapter S, we study the motion of a particle ~n the 

background of a white hole part~cularly frOB the viewpoint of 

its visibility to a remote observer, W. first make a study of 

the trajectory of the particle in peculiar motion ~ the frame 

of reference of the comoving matter. It ia shown that radial 

.s well a. nonradial photon. from the particle oan leak 

through the event horizon even b.:tore the particle. As would. 

be expected. the frequency btu.shifts in this ca.. are more 

eevere than those of photon. :trom the white hole surface. 

Co.sequently, lIu ... tter ejectio. f'rea a white hole can. produce 

an .ppar.at lntmulSity eDhanc_ .. t. 

In Chapter 6, concludiac remark. are pre.ented. au. 
a briet discu •• lon, ot the viability of the ya~oQ. probl ... 

• tudied. in (lbapters 2-, in relaid.on to qQIUUlre and related 

objects, 1. elYeR. 
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AN INTRODUCTION TO BLACK HOLES AND WHITE HO&ES 

The pre.ant the.i. d6a1. w~th • few •• trophy.~oal 

•• pect. of black hol •• and w~te hole., e.pecially in the 

context o~ quasare and extraga1act~o radio .ourc •• ~ Xn t~. 

chapter. we pre.ent a brief introduotion to the aubJect of 

blaek hole. an.d white holea, rill., their :tor.a:tion and IIIlO.UD key 

prepertie. r.l .... ant to the probl ... that we intend. to .tlld,. b 

wi th black hole. of' CCUJlIIOlog1cal. ol"i,p,n ill the pr •.•• _ work. 

For .... llent revi... of the properti.. and •• trophy.toa of 

blaok hole •• one ... " ••• M.ia.er et al. [2!J] , neWi". aDd n.wl""L1o] 
BlU!:'dl.,. and Pre.. [ 'aJ, G"t.accOJU. aad Ruft"ini. [I'] aDd 

:0 ... 1'1... [ 13 J • An hltroduotd.oa t. the 1'01. of vb! iJ. hoI •• 

D •• trophy.i •• 10_ b. :toQJld til Ifarlika:r [71J • 

, .1 IltA2I BOLU 

..... d ..... sta.r ilt oa •• the r •• 1dual •• r. col1aplluaa to tb. •• 'tap 

wb. ita ...... aTi.tatlou1 pot-.tS'J.N "-CT aqal. 1'. 11' •• ' .... 

.. ergy. i .......... all the mat'_ baa tall_ iaaide .. h • 

.... all .. Sellwan.elai14 JHII.d1u Ca.) .t eu ..... • ..... , 

.... .,.. .tu ct .. pJ"fH!hl.. a bluk Mielh Xt kaa •• 'be ..... :1.". 

........ TIl. pl".tal "1. 01" __ • _.. would ........ olear ... , 



one trao.. :in 'bri.e:r the eD4 produota of the eYolut:ion o:£' 

stara ot d:itterent ••••••• 

It ia now ~dely believed that a one solar •• a. star 

ult~tely eyolv •• to tbe whit. dwarf at ... atter it haa 

oon.umed m •• t or it. nucl.ar :tuel and d.riv •• :it. 8ftGr87 

:fro. the pavitatio ... l oon:traotlon. S.v .... r, a .tar 

b.~ with amaas exo •• di.nc the Obaadra •• kb~ lim*t, 

MCh (- 1.2 M.), oan not beoGRle a 8tabl. white dwarf' .. I ••• 

:i. t haa waderpne a -*eac:t.r ..... 1... thrcnll,'h a .".l1ar rind 01" 

prodaoed. .. pl ... tary .eb1l1a, auoe the ball1'moe b."vfURI. the 

:tore.. o:f gav:l ty a:n.d pre •• are fd1. to d..".1op .... the *:1 t. 
dwarf' d. ... iti.. (1\..10' 1M 0.-'). The oo11ap.1.n.c core :i. d ..... 

• n whether it. ..... Ii.. iD 'the rap MOY'> M > MOh 8:1:" M > MoV 

where MOV reters to the OppeDhei. •• r-Volkof:t .... l~t. An 

exaot v .. l.e .t MOY oanaot b. dye. the ot't ••• ted valu •• lie 

w1th.i.D. 1., - ,.1 M. and the yal •• i. IUlm.it:1v. ". the equti. .... 

ot .tate employed t.r the de •• ~pti.. .f 'he .up-.rd .... 

Sappo •• M" that the •• 11apa:lq •• 1". M. a .... :.fA 

the ~ NoV /> )II :> MOb.. ft. ..11ap.. :I.e .1." :bl a. bed-II .. 

b.t pleu up •••• aac:l a 8.b ...... t:1a1 portl •• fit 'k ••• ar ..... 

tapled •• ta.tar tbaa the ..... ~i •• a.r.l.... Aotually, tk • 

....... •• 'ba""." ... tk ••••• t ., _ ••• 11ap •• ~ a .nt1o&l. 

............ th. ••• erati ..... p~.lo •• t _."ri.ao .... 



the shook wav.s. The core ~. ~.plod1ng ~n nearly ~r •• fall 

to h~gh.r and higher den.it~e.. However, the electrons Caftnot 

b. squ.ez.d to high valu.. of rermi .nergy. At sufficiently 

large densitie., they tunnel 1nto the nuclel and interact 

with the protons to form neutron. in the ~y.r •• ~- decay 

proo.... A. a r •• ult, the pr ••• ure due to .lectrons, whioh 

.ably centribute to the internal pres.,",_. drop. and th. 

oor. oollap ••• further tOlder i. t. Olilm we1gb:'. When a <14.n.1 ty 

.. a hish as 2 :It 10'4 pi 018 -, bas b •• n reacheel, the neutron 

rich Duolei start di.1nt~t~ into fr •• n •• trons becaus. 

the n.utron b1DdiDB .erta b •••••• D..catt".. The _1;er1&1 

conal ••••• lItly o~ n.utron. ~th a littl. admixture o~ 

.leotron.a aDd. protons. A.t a 11ttl. hlper <I.lld.t1e., the 

:to:roe of repulsion "oftS neutrons b.c .... lar ... eDC>1.l_ 

(be.au •• ot Pauli' •• xcl •• i.a priDoipl.) •• to be able to 

balano. the grav1. ta tlenal foroe .:t the t'al11... la,..rs ""t the 

oore an. halt. the oollaps. at (N 10" P •• -, and It """10 X •• 

nd.s JuaPPel'l8 &0 ra ... tbat a 8u(l4-. eoaverei.a of tbe kinet1.c 

pr •• aara to blow ott ~. onter epvelop., atl11 t'allin« 1. at 

hlp .peeds .... aoc"l!,lera.te tho partlcl •• '10 ".017 hip enorei •• 

(th. a •• ftOY& esplosl_). 1I1uI.t is let" is a •• utH. star. 

Th. :pffteati.a.1, GM/a. :is Be" lar ........ allow it. 

eft .. ta appreoiably. Ono ot ••••• la, tlle .:ft •• " of' pr ..... 

res __ att... Xa •• eJ'&l rolat1n.,.. pre.sur. act. as .. 

• OU •• tid' pari",. !'baa. U the ••• 1;" •• t.r •• :tOraH OJ" 



the initial core were made a bit more ma •• ive, then since 

pre •• ure contribute. to. the e£fective ma.. of the collap.ar, 

the latter would collapse further m&kine the pre •• ure .till 

larger and so on. 1£ the oellapser had Ill...... M /' MOV or 

'the neutron star (ma •• M) accret •• at le.st .. mas. AM MOV - M, 

'the contribatioD of pre •• ure to *he sravity le s. hish ~at 

the ba1emce betwecm. the :torce. of' ars: ... i ty and pr ••• ure 1'ail. 

to be •• tablished even at neutron star denaiti •• , the 

material. is doomed to b. oru.hed 1'urther tl11 1 t all fall. 

in.ide the Sohwer.sohild radius R. ( • 2GM/.2 ) of' the .... 

aDd .. ..t 01' .iSht. The oore has become what ve call a 

black hole and warped the aurroaaaiaC spaceti.. a. ..ch that 

it fold. in •• er itself'. 

The surface It .. R •• del':i.ned .a til ..... 8I1t hari •• D, 

f'OJ'JllS the bo1Ut.Cl.ary of .. 11 the eYea."s that are po.~d.bl. t. be 

c.nneoted. to the tutor. ilJ1"iDi.ty by .ean. of phot0l18 or 

alower tbaa lip't aipal.. Signala ud. tted 1'r •• vi thi. the 

hoZ"illlCUl .ap:, to .. ". t •• "er "haa 111'h' b ont.r 110 •••• p. 

•• 1af'lai V. TheS'e1'oZ"G the ....... hori... ie .. ..e 'W87" 

• .-Z" .. e, and a l'eliOD ot epaeetwe that ..... 011 •• _1 .... _. 

with the ••• t of the Uni •• r •• by ..... ot Ph.tea. or 8lower 

tbaa 1iSht .1.-al. i. .. blaok bole. 

What happ ... U the p .... 'b:T of th •• el1ape:t. .. 

• b .... t • ..,arts h'OM epherical .,....tryf D •• e ...... pll.ri.a.1 

cravtt.tiODal •• 11 .... too lead t. the t.raali .. • t • he.t ... , 



i... to the black hole stace? Honsphericlty might be 

ushered by rotation. macnetic fields, eto. Although more 

l1kely to happen in the Universe. the nonspherical sravitational 

oollap.e of astronomloal obJeot. is a difficult problem to 

b.&Indle. The situatioD !la. be_ improved lately with .ome 

sphericity which reveal that oollapse of a aearly spherioal 

black hol •• a:tter radiatil'l.8' away all the sravltattonal def'orma­

tioDli in the form of' gray! tattonal way... R.Price haa sho'VD. 

that thl. happen. 1'01" perturbing fields of' any integral 

spin cn that adght be ooupled to the collapllar. h taert. 

Price' .. theor_ atate. that • anyth1nc 'that oan. be radi.ued 

avay i. radiated away oompletely·. Capable of' belnc radiated 

avay are the multlpole. that are not oon.erved, ~t ia to aay, 

:tor j( ~S only, radiation i. poaaibla. The :tiDal ft..lel i. then 

oharaot.ri.ed by oODserved quanuiti •• ( ~<S multlpol •• o.eata). 

Biably nonsph.rioa! collapa. 1. very poorly und ........ . 

and i1; 1. not lea ... tor ..... whether ...... t; horia"l111 1' .... ill 

thi. oa •• allle. While r"'1~ the a:l.1nu:U.cm., ftlo:ra. [""j 
OMlj.01Jurell that .". ... h.ri.... tOl"ll ¥he. .... ..11' __ ....... 

M cot. •• q ...... tnto a redo. 1iI'h.olle o-f.S-G8IIt'ere.rulJo 1R. ... eaoy 

tire.flio. :I.e '<' ' .... n (~) • The hori... t'..... the 'benmAUT et 

&11 'he ..... t. Vb10h ... be oo ... eoted to ilh. :tuture :l.af'brl. t,. 
'by .MD. fit photons or .low.... ~liak' eipal.. ftl ... .t'.r., 

all ...... erey that. :tal.le do..,. the hox-i ••• 1a 10.' f'or ""01" 



1'ro. the outa:14.. 'When all emerg haa oleared way 1"roa the 

exterior, the oal,. oona.l"'Yed. :1ntearale 1e1"t to &,overu, the tinal 

horiao.n and the exterior epaoeti •• are ..... ancu1ar .om~taa 

and po •• :l.bly ohar •• that vent deVIl the hol.. The .xt.rior 

:rield :l.a the Xerr-RewmaD 801.t:1oD 01' the B~ete~-Maxw.ll 

equatiou. 

",."- = t -~ 1. s , .,..'2-,9) cAl:-' -t- .:ta, ,',,"-8 <;; ~ r "'). -.A) '" t J )" 

2:. J. y'l _ L c\ S?-.- L( y /. + a'\.,,) 2 - .c. &\2. ,>,'",2 f)~] "/ ').. 
~ S',,· (fJ (').1' 

L 

.ere, _ ..... , a • aa.plar _ ... i:_ p.1" _i. _aa ... 

e • ohar... Th. uaita u. aueh tkat CI • 0 • 1 ... a11 pl!7ai.oa1 

qaaat:l.'i •• are ci .... dUleae:t ... ot 1 ..... h to .... p....... ft •• 

the cOnT ... tlo.l q .... t:l. .. t. •• M(.->. Q ( ••• ) ... JIM ( .. I ....... ,) 

ar. all .... tri ... ,. 1.qt •• , •• GM/.· ••• 01'/1 qJ.l. ••• 

G/O' (.rIM). TIl. ab ......... ri. a ... tall ••• '&. the 801rwan •• Jd14 

•• 1 •• 1oa tor a, ••• , to a.i •••• r - ..... tr .. t •• a • • ... 

t. Ee_ ter • ••• The .p......... • .•• d .... 'by .... (1.1) 

.19 ....... b ...... alaplU' at I"adii (_ •••• t. ot: ..... 

.6. 0). 

y 
:t 

(1.a) 



where 

E _-:;: (~" + (-:'1- ) 

YY\.. 

and r are ca.11ect al.. the oUl:t.r 8J1d -
inner event herizon respeotively (Fig. 1/1). Th ••• are in 

f'act coord:l..nate .:In<<ulari tie. of the Kerr-Newman llulttr1c. 

Pathologioal "Violati08a as catlllHal:1ty ocour unle •• 0 ~ E::: ~ 1. 

Objects rith E III 1 are textr •• e t Kerr .... N.WBUD. blaok hoI •• 

ri th one hortzoll only, where .. s those with E:.. ." 1 are naked. 

singulariti.. ~no horisoD, the phy.ical s:1ngularity at r III 0 

(and & III 11/2.. if' a * 0 ) is vistti].. fr.m future ti •• like 

:l.ntiniiy]. For (2 III 0, r_ • 0 and. r. ,. :2 m ( .. Rs). 

Surroundin~ the oQter horison i. an iBt:iDite red.bitt 

slU"fac. al.o .alled th.. statiO_IT or oreo surface, located. 

at 

i' 
E 

Thi. sut .. oe coincid.. wi. th the (outer) b.ari... _1)" ia tit. 

aoarotatiDe c .... (a III 0). Othe~ •• t it toach •• the hori.on 

only .,t the poiate C) III 0, TT • Th. reel •• bowaded by .u-.... 

• urtaoe and event h.-rill.A is ca11e4 the _rpepere. X't i .. 

pee"liar in tbe _ .... that the t·U ... lb •• ' .. , f}. • r III .oaet. are 

.pacelik. b.ere. Here, there ellUl ba .0 obluJrvera at rest vi_ 

r.aspect to .tatien.a:ry Gb ...... %". at iDf"iDity, eaythiq that 

.t&)"8 .t :fixed ,. and t9 V8uld _"'I'. ia the t .. db-a.tioB 

(dracstac o:f 1a!l:n~al f'ra. •• ). 
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That the parameters N, a, and II alone d.t.rs~ne 

uniqu.ely the external 8%"&v1t&t:l.on.1 and .l.ctromaglu.t~c t'i.elels 

of a blaok hole. l.avin~ no other degre.. of freedoM, ia 

su««e.ted by the various theorems o£ Israel. Oarter anel 

HawinS' (the X.rael - Carter Oonjecture) l-' 2, ] • 

s.. th:Ls illll a brief sketoh ot the po •• 1h1. Od.tco ••• of' the 

ending stage of stellar evoltd:iol1. In fact mass 1.111 not the 

only deciding parameter; rota1=:lon. atead)" ma8. 10 ... and ai.:EiDC 

of ohemical compo.i t:lon 01' th. atar _0111.' it. dif:rerent Layer. 

al.o are the faotor. that decide whether the atar a.at uaderc_ 

aupernova e1plo.~.n and how m~ob masa it would 1 ••• in the 

prece... Xt:1. s .... rally bel.ieved. -that medium ..... "ar. 

( 'V-. - 10 H.> aad mOlllllt heavy .tan (M ~ 30 H.) tm.chtrp 

.upe.rnOT" .x.pl.caiol1 to prod".,. neutrol1 ailara aad blao'k Bcd .... " 

re.p •• tiv.ly, if' they haT. l'lot 101l't .. lara" Ulotmt. ot' 1'11 .. 8. a,_ 
relatively early ph ..... of' thej.r e'W'olutif)as [12J .. 

stut haTe raaaIlfH'. :in the :ran.e "" 1 M. to "" tOO N... • 'are 

which 1 ... ". cor.. vi th ........ 1... "baa M O\( «0 •• t re .. ch the 

blACk hol •• t ....... :re .. 8 tho •• ri'th •••••• axc.Mias I"\.. 100 ". 

do aot exi.t Oft .. count of pul.at~.~ .ta_~11". How ... r. 

there are .. a ..... to .... li .... ,hat .tua vith ........ o.ed:I..D.s 

I\- 105 H. OM 1' ... in tha Daol.' .:1' •• r't-.t. 1II\Ul.$1IS.". plaxl •• 

aDd. 4 .... etU' cl.ators. Ia •• Goar •• fit' til ... ",ol.tS. •• , 

e ••••• 1'111 .... :1""8 at..,... teo weu.ld _4 __ fP'IW'ltati ... l 

•• 11., •• and ...... _1-._ hoi .... 



.10 

1.2 OBSERVATIONAL PROSPECTS 

One does not know whether black hole. of primordial 

O~g1D e~ist. However, with the disoovery of qu.sars, pulaars 

and X-ray sourc •• , hopo. of detectiag stellar and superma.sive 

black hol.s have ~creaaed. Black hol.. of stellar mass are 

thought to be pre.ent ::In b::lnary .yste.e. Thos. which have 

grown to ma •••• ~102 - 10' Mo are expeoted in globular clu.tere. 

where.s the b •• t place. to find aapermasa::lve black holes 

( .~ 10' Mo) are the nuolei of galaxies and probably qu.sar •• 

Monster black hol.s (1"-1010 to .0'\.10 ' .5 M.) m1aht be lurk1q in 

the 1nterpiaotic .ed:1._ t 1, J . 

But be1n« what it 1s, a blaok hole i8 ia~.1bl.. It 1. 

OD1y 1t. cravit.tioaal interaction with the .urroUDd~ aDd 

the au.b •• qu_t rol.... of enerQ which (.aUl e.oape to iId':blio ty 

and _ke 1t luminoull. 1"1".118 the .strophy_ioal poiDt of vi .... he 

8.lIt prom1sina _ouree of l .. ~o.ity fOr a blaok hole is accre­

t1 .. of gaaeou ... tter ~ro. the eurroaDdlftC (~ter.t.l1ar/ 

:1.nt.rpl. •• tlo) epaoe [" J. The .impl •• t 0 ••• t. 00.81eSe.- is 

.ph.~oa11y eymaetrlc accro,1oB of a pertee.Iy adiabatic cas 

_to • iolwarsach:Lld bl.ok holel. 

At larce di.t..... f~ •• tho blaek hol.. let tbe sa. 
b. elIara ••• ri .... 'by a t .. _ature 'Tp6.r eqaJ.va1_tly ••• aad 

.pe. C(.~and density ~~. At di..t ..... leur.- ..... a critlO&1, 

val .. be... •• 'the aGor.tLoB rati.. (at ¥blola ••• ap. ",e1 •• :I..,. "'" a ) 
o{.I 



( 1.6)-

the ca. 1. pract:t.oa11y at r •• t vhere •• tor Y' c:::: y .:1.1; i.e ::La 
c::t. 

the .tat. ot a tr •• tall 1nto the blaok hole. Th. rat. ot 

elM 
- rv J t fV' 

'f Ji'O 

(O~ k: 

hole 1. aoriae t.b:ro.p. the • ..u._ wi til a •• 1 •• 1.,. Y. ..h • 

.. oret1_ racU.a. eJaeal.d be ~ tt_ as 

y­
o. + V '2.. 

( 1.6)b 

fte .. 0 .. eti.8 ... to i. IIOtit':1ed 1:11r.h'1 •• a1tl1o. fI .. ""_£0 

pi.tare ot •••• ":10 ... _i •• ~. n-. tbe _Ie •• 1.0:1.,.. 

tlln...... the • .u.w. _.... .a.. ot' ........ .. .... ....k ,. 
:t....... la ~t ot' the bol_, .... "y.-v V Q.. ft. __ .,. ...... ipa .... 

ia ....... 

dE: ,,2 JM 
7r tV -;rr-



i. 'too 11.t'tle to be of any a.stronomical B:ignif1cance in the 

011. •• of a .tellar blaok hole. 

A detailed study ot the :flow require. a knowl~. at the 

ofteot1 ... e equat:ion of .tate and radiati.... Qool~g .eohani •• s 

such a.. fr ... fr.. amia.ton and thermal. synohrotron rad1ation 

it Ilapet:lc :field 1s p"' .... t. n •• to cooliD~h the ·.1'f •• t1 .... ' 

B.w.v~. if the iDf.ll~ •• atter oarri.. 80 ...... lar 

lIom_'tam t t 1fould f'Orll an acoretion di..k around the helch Thi. 

leads to .. oOlla:Lderable incre ••• :I.n the lWlluo81 ty. Tbu., 

even if' the p. d .... :1.ty ia 101ft aocretioB of ... t1l_ vitia low 

recieJUI tb. p •• p1zoa1. t.avard •• e C., iI"eked bt. the blaok 

hole •• 1".... "he outward traa....... .~ ~ .. r __ t: .. _..... up 

til. _. a •• dt, 1:11. he, p. ad,ta ra4ia'i .. , vi.1t a p .... 

law .... __ of t11. t •• 



1. 

Moet or the em~.e~on co... froM the r.~on olo.e to the 

hori.on. While •• caping, radiatioD interact. with the infalling 

ca.. When the aocretion rate i8 large, the re.ult~ radiation 

voul.d exert appreoiable pre. sure on the iatal.liq material and. 

thue the prooe.. of aooretion beco.e. s.lf-reculati... peaking 

at a critical rat. 

17(M") ./ 
{""v I Q . 1\1 !j1'-n 5~( 

,(;> 

vhere a- :1e the Tho.u.on aoatteriDC' ero •• a.otion and DIp the 

protem. _... The corre.pol'Jd1nc l'Wd.noaity is called 'he 

Ed.d.1B«'ton lwdBo.1 ty. A sllperma.a:t". blaok. hole. M "'"' 108-' M." 

radJ..tiDC II •• lte Uclil1ctoa lidt :In accord wi.th the abo". 

equation can e •• 11y attain QSO l~.o.ltie.. For a'ellar .... 

'blaok hol •• , aocretioD. rat. may p ••• i1l1y r •• oh critioal. Ya.1.e 

wh_ it hap,,,. to be :La a 010 •• biJl&17' star .1' ..... 

The b •• t pla.. to 1 •• 1£ for .. .t.llar blaok. hol. is ~ •• 

a 'b1D.ar.r .tar .,..ta "'.1'. 1t eau. cet enoup •• terial. tlo 

.wallow :rro. th. OOllllpallioa s$ar. ~ ill. Tari"". 'b:laal7' 

.,.a .... a ..... te". 'the b •• t black hel. oa:wU.da'. 18 ish. X-ray 

e'bJMt h 07,.._, eylf %-t [,,.J . :t .. 1 ... bilUt.3T liT."" 
.... i.tiBc .t a •• Z'Iftal OJilT X ••• perpaat (DB aa6168) .... 

.. 8 .. ea.claT a o .. &Ctt o'bJ ••• ..u ttiaa X zoar. [ ,. J. Oa .... 

" .. ia .t "f'U"1 ••• ___ t., .. lUIIB'b •• ot 'W4It1'"kezo. __ at ...... 

fd ao-,O M. f'o... the su.p __ st_t aad ~ J M. tOJ! tu ... _ •• ." [1l;} .. 



Rhode. and Ruffini. [, J have _hown that Wider .... ry general 

con.trldnt. (0 ~dp I df.:S1 ) on the r81.:t1.on between pr.luuu. ... 

p and density r ' the maximum .. e. of a neutron etar (-MOV) 

1s ,.2 Mo. .All blown compact .tars rotate eo 810wly, with 

periods > " m1111 •• c, that the fractional enhancement of ,,,,-, 

tbis limi.ting sa •• due to rotation works out to be 

Ob.erva:tion. of the Tariation. :ln the X ray "Dript.e.. of' 

Cye X-1 over tim •• "",0.1 •• 0 IIInaa:ce.t the .ource Id.lle '<, x 104 'IIaIa. 

The lleooadary ie thu.. too _ .. 11 in .:l •• to be • BOzomal atar. 

However, lt i. too ma •• lve to be either a vhLte dvart 

(MOh \l1li 1.2 M.) or a .. eutron atar (MoV .. ,.1 M.). Thu., tile 

current area-ents reg.ardlac tbe .-ture of the •• coDdary lead 

ODe te oODclude that ... t l1.kely it ... t _. a black hole. 

TIt__ 1* ne .. S.deac. fer the pr •• eaoe e£ a tUrd body vl'd.eh 

IId.flht d.etr.,. this CODo11lId.... Th. eyC X-1 thU'.rore ..... 

'to 1». tb ••• s .. c .... l11ns candidate fer a b1 .. k hola. 

XIl a4di tSon t. eye x "",1, th.re are •••• ."]:au X-Jr • .,. 

aove.. ..lIp •• 1Ied t. be _1&011:: hol.. • •• h .a. au 1700.,., 

aVogOO-40,Ouo X-1 &:lUI Y '" SOo [,,] 1a ":I" pl.1I.aJ' aacI 

'XC %-1 :La "bAt laa11 Mac .. l1&1de 01.... Tke !'irst , .. app ...... 

abd.1ar to' 0,.. X-1 •• f"U" •• ..ir x."ra7' etrd •• t. •• ,i.e _ ... o(l!Jftlect.. 

Ct. .. X-1 .ho.s .t~, rapid .. :lila "I"ILJ"tat:l ..... , ...... a1 •• 

cleva ... < 10 _eo. "ftua X-ray ••••• IKe X-l ball a 1 ....... 1. v 



o~ ,~10)9 erg .eo-1 w~ch iMp1~e. that the ma •• of the Bource 

i. about 10 M. a •• wdng that ~t radiat •• IUUIU· it. Eddington 

lUllino.it,.. 

B1aok hoi.. are .u.peot~ to :torm h the otm:tier of' 

globular 0].118ters also [74. 7,J. The 01u.ter .tar. :1n the 

oourae of:' their movement venturing too 010.. to the black hole 

ma •• of the ca- releaSed in the proo •• s, aa well .s ca.eoue 

matter shed by the star. 1:n the oour •• of their .,,01u,*108, 

.ett1. down toward. the o el1t er • Ia their :tall into the blaok 

hole, th.ir cra'Y1tatiol1al GIlereT 1. rele ••• d as powerlul 

radi.ation. A J1U18ber of .lobular c1u.e1Jer. hlll:"e b.... :touad to 

be X-ray lIouree. ["J, aDd, aooorcU.D. to Ba.heal1 U1d O •• rile_ 

[16 J • th... • .. ,. be 'b ••• dina blaok hol... a. .. •• :1... •• 
/'\. 10')if which. :rad:1ate X-ray_ 'by aocretioD. J'urtheJr .uch a • 
..... i"e b1aek hoi. c •••• s the .urroun4~8 etara at' the ol.ster 

to concentrate more toward the oeDtar, Wbiek .ho.ld ~.. 1'1 •• 

to .. bript o .. tr&1 spot &1... Xn :ra ••• briatL •• tar l:1lte 

Black h.l..ot __ larg.. _... aa:"8 e.eoteel to "ezw 

1a the D..o1e:1 of" pJ.axi ••• Lya4ea-Be11'. ['J i.clea .~ .11.. 
po •• i ... l. pre_ ••• et ... p.~.:l"'" \Jl.o" 11.1_ with ....... ti. •• 

disk. :In the .-,10.:1.0 .. _lei 'e vid.l,. -..... At .... ". by a 

_.b. of" w.wker. 'ie cap1 ..... W .... • ............. , ... _ .... n ..... 



have involved COMpact amperma.sive objects and black hol ••• 

Such Models are of areat inter •• t ainoe in th .. , po.sibly, 

li.. the clue to an underatanding of the energetics or quasara 

and violent activity observed in the Duclei of many ga1.x~es. 

The Juatif'1cations for involving lIupe:rlla •• ive blaok hol •• are. 

( 1) sDl&ll ei.e which pernd. t. rapid b:r1.ahhe.a "ariatioD.. .. 

fe.ture CO_OD. to many q .... ar. and rel.,*e4 objeciUIJ$ and (2) 

the strong g:ravi~ .. tioDal fiel~ of a black hoI. ie a SODrce of 

enoraous eo.er.,._ So.e •• del. p~ •• ed ill r .... t yean of 

qua.ar. and aotlv. cal.oti0 •• ol.~ UlY01". 8uperma •• lve black 

hole. at the oent.r of a 8yetea of .tars ia w~Gh atellar 

collisions aad tidal breaku.p8 'take plae. to :t.M 'tbe ceatral. 

bla.ok hoI. dth cas 4IDc:l reader 1t ll.lldn ••• [84]. ~th.r, 

8UGh • 8uperma.81v. blaok hole, it pre ... t ~ a ca1aet1c 

nucleua woul.d have o ••• rYable eneet •• a :Lta d.yJuudc8 t.o. 

Recent bn" ••• s ..... sur_umta aeroa. the -.tir. plaxy MIT 

( a IIU.p_pa:at ellipt:l.oal) by ToUR&' et at [,,] 8.DCl 8p •• tro.-

oopt. obee"'a1li ... all aero •• M81 by Shara .. t e1l at ['1] 
r ....... l the pre .... e .~ • bri_ •• barely re.olved. ... tral 

luataoeity IIpike, aad lilt. eharp ~.rea •• 1a y.l •• it.,. diap-.r.1-. 

all ".11 .s ..... t. l:1.pt .... tio t~ the ."'..-. -.n... 
Ik.' ... e1lri. .... .e .p ......... i ............ h_ .... , f:I." the 

.t ...... _del • • t lU ••• "'er el1iptlea1 p1a:d. •• [11J aM 

iaat"" ... 'be IIIlqIlai ... by .... ~S •• p........ e'" .. 



1/ 

0-''*1''.1 .u.p.rM&s.i",e obJ .... ( •••• """ ,.,0'M., ratiu < 100 pc 

and MIL > 60, a :tao".r 01' 10 tiM •• lar ... r thaa that 1D. th. 

outer rec1on) , .0.' lik.ly a blaok bol •• 

1., mTlt lOLa 

A vb1. •• holo i. a .,..10 .. :I.D vlU.ch _.. ..1".,. pab •• 

ou.. :fro. a hichlT d ..... tate. '1'. start with. the syst .. i • 

... 11 in.ide it. .. .. t honsoll, at tlloup an. 0".0",81" at: i~:l:D.i t1' 

Gan reo.iT. photons or .1o,,0z- tbaa 1icb' .1 .... 1. _itted :tro. 

ita .art.o.. Xa thi ...... 1", a whit. hol. repr.sents a ti •• 

r.ver... yer.ioD 01' a black hol •• 

..... i1c.... [7 J aacI W.'.... [" I] haYe .......... iJadepa.deJltlT 

the po •• ibility 01' .-pl.atea 01' .. ,t.r tro •• bilk1,. ..... 

...... p ..... l.tiJaC tllat 0.11&1.11 part. 01' the 8i ..... 1Uli • .ra. 

did •• t .aplode at the i ............. o. 'they ...... becl d ...... ' 

t:l.ll they ... loded. at bat .. ,. , i> 0, Ia .... al •• ealled ".1.,. .. 

b_ or lacct ..... 1" ••• 

1I.t.llI1iaC [a) baa pnri ... a ........ clitt._t ....... i. 

'I... til. wid t. 11010. Xt ,. .." .... 11 'lraova that art:. ..11ap •• 

put th ..... t !leri ••• , the .... ert.a1 .1' ••• 11ap.t.ac ......... :t.-.r 

...... 1 ..... ( ...... f' ......... all,. .,_t.t ••• 11 •••• ) 1 • 

••• tiBed to C.t ora ... lat. tltA pI&y.ieal elap1arity at •• 0 

.,. brialte .... i..,.. ... :Iat'iai ... ~ ...... iII .............. Tld.e j.. 

la.n.'altl ••••• N .... , .......... era1 'bOO..,. .t .ela'ln-.,. 



Xn the ca.e o£ a Don.ph,rioal oollap'" it may b. that the 

.insularity po ••••••• non.ero but .aall .i •• and all or ao.t 

of the aatter that :tall. d.own "the .... ent horisoll RIa.,. .void be:Lq 

oru.hecl to intinite d.en.1t.,. a. :Lt ... ,. .et J-ed to a certain 

auiaua d.lUll .. .,.. What then? 1:t explode. bt. a po.aibly 

eli.tant relioD ot .pao.t:La. ~ .0 •• o*her topoloctally oouneot.d 

UI'li'Yer... The _erc.c. t ther.' of' all the .... ~t partici­

pated. ill the 0011ap.. throu.p the fIY_t un.. to pro.... a 

blaok hole 'b.ere' 1. a creat vio1'llt ..... nt end. i. known a. a 

white hole. 

There are ..... 1.. ot whit. ho1.. art.iIle ia oth'JII 

th.orie. alao. roZ" :La.tano., the th.ory or ooa:toJWal payita­

tioa tRtroduoed by Hoyl. ... .ar11kar [80] iDt.~ret. ~ • 

• p ... ti •• 'iacU1arity of' the B1 •• ase or ~ a b1aok hoI. OZ"'a 

whit. hole .. a. reaion or a oold'oftl&11,. tranatOI'llM .... iaplu 

-'f'old "h.e the ia.ri:l.at ........ or _ .. erial puti.1 •• "'eooa. 

..... :ta tlda -s.tolcl a .ut'aoe _ • 0 :L ..... bp1u- lntt it' 

ill the •• aa1 va,. of' ... era1 relatin..,. oa ... e. lbe ooato&"lU.1 

f'reBe ••• o •• t, ... arri.e. at a new aaait.l. ta vbiek ~ • 

• ur:ra •• i •• :IDcUla:r. la th.l ...... a .1 ...... 0 .ar.ra •• :La 

a M •• iapl_ ... itol. "'.pla,.. , ... elf' a. a Wi •• rep_ted 

eo.btaatlaa ot • blaek hoI. t.l1 .... by a v.k1t. ~1 •• 

ft. :b&h"od .. u. .. ~ ....... ,.. --.,.. .... ..., - •• 
aea1ar ft..l. (tIM C 4".1.) .. la • .,-1 ....... 1111ar [81] al •• 

1 .... t. th. p ........ 11 .. .., .t • 'W'Jd. ... Ii.l.. Xa.e ......... 



frame work of geaeral rela~iv1ty there •••• s no way io rever.e 

tbe gravitaiional oollaps. o£ III mass and avoid the singularity 

R • 0 once its surface has shrunk to a 81 •• smaller than its 

eyent horizon. However, ~ caa. the energy oondition can be 

violated, the collapse may be reversed and the s1ngulari ty may 

be avoid.ed [82]. This, tor instance, Carl be acldeved. by the 

~troductl0. of' the C-f'ield. The reversed collaps. o~ ~he 

.... (th. aini bang) produce. the appearance of' a whi t. ~. 

in its expaadinc pha ••• 

being whit. hole., whose high lUll8U1oa:i.ty deriv •• t'rolll .he 

delayed expla.lo... Aocordina to F'a:al.1mer at al. [ 'J the 

extreme brightness of' a white hoI. is due to the .. t~ •• leal1y 

large blue.hift in the f'requeacy of' photo~ ~tt.d fro. tbe 

white hole .urface ~ the earlle.t pha ••• of 1t. expaaeion. 

Narlibr .aa4 Appvao [10J have extea.d-S the wh1t.e Jaole .... 1 

aoneidered by Faulk .. eil &.1.. and triM to •• tablish a «U,l_eo­

tion betwe.n the white hole. and pheBo.ena like traaalaat 

aDd oo •• ie rays. 

There hay. been .... &rewa-". "bat wb1 te hole. are 

t •• ahort lived a ph .... enon. t. 'be ....... plly.ioa11T alpJ..t:Lcaa •• 

A.o.~ to B.rd.le,. ['0 f .he aur1'aee at a wJlite hole 

expledlas ia .-pty .paoe wh1.1. aro.sia« the .". ... t )&or!. ••• 



''Peeda. Thi ••• other. quiokly the wblte holo .xpanaion, 

.ubaequently it collap ••• to beco ••• black hole. Bovav.r. 

thl. arcwa.t vaa cormtared by Lake and Roeeler [" J who 

.ho'W.s ~a' :1D the oa •• ot white hole. art.inc :frOM d.layed 

ban... the iD1'1D.i t. blu •• hit't 00,,14 be • ..,..id.ed. A.coortl:l.llc t. 

Lake ["] cU"ta:1n q-p.. o:t wbJ. ". h.o1.. ... .uryi.... all. b. 

o"'.el"'W'able today. Siloh v'bite hol •• (wJd.oh U. oalled per 

holo.) f h.v ....... ha ..... to •••• tat_ extaten •• rith .lIn ....... 

dela,._ In a •• b .... " ... weft, Lalta .... a •• er [". 92J .,.. 

al •• d __ t:ratM that th ••• vtd,t. hol •• rill b. 'DriP.' od,.. 

ter a .... ery .hor. durati.oa atter the b.ctnntas .t ~. .aplo.i ••• 

Tbt.. happ". .. lIOat .t racU.at:1oa t'rGID a vh:1 t. holo ••••• al ... 

• oDr&dial dir .. t,o.. aDd th... pbo'". r .. atn bl ••• hitttld. tor • 

... ., ehert "ble &:tisoso _. esplo.1oa. • ........ r. th ....... la­

a'... are on. tioal1y clepccl.t .. the _'ur. ot' .. h. .pace's.. 
Ma:1:t.lcl a_r a aiaplari qr. 1.11... ..u.14 be a1 , .. eel. 1' ... 

•• .,1.. it the col1.p.t .. o-',:t •• ' lte ... a ..... IT 01 ••• , •• 

• iDp1arity [82] • 



cl.4PTg 3 

SPECTRAL SHIrl I! RADI~Tl0N FROM A SOURCE 

9fWI'l'JlG A :sug gOLE 

In 'thi. Chapter, we shall .ake an attempt t. 

t 

inv •• ti,.te .ertatn a.trophysioal .apeota of the frequency 

sbttt, a con.equence o£ Doppler e~teet and the gravitational 

r",.b.i:tt. in the rad.1ation :troll a .ou.ree orbiting a blaok hole. 

We sball :tirst oonfino our attention to the eleotroM&8Detl0 

rad1ation emitted tangeotlally in the forward d1rect1oa by 

oharce4 partiole. in h1ghly relat::t..,.1atio oircnllar GrId .•• lllU."o\U.l.d 

a black hole whioh mlCht be 01' importance 1n couneetion ~th 

extracalactio radio a.ur ••• and quasara. Ia the last two 

Sootion •• v. generali.e th1 .... lY81e to the ca •• o:t acatancen­

tial .-1s.1.a .1' rad1ation :troM a •• ur •• orbitiDc a blaok hol., 

appl1cabl. al.. to an eGoeu:tric -Hi. t. T!d.. elv.. ri.. to .... 

inter.atin, ooneeqllDo •• "heD the orbit. are oORpaot _oush. 

HiSbly relati.i.tt. eiroular orbit. about a 

Sckwar ••• hi14 black hol. Ii. ar .... r • ~/.2. ~e radius of 

tbe pho'.. .phere alGDC wbieh .. pertiol. v •• ld .. tra •• l1tag 

ritll the It.aectot lipt (." ... )., T:ke .. e:t .. e, .... 1 ••• 1 ........ 

t.llOW:i.as .. er'b:l.t .Up .. iy :1a ...... • :t 3OM/.1 ... .-." 



synchrotron radiation. Slad.larly, gravitational. rulatioll. 

ala. can b ... 1 tted by • particle wh11. following such an 

orbit [1" 16. 11] • How .... er aoat suoh .:t:tect. are o~ .. 17 

theoretioal .1cn1~ioanoe. eiaoe they are l .. e •• ur.bly ••• 11. 

In til. :tollowiDc •• ot1011., we will atady an. er:teot 

wb:l.oh _.,. haye po •• ible a.tropbyai.oal appl1oat:ioDJI. ftli.:I.. 

the bl ••• hitt of' the el.ctro_agnetio rad1&tioll. .. itted i. the 

~orward direotion by a soaroe 0' radiation de.crib~ a b£Cb1T 

r.lativi.tio ciroular orbit around a Schvarsaohild blaok hole. 

Th. trequeaoT blu.ah1:tt: 1s o&l1 •• d by tho Doppler ot:l' •• t t •• ". 

an .xtent that it .xc •••• ~e .t::I"O" pa'Y1.tattoll&1 red.bUt 

.ut:t.r~ 'by the photoa. _i ttuKI iD the :tonard .u.reoti. •• 'b)" 

the souro. 1a the t.aed.ia". ,""oild t7 of' 1Ibe black hol. [7'] • 
Th. s.aroltlip, et'feet .x:l.a.. ..... .. :tor • partiol. :t'adiat:l.Dc 

only :tor an tDria£t •• 16a117 .-.11 dura .. l •• of the ..... iDa •• 

t:ba •• 

To 'bacia vi_, ". ehall f'1ftl .,..,. tile ext_t ot the 

blu .... Stt _. tll_ ita .ft ...... tlle sP .. t~ of' ..... ia ... 

radiati •• emitted by a ~ of' aoar •••• OY~ rouad ~. bl.ek 

.... le 0" .... II. w. aha11 &1 •• at..,. the , ...... :1.081 prop.r-

t:l.. of' the aall ped •• i.. ..erc1a8 h'ea •• eIl .. • ...... . 

a., GDOPW OIUD 

Tko .p ... tt.. ... .ri.. to • ..... ••• la8 .... ra1 .... t • 

..... ...,. tlte S.JIrwad •• 1a:U4 •• tn. 



2d 

where • • OM/02 ie iMplied and w. baTe eet G • 0 • 1. Th • 

• p .. eti.e i. .iD£Ular ~or radii r • 0 and r • R. • z.. While 

the :rora.. ie .. phy.:toal .:Lllplari ty t the 1."' .. , al.o kIlOWl!l a. 

tbe Sehvar •• ch:Lld radlue ot a Ma •• M. i. • ooordiaate .iD .. l~'Y 

which OaD. b. trea.tor-ed ava,. by •• ill&' prOper tran.:rormatiora •• 

For an exterD&1 .b •• rver. an obJ •• t that h.. a radi •• 

)' = Rs (2.2) 

i. a ..,laok hole. H.v ..... , the t'ollcnrD.g .. al,...1e ie applieabl. 

to aay ob~.at with ite .art ••• l.oat~ .t 

L." a ••• af':lD.. OV .tteatiOll to orblt_ ia 'the plano 

~ : If /2-. Th •••• ra1 equatio .. :tv ••• d. •• ,. _ .. lea .... 

(t 1 )( ,J.< 

+ 
)-r ,)1 c1x v cl'Xd . 

,I s ::0 
, ~ <, I. /)6 de; /' 

~, )) d' - o / I, 2/ 's) -I 

•• '11. that x· • t. *1 • r. ..I • (). x' • r . The u1 .. tJaa1 

.. t:1oa ta th. pl_e f) • 71/2. 1. 

- 0 

( .. ~) 

(a.,) 



( 

, I) r ilY) i r \ I-
:......-- - ---- I - )' _ ('f - 1. 'vn • , J \ 

, t'(r-2 \(,<; 

(dy\'.1 __ 
, ) '\ d'~ 

7'or a oi.roular orbi.'t,dr .. 0, 8. that 

'f , ) ,) 
" ell: - -- )'? 
, 

( i <, ) (1(, 
(a.B) 

ne:tiDiDc anplu yeloo:L tT •• d ,\C .. a. we have 
( t 

"Jd.ch ie jut 'the Kepler'lt thj.rd law ot plaae'fuu . .,. •• t,ioa. 

Pr •• eq. (2.1) •• ettbe f) .. Tf/l, dr .. 4& .. 0, we cet 

( ds)? _ ( _ 
elf '-.J 

'2 f Y' ) '2.. 
)' (-

,dt-

Is -



by 

... , - ("". ~- (C ::: 17 /, 
I ~ J y (.:: Yl l- ( . 

where ('.' a, '!7(, • Yo) aro the coordiDate. ot a particl. ia th. 

on!. 't & t the pl'Oper ti.o pU" .. o.er •• Thua ,,11.... '= -;> 0, 

')') --")0 ( 2.12) 

11 •• ..., eoaalc1.r _ .b ....... r 0 i.a 'he equa ... rial. 

plan. (~ • TT /2 vi th apao ••• orcl:1Jaat •• 'II: • R »211, )<:". O. Th. 

tiMe ooord::l.r1 ••• ot 0 &1ao ..... 'U" •• :l.t. propel" tp. :La th:l.. 

approdJaa.:l.oll ('he lohvarsaohild ap.o."u.o :I.. • • .,...," •• 10&117 

tlat) • TIle typioal poal.io. ot the partiol. tol10'ri.ac the 

o:lroular ... ct.aio will be a.eoUled 1»7 the "'1"14 p.iD.. Q vi .. 

ooorc.UDat.. el ..... by -h (J .11) • Xa the aaa1,.a:La .bat 1'011 ...... 

the ...... rio&! optios apprex.1_tl.t.oa i. u.... • •• 1 .. t:a.a. .:lae 

'baoka_ttor •••• ed. b7 the pr .... o. 0'1 'the •• ao.,*~ o1ll"Ya'tnare. 

Le' ..... po •• ...., 'UIa •• pia .... 18 ..t,,,,, 
...,. Q ... r ... i ..... .",. 0 at a ti.ld t • T.. lia~e 1''' • p ..... , 

.. I • 0. i .... 'i ..... 'be .pHiI. ___ .:triae ........... A • 

TIl ..... t1_ .t .Ii. (a,.\) ~ ... ........ ......u ... _ .... t 

¥ 
l-'~ 

Y 

(1.1,) 



IIIIl: i 

( ! 
I ! " ' I ) t 

, 
y' I / ;I~ \ ! (; , L , "- ,-

I;~ .,",. ,--
r ). I -- :i -_ ... _-- I -- - ), 

) \\ ( / / I " 2 ~{?f IV,\ (-\ J r, ~ I; J 
l 1-

Therefore 

(2.14) 

wher. 

ia def':1nN to be the :lapaot par ....... r .pecif"yiq the aull 

.... d •• :1",. The ya,1ue of' the t.aapaot par_.ter ill te 'be oh ••• 

by tho followia .. requir .... ts, 

(1) tbat the photon ta .a.tt_ ill 'the :la.tant ...... tirect:l. •• 

0" •• t1.. ot the p~tl.le. an4 

(2) tkat it arrive. at O. 

Ot' oour.. th.... reqtd.r....... f)vft'd.etermiae the prebl_. 

1D41o&t~ that Dot t'r •• all pe~t. •• the .ireu1ar orbit wo.ld 

the photo. (emitted. :S.aat ......... ly :1. the :t.~ dJ.»eeti.:a) 

reaoh the .b ..... r at O. .e"."er ••• rill ahoy that thllr. exi ••• 

at l ... t .. _ .ucla po:Lat Q t'roa .ere _. pb.o, •• reach •• O. 



the photon .. itted :tro. aD. orbit at r • a, d..a • 0, .;/(Q. 0 

and dr • O. Henc. eq. (a.1) sUC •• st. 

(' 

,." I _ ; ,: r -
" ... '-

i •••• 

c{ 

({ -
\. 

wh.r. - sip. r.:ter. t. the t'orward ea:ls.ioa. Wh11. ..oapi:a.c 

the .eipborhood o~ the blaole holo, the 8111., ttM. photoa (.t 

~r.qu_c,. ) () ) .ut:ters .. cravi •• t:1.oa&1 r"ah:l~t, .. r.a. the 

Doppler eftect t.ads t. sh1t't ~t towards the bl... v. s~l 

.how 'that the latter incr ....... re ... p:l.dly thaa the to",_ 1a 

the liJd.t (.. -7' o. 

Th •••• :t'requeDc1' shit't ... b. oal •• lat .. either (a) 

t:NII tiNt priaoiple., 'by •••• icleri.a.a ......... 11 ... « •• :1.08 leaY':l.ac 

r • a at t. aDd. t. + .6'. aDd arriYiltc at r ... (~> 1M) a' 

T &lid 'r. ,6 T t or (b) by -1Dc the :tolloY1aa .-..-.1 _spr ••• ioD 

due t. 8ob.roedlqer [1. J 
, , 
'-0 _;' l-l-;:::) .-
'j) -J -) I 

U . f I (; ks (")- 'V/.':''Y 

~ ~ 
II ... 'II (.) i. tJae .nM_ ... 01 •• '*7', • (.) that ot ••• b ...... , 

,(1. (.) •• dl.r .. tioa .t the pJa .... at .......... I/' (.) __ .... 
at the .It .......... 



Consider a photon .mitted from Q at t • t. The o 

requirement that the photon arrive. •• 0 at t • T indioat •• 

vhere 

C '\ It) 

t"Z 

-f (i J I.t ) d r 

.- r -
' . 

. K 
) J (ld) cb 

Ho"." .... it i. aot ... a •• "UT to evaluate th .. e:pl1eitl,. 'for 

tihe oaloula:U... of the blue-aJ:U£t. The 'Valu.. of ULe.8 rill be 

a .. _ider Dew _ether pllet_ -att .. £1'_ the 

ob-a.lar orb 1 t at a ". .. ld. pot.' Q' 'Wi. th. the tilte ooord.1aate 



to + .~to. Tbi. patoD baa an i_acr' par ..... r q + i.).Cl aDd 

arri ..... at 0 at a ti.e T + t~T. ft." W. oan write aquatio •• 

ai.ilar to (2.18) and (2.20) ~or thi. photon alao. By appro-

prlat. aubtraotion o~ equationa ~or ti •• aa yell aa tor r~ . 
ve cet 

/.: T -.J::. t (, ~ .h T - 0" D s 

.ad. 

10111. :l.DteZ"Yal 6" •• 

AT 

Wher. 

Siaoe 

" C (1, _ 

(f'i-- -

(')~ 

/-1 (~ ) 

--

.--

:Slid_tiDe 

~L ( i ) ) 

f df --h 
'~ ~, 

(' ,0 c..h , 
J ()~ 

(a.a,) 

the 

I\q .. v ••• t 

/-1 (~ )] (I.a"') 

(a.a,) 

( ) 
t1"~ '13/ (2.26) 

,- --L 1- '2 rn ~v J 2 
'r ., 1 



1'1 
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f , ._ 

, L 
" , , 

---._---

/-1 ~ 
,-I 

" (I+Z) 

I+- b -

,.At 2 _ 
(7 ;;. ..... 

"\ 

d (";0':: (I - ~); 

v( 

I) (') ) .:::: 

--... - -- -_ .. _----------
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Nov 

B_oe 

viler. 

'X 
l{ (0) 

u'·f: 10 r0-
o 

, t b - r·o -

___ dr 
(I~ 2~)'-1~ \ -;: ( ,. 

tt< for:< I (l -

( i·tY)Ct)] 

31 

.• , l C l V. I 
I (I I .• - I -0 Y: J 

.:~r. ) 

?r 

-/ 

, (2.24) • 

%a ea .... he oba ..... r ia a .. 1" •••• , ". • It ( * po). 

Uo«(D) - (d+ II / (J I [I I 0 ) 
cit fZ 

(I.,,) 



i 
I 

~,--------~--

G ~~('. aUCB •• ta very large blue.hift •• u.~g the approxia .. tioa 

". get 

"2 _1/2-
f: 

J 

Hov d... the prop.catioD of tbe photons depend 

Oft t' ? Ia ord.el" to III •• thi., it is eonveni._t to reduoe 

eq. (2.10) to ~. £ollo~ng to~. 

)0 
(' ctv .- J 0 - L (I w<', ) ._1/-<,. v) '1;" 
0 

\..! , 

where 'Y • all" aDd 'E. l1li 2m/a. W. ha"e •• il R l1li o<;J ... t.be lower 

lilait to the int..eral tor t:h. sake of .oDverd.ence .ace there 

!La 0!l1,. a el:.lght ohan ... bs. 'fo wb_ R ;;»a. i.a replaced 'b7 It • 00 • 

1"1" •• eq. (2.,8). 1t ia appar-.t that f'o .. TTI2.- fllr ~ • 0, 
thie i. "be .turpl •• t oa.. of a photon :.lD. flat lUnkovek.i IIpa ••• 

A. ~ incr ...... 1"rea 0, ).06 her ...... IUId ill 1" ... " •• ~f?> 2/3 • 

• he pllote .... k ••• ..., .. al reU'llds of' the black hole 'be1"ore arriy-

iB8 at tile ti.taa:t ob •• .."er. 



How doe. "",' behave a. f -:,.( '(,->2/'3) ?We notioe 

that at ~, .. 2/" the integrand in eq. (2.38) haa a factor 

(1.v)-1 and the ~tegral diverce. logarithMically. Therefore 

'!~ i. expected to d:lvertre .. a rc: -;;;. 2/" largely becau.e 01' the 

oontributions to the integral at 

let U8 write 

2. 
.. - f::,. , .L'\...-v 2-

"'""'\.- -:; ( 
'" 

- ( I If" 

---.~----,----\{JI"" ( ! --/\) ( 
j L (J" v-) ( U - iri) ( 1.l2. -u 5] II) 

\- \J ;>. ) 

\ ( .• ) '- .. 1+ ')/:1 ') 
) ---.. " 

) 

nec1 •• t:I.Bg p.".rs of ~ Mper 1d:aaa ua.ity .a A '<'-( 1. We 1l0W 

••• the tr ... :ro:rma*ioa 

\i .. 



2 -- --~.~---- -~ 

( ... ;' 

I 
I 
l. 

the traneformatie. 

V1 /\. 
I (' 

••• a. /~ 0, 1IiD. f; -7 1/,1 aad. tIler.t'.re 

/1- /3 

k (JI - 2 f) ) 

· ~. 



..J2 ",- ~ (ff) - /3) f>"V ) ~ 12 l. ~ - I» 
J) E: 

Eq. (2.38) ha. b •• n .... rloal1,. iDt.g.rat~. ZB 

Table I, w. Sl". the .. lu.. of' 'f' c> tor \rIU"ioua "".1....:t ~< 

010 •• to 2/,. W •••• that, as 1.1111.0 .. "'_ by 4Iq_ (2.,S) t the 

photon make. .eY.~al rouade of th. blaok hol. before arri""inc 

81.11 the d1..tamt obseJrY.". The val ..... tD Table 1: eifrre.p0:D4 to 

o • 10-n (:2 ~ D ~ 9) _ "01: .. uch 0.... tlb. eh8llC. :in 1Ih • ..,.&1" •• 
• ~ YoiDtroduoed by deer.asiag h by a taotlor 10 ia 81" •• by 

L.t lIlI •• w .oJlSider 1Itha:' kapperull at a :ttaite 'bui 

I ....... ll1. 'It R. 1'.3' r ......:.> R ..... (Z.SU) i. appr-old.llated by 

ch 

With 0 ... ~. or:l.p.n ..... GO ••• reotanpJ.u Cart •• i_ 

eeordinat •• ( •• y) ill 'the pl.... f!J. 71/2. Thi. i. p ••• ible, 

ailloe fa:tf ava., f:l'ON the bla.olc b.ole tbe .IU .... t1.. ia •• arl,. 

:tlat. At O. 

~y rv Rely dX ~ dy-

•• that 

b ,.../ q.. 
d)c -R. (a.,o) 



tA&1 I 

THE pI!p.GINQI OF » WITH ( 

2 0.66 '.176 , 0.666 8.076 
~ 0.6666 10.'78 , 0.66666 12.681 
6 0.666666 14.,,~ 

7 0.6666666 11.a,0 
8 0.66666666 19.,42 , 0.6'6666666 21.167 

.wah_r o-r 
revolat:Lo •• 
around the 
black hole 

0.92 
1.28 

1.6, 
2.02 

2.,1 
2.74 
,.11 
,.4. 



Xu other word$ the anale made by the propagation vector 

of a photon reach~ 0 with the 11ne of sight through the 

c.ater of the black hole ia 

I 
? r 1/ -- I - --'" l 

;"(1..- .. )- .) ,,'>'tl.- (2.,,) I R R 

This determine. the an«Uiar radius of the orbit aa .eeD 

by the obeerver at o. 

d~4Buiene. on E: ae (-: ~» O. Here "pin the int.eral di •• r" •• 

losaritbmioal1y. Red.oiac eq. (1.,2) to a ~orm ai.ilar t. 

eq. (2.'*0). til simple oalculation show. tbat 11' f and 

(--t d (- are twe neipbori:o.c val.uIIIU' very .mal1 c •• jua.red to 

unity, the differeDce betw.en the oorreapoadlaa va1 •••• ~ 

T-t. is PVfIIl 1a tera. of the differential of" )pc,.a tolley. 



Tabl. XI giv •• repro.entatiTo nWB.r~cal reaults 

on CT-to ) - intoeral for R • 100 a aDd •• all Talu •• of ; • 

This choio. of the ?alue. of R 1 •• omewhat arbitrary, tho 

only orl terio. belDs that R .houle! bo lar .. o _ouch .0 that 

tho apao.t:t.ae at 0 CaD be considered &1 .. 0. t Minko".kian. 

I'rom Tabl. XI one 0aD. ••• tba t: .s ~ beco... amaller aDd 

•• allor, the 1:1.. taken by the photo. to roaoh the ob.~.r 

at I' • R di ... erc •• locarltbatoally. 

Ow:l.:D.c to th1. .1.., dependenco ot TonE. • e ... en 

... alues of' F •• a-.1l as 10-10 rill not ai .. ::t.:tioantly al t.r 

the tia. ec.le tor the l1sht ray to ".1'.0 tr.. the ... lo::f.ni ty 

ot tho obJoot. Wo .-ph •• i •• thie poiR' hero. b.oau.o 1D the 

tol10v.iq Soctien, vo ahall bo ...... erali.tq O'lolr ro.1I1'. to an ... _bl. .r partiole. c-inC ia • rille' at radii, T.rt' 01... to 

•• ,., tho ... tab10 oirouJ.ar orbit. 

2.' 1111 1tPi'!!10! .,IODPI 

w. now iaactae the oea'rat obJ.ct: •• b. aurroUDd •• 

by a ~ ot partiol.. "Tine :1D. olNalar .r.i".. with cliNer ... 

E < <.:, 1. Th. T01_0 of' the ri.aa will b. ..etenia. 'by - • 

..... 1'&11 ~ et <2 • '.I"h. ..... 1_. .1 __ t It.tv... c- aM 

(. -+ ,:I IE- i.. 

-i/ 
c4 V - 2. n Y ( I - 2.:-) '- H c;(y 

wtt.er. II :1. •• tld.e1ca... .t De n..c ( • ...& ). l:tao. 



tl=!LI 11 

'I'D! P!!JiBGMCI OJ' (1 - '.} nu ~ 

n 

22 0.66 ".0, , 0.6" ,4.4, 
4 0.66" 'S." , 0.6"" ,'.87 



r _ ) >n --------_. 
.' 

/ 

Now auppoa. the :ri.aC ead. t. II photon. of" Jrequency })(~ pft" 

tm.1 t vOlwa., pel" •• cond. in the re. t f"r .. _. The nwaber of 

photo.a emltted 1. t~e da ia (N.d •• dV). At. lar«_ 

diata.nce I" .. R (> > 2.). th ••• w111 'be dietJri.buted o"e ... 

eph.. of' .erraoll are. Lr T1 a2 • Al'tho1l&'h IB.Urtt of' tb_ will 

be ai tted in "he equatorial pI ... e, 10:ul: .".Jrap o".r til. 

wo1. apheS"1! 1'1"' ••• 1'1W'l (per w:d." are .. per wait: tbe) ... 

where 

. !!_d s; c·(~_ 
Irl1 R~' d 

))0 

o 2-
L, "(I " 

N )/ d V 

.,,0..< 



where B( "'/) is the vOlwae em.i.s.i.vity at tbe •• i •• ion 

frequenoy ",. Nov we u.e .qa. (a.,s) ilW.d (2.'7) to get 

I 
• I <. I E 

" , 
// 

the l'lwc: S( ',;., ) d,..J 1:n the tr.queno,. ran •• and Vfdy 

aa follow. 

(2_60) 
" ' v 

'-I 
pUJ.'I'ely OD _.trio ~u.d... The)J dep"' ... e 01." the 

epe.traM i. .o..-a to many extraaalactic .ource. of' radio 

[ ., 
..t •• teA. Obi tre aAd Ilarllkar 10 j haYe di •• u.... the 

.atrophy.t ... l .O"84JClU_O.. .1' .1IOk .. _del ri til a.eaiel. 

refer_c. to ptraplutio 1"&4:1.. ...... .... quasarll. 

'file aaal,.*1. fit' "be aul,1 ...... ,.. pJ"8 ...... 

U th. tel1ov1ac ... t1-.. 1.. .. 't>ypftflU." or ... .Il. dw.l .... 



in the toregoing sectioDs, appl~cable to photon. em1tted 

Dontangent1ally •• well. Also, we generall.e our result. to 

the ell!u,e o:t the source tollowing an eccentric orb:lt. The 

source 0'1 photona cou.ld be an ordUi.ar;r star orbi tine a su.per­

.a •• ive,black hoI., .. hot spot Or a flare produced in an 

accretion disk around one (.tellar/supermas.ive) due to 

generation and growth of instabilitie., or a at.llar outburst 

that may take place in i;he ·v:1c1ni"$yt o:t the black hole. 

It 18 po.aible to have a (solar type) star in a 

hich ener.,. orbit aro\Uld a black hole of mas. M wi thoat tldal. 

breakup it 1t. den.ity excee4. a critical valae 

l' 
I 

Aocordi •• to, SUIlya ... [11J • boi; apot. oan. :to:.r1D in th. 

accretton disk. around blaok hoI.. ~eh oan 1 •• , for .aay 

revol1.1tt.0.8. Thes. OM :rOrBl a_r the ...... t hori ... to. and 

It 18 re .... abl11 tie eqaet _0.:ir1O' on1t8 1. • 

••• of" the 0 •••• _.tlaed PO".. Tlut ~ •• :l ... 0'£ ilk. 

pa..,it .. tional y • .,... how ...... :r .... o1re:1l1ar1.. the _"1 t 1a a 

period. ehor"e,. that 1010 ,... .ep""" oa ttL. ....... i.TOlTed. 

... their •• p .... t1... Aaa .. j •• the TaU4ity .t a Lalldau.. 

LU8h1 t. type f'onula [ 8,] • til. • ..... ' ot o:l.N1l1.-ua,t •• 



ot an ecoentrio orb!" CaD. b. given .a 

. 
) c -

H.r •• , aDd -2 ar. ta ••••• trioa1 unita, .1 aDd .2 are 

iD1tial and ~iDa1 .oceatrioltt •• re.peoti •• 1T, a ~. a.at­

... ,,01' ax:L •• ~ 'Ut. orb! t aad. p( ." .2) "'- 1 tor ., ~ 1 and. 

.2 ~ O. Beao. tor ~.t"'.t tor a ayate. oo .. i.~ia. ot a 

., • 10'.0 blaok !lol. aDd a "2 • 10 M •• tazo, a d:1."",o. aboat 

/ 2 8 
100M, • apart. c: f"\,. 10 yra:l.:I'., ~ 1 aad 8 2 t=:::: o. t:D tao. 

wit ... the or'-it :1. 00Blp.0" •• o"&h •• oirolllar orbit alao OaD 

ahriDk b.o •••• ot the -.i •• iOD .t cravitatioaa1 va.e., 

aooordLal to rela'io.a 

( t ')Y4 , 
~o (- Ts ) ., -

} 
, 

vber. T. :l.a the .pil-al-ia t.i... Che.a:lq th •• _ ......... 

• et.ra •• ia the ...... 1. ab ...... 1'. ~ ,oT ,..... :tt i •• ""i ... 

that tor -.11er ..,t1 •• ot -1'-•.... r ... T. 4 .. 1'_. appre-

oiul,.. Lt. • .., .. [8']. ' ........ 11 ... Ma .... r [19] ... 
a_blb.- .... BU"de. LiA] ItaYa ..... 0.' ia ••• d.l the 

..,_ieal .ppeanao • • '1 ...... la ............... ot a 

I'JWf'it •• _ ......... t.a .ftit ....... a ........ tdd.l. Or 

• EaT 1111 .. 11. .. 1.. X .. 1da&t t.11 ... , v. a1ta11 It. ..'aIT 

........ "' .... ta-... ...,.. .td.na. 



Now "e proceed to' writ. the Equationa of .otion 

of the aource and the photona it emit.. The formulation is 

exact as lone as the ceometrical optics and the test particle 

approximation (source maaa c< black hole .a •• ) can be 

considered valid. Let u. suppose that the eccentric orbit is 

apecified by an eccentriCity 8 and a •• mi-Iatus rectum a. 

Let u. take \III 0 and aa.wae that the ob •• rver ata,.. 

far away from the hol.e at r .. R ( '» 2m) ill the pl.an. of' 

the O'rbit ( 6: - r(!1.. ). Accorclinc to' McVitlt:t.e [22] • the 

.etrio (2.1) and the ~a. O'f .. eod •• io motion (2.4) .olve 

til 
" ~2.. I '')~ (r - ) ( ) .. f I: 2 I ·f· -ci" }' } ~ 

,) t ,_ 

a •• 
h 1.a orbital. _pta" ...... inul per mdt r... ..... ... ..... U" .. 

at btiDlty. Fer ... inti ... eni.,_ ..0 .... 8Ild _I" • 0 

al... The aaplN* .... 1 •• 1.,. o£ the ..... about tile kole 1. 

ct.f'1ae4 .a bof'ore a.a .. • 47' / .. "., 



For the photon., tbe varloQa co~onenta of the 

~- ... entu. are given a. 
(I J ,- II- '> __ )?I ) 1,)/ <r. ] '/,-- ¥' 1· 7fA - L \ ;t- 1" L 

.:'i h· - c --r -
( . /~ (2.68) 

r/)o k -- yl. ( \0 

(It ~' 
-

I - '2 )'Y'l ('If- f- --
)' 

Th •• ouroe -.it. photone :La all 41rectioA. ~u, oD1y ~o •• 

• itted. :La the plane of the .. lt!t rill 'b. able to .... oh "'_ 

die.ant .b •• ~.r. In Ylew o~ eq •• (2.6,-2.10). v. writ. 

- [ I -"2~ 
'y 

dr - ) 

01.>-
(a.,,) 

_ ... , it ~ • ...r ....................... 1 ••• t" •• • ~ ... 

...... v..I.tJI .... P ..... tile -ri,pa ...... 7.*- .~ ••• I"dtIaa, .. , 

th-. t .... 4tch (1.1f) w .... 1tri.t .... ~re;q._q aJd.l't 



•• 
'(,' 

F· e /,. c-f ')" If' 2':. -. ._----
i - 2Yh l_' + + ); 

-- 0 2- rlS r\ ''Y 

where q :1. the :.lapac", parameter of the pho.on .. h/''o' • 
In order to .... 1.1.'I8.t. q, 1e. ua eonsi.d.". the 'tvo phys:loal. 

cHlpoaents ". r aac:t ". P of 'the put_ ... el •• 1 t,. ... acoordi .. 

to an ob •• rver at are.t ~ tbe Sohwara.o~14 field ~th 

) 

.en ($ :18 ... aacJ.* •• wl:d.e1I .. plNtt. i.8 ... "t_ wt.-

......... e •• nMliu ......... r .................. tIM eriDa 

., t1le a,..,. or .~.... ~ lao ...... ia •• ~t:1 ... 

..... ,t ...... , or -"a Id ..... _ .... e. "'., "er .. 



radially ingoing ph,otcn ' • 77 whereas for one gOing cutward.. 
I 

,_ • O. in the ease cf gravitational searchlight (tangential 

emisllion) t ,;:i/ so that v • 0 and v r )c-
• -1. However. in 

~ /' 

the calle of:' an eccentric orbit. :; ia not nec •• aarily _!1 j '_~T( 
) :; 

for tangential emis.icn. in view of:' eq •• (2.67-2_70), the 

11n. e1ement (2.1) :tor d.2 • 0 givea 

(' I ! ': l" ) 
-; 

(j r' - ! ... " f ( . 'S i \,.. ,$ t , ii' 1/ 
( \ () \, 

where 

~J' u 
~---.----.. ~" 

I -, > " 1(' 
, ,__ ? Ii) Ie.. 
i, / ----
\, , 

L' 

(2.80) 

oharacterize. a photon emitted at 
( 

c) -::: , in the direction 

oppoaite to that ot:' moticn cf the source. The frequency 

ahitt 18 therefere 

2 -- ;j.' 
( ,-. <. b ttl i' ---- i .:1:. ··)")(tj -- -t-. (2.81) I 2 11') () (.{ ~ 

~- ) '0 ., 

Sara, + aign. refer. to dr/d.. < c and V:l.08 veraa. For,,~ .. ''':> Ii' 

IIIUtd •• 0, th:1a equation reduc •• to (2:.29) for the gravita­

tional searohligbt. .or lar •• oircular orbits, eq. (2.81) 

approximate. to 

, /' 

SlY, 6 



It can b. noted that Doppler blu •• h~~t overcomes the gravita­

tional red.bitt :tor :forward emission (1/ ",' ,~ " '2 i ,,) from lit large 

ciiltt'ul ar orbi. t. 

2.8 PROPAgATioN AND FR§qUENCY SHIFTS OF PHOTONS EMITTED 

AT DIIF'BENT ANGLES. 

Photons e~tt.d by the source at different angles 

not only sutfer different :frequency shifts but aleo difterent 

amount ot gravitational bending. A photon emanating from the 

source at an instantaneous position ro / 'm will be oaptured 

by the black hole unless the impact parameter 8at~sfies the 

oondition 

p, .~" 

(see, :tor tn.tanoe, ret. 2,) A photon em~tted at an ~mpact 

parameter slightly ~ exc •• s of' qlim would make nu •• rou. 

round. of' the oentral black hole before arr~v~ at a distant 

detector. Oon •• quently, such a photon take. a loager ti •• 

to arrive there compared to the one emitted with a q creater 

then Ql:i11a' The li_i ting --.le corresponding to q • qlim i.s 

therefore 

- i I ' <" I ">,, 

'3 (J, yrl 

(a,84) 



Photon. emitted at an angle 

whereas those emitted at -, t... " ....., (' ,~, 

I( , ,~, /f I~ ?/ " - r). are captured_ 

In an ecoentric orbit, photon. emitted at a certain /' may 

get captured when ro is such that q ~all. below it. limitinc 

valu •• and may e.cape at another instant when ro becom ••• uoh 

that q exce.d. qli.- Table !XX give. the value. of the 

1iai t1D.g angle ~l (I. oorre.ponding to d:L:t:terent values of 

ecoentricity and .emilatue rectum, when the source i. at the 

apa.troD and periastroD of ita orbit. 

An eYaluatioD of the 

th 

-r - L .- J -

'1<1 

y,;; ., .- j 
> (.# 

cU ! ,\ II 

cfr / ('?, 

dY/GII' 

ch(c'I'to 

intecrala 

ci. "Y (2.8,) 

(2.86) 

caa tell hoy long it take. tor a photon e.1tted at a 

oertain encle t { .: r1 - b < (''I' > rr,. St.) to reach a diet_" 

ob.erY .. UId hoy MilCh bending it auf'tera. X:t". denote 

( -
<';. - ) '\J :.- to 

'Y 
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Th •• lliptic integrals ln the.. equations CaD be transformed 

into the standard Legendre ~orm by .-ployinC auitable tran.~or­

.at:Lon8. Although, (t() 18 a.ymm,.tr:Lcal nth r.apect to .1. A • 

the gravitational b.nding tor ~ & photon. remain. num.ri­

cally the ..... As r o·-!J,> ,a, .q. (2.88) predicts >".,.'.,. -.':' 

for ~ • .t n /2 photons. Th. DUIl.rloal .... a1uation o~ .q •• 

(2.87-2.88) how ..... r :La of no int.r •• t to ua her •• 

L.t u. focue our attentlon on the .. i.aioD ot 

photon. br, the source at dU':rerent value. ot ~ _ To start 

with, we aone:14er the e:1apl .... oase, one 01' pert.at alipa."_ 

Th. oenter 01' the black hol., the souro. and the obs.rver 

fal14n the .... lin. (line 01' 8i«ht). F:1C. 2/1 depict. 

various po.sibl. orientatio.s 01' ~e orblt v:Lth r.sp.ot to 

the lin. of sipt. PhotOD. ea1. tt" by the souro. vl tld.n 

a OODe D'PD are oaptured by the black ho1a. The apex: .... 1. 

o~ the COn., ~.' vari.s with 1"0 in acO.H v:Lth aq,_ (2.a4). 

Photon. _1 i.ad at 6.. are re.e:l.",M by the r_ose oba.rver 

~t.r flY..". ooapl.'. rwolutioB, with. tr"u-.cy 1Ih:L:tt 

--.tinc ,. 

/tz(J -:0) 



Shows various possible orientationa 

of the orbit with respect to the 

line of sight tor the ca ••• of' perfect 

alipment ot the black: hol •• th..ir source 

ad observer • 
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In this equation, • aign refers to dr/d. > 0 and vice vera., 

and 

correapond. to the ti.elike trajectory of the source. Zn 

thia equation, the sign of equality refers to the circular 

ca.e, or, the 80urce at ita periaatron or apastron, ao that 

I -f Z (f; ,- i -

ObYio"aly, the.e photona are alway. redshi£t.4 and are 

reoeived when ... r the aoure. co... ~ betw •• n th. blaok hole 

and the ob.erv.r auoh that .dE • O. How .... r, in c.n.rat 
ds 

1 + :. (~ .0) _,. b. >- or -< 1, i. e., the b • 0 photons may 

be red- or blu •• hil"t ... a •• ordine a. dr/d.. < 0 or :;:> O. 

,. the oa •• or an aooeDtr1o orbit ve haT. to 

take tato aocouat alao the ~a.t that the peri •• troD advano •• 

a:l.p.1tioantly wheD. the oni t 1. ooapact _oqh. The pan.a."ron 

advano. would introduoe • ..oular ohaaa. ill the t"requ_o7 

sld.f't of' a photoll MIl "ted at a oerta.t.n S , .0 i# the ca •• 

UDd.- ..... i •• rati.... Suppo •• to .tut with, the .a,Jor d:l.. 

ot the orb:L t oDiAe:ld •• wi tla· tJt.4t lisl. ot aipt and that the 

sourc. 1. at it ......... Il a:a4 ill b.tw ..... the blaok kol ..... 

Let T be the twe take by ~. peri •• troD. p 



to ahi:f't by ') II • Generally, Tp »orbital period. Then, 

in an ~terval T /2. the black hole, the source and the p 

obaerver are once again exactly a1igned, the source this 

time being at its perla.troD and ~ between the black hole 

and the observer. Since dr/d •• 0 at ro and r t max 10 min 

the respective :frequency .hitt. would be 

(+2 '::1.) 
-r;, ,.., I - :7 }h 

') 
v 1"'r"'\(\Y 

the magnitude of' the dif'ference betwe •• -.In and smax 

aMountiins to 

For instance, :for e • 0., and a • 10~. zmift - 0.08, 

s • 0.'9. Hence, a 6000 A line will be shifted by amounts 
III!taX 

480 A and 2,40 A respectively towards the red. 

~T:~ (/+ ~:) 

.1Id. tted at an angle 



" 
) , 

advanced 'by an amount /.);1'7 IP in one cOl'lplete revolution? 

In order to find th~. out t let ua r.~er to F~g. 2/2. There 

are in tact two CHIUUIUII to be considered. (a) when the 1III0Ul"'CUIil 

is at it. peri.stron to .tart with (/-' .. 0). the lEuilmimajor 

axis com o1.ding with the line of sight. at'ter Gnce gGing 

81Bht again, itll radiulII v.ator noy malting an angle /' IIS·­

with the a .. imajar axill. (b) wh~ the re.pective angle. are 

,'f:" .. 7/ (sol1roe e:t it. apalltroD) II.!J.d ~<:I .. 1/ - {"I," 
.' 

w. notice 

that the ohange in the frequency Ahi:tt in ca •• <a) is not 

th •• a.e .. s tbat in the ca •• (b).. 'nUIU!U)) are Biven re.peo-

ti1"el.,.. as 

tor ca •• (a). an4 

'; -. . -~:..--. I i-r 
I '.)" L 

), 

:tftr c.... (b)" To the :f:Lrat ctrdel" :La j., 't • ",e there:tore 

I'£~ Z:~ , I' " 
~. ~ 



PIQual 2/2 

Shows the oa... of perfect a11p.aen't 

atter one revolutioD when the perl •• tron 

advance. by a •• all anele. 
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to caee (b). Furthermore. I~ z 2.. J + > IIJ? A _. FO:r> example, :tor 

e· 0.,5 and a == 10 .'it~i:"l·1 "J' (' d3~'f ttnd !t\ZI!_ :J-- ("!' iJ)-", • , . 
In the deriYation ot the :toregoing equationa, we have 

neglected any change in -e- and/or ta' due to gravitational 

radiat:1.on. 

The photon ••• :1.tted at VariOU8 ang1ea, aa well 

a. thoae emitted close to the limiting angle oan give riae 

to the formation of lu.lnous concentr1c r:1.ngs about the 

black hole also. This happens whenever the black hole, the 

source and the ob •• rver are exaotly align.d. the ob •• rver 

can receiv. the photons 1n any plane which inoludes the line 

of sight. One theretor ••••• a number of oonoentric ring. 

about the oentral blaok hole. Wh.n the Bouroe ie in between 

the blaok hole and the obe.~er, it appear. aa a red or a 

blue point (Tide eq. 2.89 and the follow~. dieou.s10n) at 

the oenter of the rins .yetell. The iDnel'lDoat rin&' corre.ponda 

to photou wbioh were _1 tted at J 010.e to 11 ~ ~,. They 

eu.t'ter the 1ar .... t .. ount of bendiaa aDd al.o take the longe.t 

ti.e to reaoh the distant obeerYer. Pol1owing the re.sonine 

of the S.otioD 2.4, it is theQ eaay to show that the angular 

radius of the lUDel'l108t riDC i. 

wh.re R 18 the loo.tlon of tbe ob.erYer (» a.). Bere, we 



would like to stress that the ring system 80 formed i8 not 

as simple as that formed in the case where the source i8 

stationary, not graVitationally bound to the black bole. In 

the latter ca.e the r~gs have a uniform tbickness, intensity 

and color. In the present case, the additive and subtractive 

contributions otthe Doppler ettect and the photon emission 

off the plane of the orbit render the appeaarance' of' the ring 

system complex. The ring system consists ot redsbitted as 

well as blueshifted photons. For the innermost ring, the 

difterence in the frequeucy shi.fts amounts to 

) ). i .; ( :J;. ", 
/" ')0)" ) , ~ ;; .,( (2.99) oe.." "', 

( I '2 » : " 

) 
~ f. 

w~ch vari •• with TO. When the orbit i8 a compact one, the 

frequency shlft dit:teareance is large and consequently thea 

intensity of the ring. would b. mainly contributed by the 

blueshitted photons. As the source moves off the line ot 

sight, the rincs start degenerating into a nwaber of 

distorted shos. 1 ... e. ot the source appearing around the 

black hole, thouch not .ym .. etrioa.lly placed and nonmd.t'onR 

in oelor. When the source goes behind the black hole, the 

rings appear acain. the central read/blue point Dew .1Iullng. 

For a cOMpact orbit, the sensitive dependence 

of the frequency shirt and the gravitational bend~g on 

pv. ris. to aa bter •• ting effect, viz., spectral. line 



broadening in the ca •• of a st.llar mass black hole. and. 

peculiar oscillations o~ a number of line. acroes the spectrum 

in the ca •• of a supermaseive black hole. To illustrate this, 

let us suppo •• that the source mov •• in a circular orbit. 

e.itting monochromatic radiation at frequency ,. . 
(~ 

Now, 

wherever the source be in. ita orbit, owing to a large 

gravitational bend~, there would always be aome photons 

emitted at various angle. in th.e forward. aa well aUiII backward 

direotion reaching the observer at a given instant. Aa the 

source moves ~ it. orbit, photon., emitted at progressively 

ohangiD.g "a1u.. of (\ are recei"ed at r. R. The net result 

is the oaoil1atiolus of a Dumber ot IIpectral lines about ).,\, 

in a peculiar mum.er. In the ca.e of a atellar DUlilS blaok 

hole, the orbital period ot a source in a compact orbit i. 

<'"", 1 aUIH'- Therefore, the source pe. round the black hole 

80 quickly that the speotral r •• ioD betw •• n .( 'f /2) and 

z( ... 71'/2) .ill apparently ooou.pied, giving *he :LlSlpr ••• ioJ1 of a 

broaden.cl spectral line. The rin •• of' the .peetral line 

corr •• pond to ellli •• lons at ~' • .:t. 7T /1. .eparated bY an 

I (2.100) 

Aooord~ to the Liouville tbeor... the .b •• ~.d (X» and the 

eRd. t 'i" ( "I v ) aoaochrOlu:td.o i.:t.a,d:~i.s are rela ted throu,&b 
(') 



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

wings as 

'1 
~' 

~ --_._ ... 

For l.natance, when a. 20 m. :tblu./:tred c: it where •• for 

a • 10 Ill, :tblue/lred ~: 9. The ratio thua gets ate.per as 

a decrease.. Therefore, for a compact orbit. the line profile 

would be highly asymmetrical. Xn the cas. of the source 

orbiting a 8upermassive blaok hoI., the situation is rather 

complicated, the orbital period is oomparatively much larger 

and one expects peculiar osol&l.tio.. ot a number of .pectral 

line across the spectrum, the bluer lin •• bei.« comparatively 

the brighter. 



CHAPTIR J 

GRAVITATIONAL RECOIL or MASSIVE BLACK HOLES FROM 

GALACTIC NUCLEI 

).1 INTRODUCTION 

therein has bean pr.sen~ing evidence of the quasar -

gaiaxy as.ociation in a number of case.. In many ca ••• 

the members ot: the pair are joined by luminous interplactic 

matter. The nucleus of the plaxy appears eruptive, sugge.t-

ing .jec~ion of material with considerable speeds 1n roughly 

opposite direotions in the form of a ceherent mas.ive object 

and blobs of gaa. The most puz.ling feature of such •• soc1a-

tions is that the redehift of the eJeoted object wh1ch a180 

happen. to be a rad10 80urce exc.ed. that of the peculiar 

galaxy. Part:Loularly, whene"er the radio .ource 18 a quasar, 

it .hows up with a mucb larser red.hift and 1. dynasically 

or evolutionarily youncer. A few BL Laoerta. type objeots 

too ba"e been •• en aasooiated with certain salax1e. ", 8~7. 

The ab •• ce of indeptmda:n:t ooDfir .. :tion o:t Arp·. 

ob •• X""nl t10ns and the _emalGue red.hi:tt of the quasar. in 

suoh ...... :lat.:ioa. ha". been the IIMUa pei.at. apust the 

ojeoti •• lI.ypothes:t. proposed by A~. Statistical arsua_ts 

have occas:loDally been put :torth, :tor .s well .s againet 

the hypo th •• i.e [ee., e ••• , r.:t... •. 12]. Hewever. 1;he 



statistical analyse. suffer from the scanty data and can not 

at pre.ent .ettle the controversy. 

Arp's recent work L 27. 28 on the i8ophotal 

tracings of some of such galaxies reveal. disturbances in 

the inner isophote. extended fairly close ~ the direction 

of the quasar. Had the a.sociations b.en chance Juxtap05i-

tiona, no di.turbance in the g,alaxy and lum~ou. bridges 

connecting the calaxy and the qua.ar would have b.en 

observed. We are, therefore, tempted to oonsider ejection 

to be 1"e&1. 

Now the question of the cause of ejeotion and the 

are known which could eJeot different kinds of object •• 

Shklov.k.y haB tried to ~terpret A~·. observation. 

of a.sociation. by postulatiaB the eJeoti.on of a ".5iv. 

magn.toid ( a lare. rotatinc aaenetic pia ... bOdY) from 

the nuolear recieD of a salaxy a. a eon •• quenc. of ani.ot­

ropio .mi •• ioD of .. ercetic parti.ele.. Harri •• n [-4,7 ha. 
/" 

also propo.ed a .i_lar hypathe.i... Sa.law L"") ha. 

conjectured the po •• ~b~lity of a sravitationa1 .ling-.hot 

mechani.. op.rat~ ia the c.ater o~ a galaxy ~eh eject. 

a pair of compact ma •• ive objeot. in one direotion and a 

third one in the oppo.tte dtr.et~o •• 

In this Ohapter, we prop ••• yet another •• chani •• 

of ejection, Vis., the gravitational reooll ot a auperma •• ive 



black hole ~rom the center of a ga1axy. Th~. can occur becau •• 

of the anisotropic .m~85ion of gravitational wav •• in the nen­

spherical gravitational col1aplle of a supertll1aseive body in the 

nucleus of a c.rta~n galaxy. The eJeoted black hole capture. 

gaseoua matter and stars on its way out and. can become lwninotUJI 

enough to be observable at the t~me of its emergence out of' the 

gal.axy ["", 44). Xt 1.- then natural to expect 80me ob.ervationa! 

prollpeatll and the o~y question is whether we can identif'y such 

a pheno •• non with an observed quasar-galaxy as.ociation? 

with ma •• 

In order to be able to eject a maeeive black hole, 
8., 

M "-V 10 M. considered here. the cataxy must b. 

comparatively a ma •• ive one. The likely seat. of' this kind 

of' activity .. y be the n"olei of .piral, elliptical and 

Seyfert calax1e.. .AccordiD.C to' W01f'e and Burbidge [41:1, the 

ob.ervational evidence. 1n the case o~ ell~pt~cal .alax~.s, 

such a. ma ••••• mas. to lipt ratios (--- 70) larger than a 

normal plaxy. atellar coaposltion and the OCOUZTeDCe of 

violent explo.ions, .ugg •• t that ~ th ••• .-laxi •• a large 

aMOunt of ma.. .hould be pre.ent in the font other than star. 

and perhaps ia the f'o~ O'f oentral blaok hole. with ma •••• 

< 10'0 M. The central black hole ia cracial to an explana-
").. ., 

tiOD of the violent explcstcn. ~ their nuolei and high ma •• 

to lipt ratio •• 

Rev .an a .uperaa •• lv. black hole tora ~ the 

nuoleu. ot a pla.x:y' 'er :lAstanc., Lynd_-Sell IU1d weodL3g 



.. ~ 

a.:n.d Spitzer have proposed that a ga1axy may develop 

a den.e nuc1ear region a8 a consequence of a thermal runaway 

or a lack of energy equ1part1tion between light and heavy 

mass 8tar8. When a atage of so high a central density i. 

reaohed that a photon coming from the center of the syste. 

is red.hifted by an amount ~ 0.51 - 0.73, )1, 32, 3~ , 

the 8up.rmaaaive body may collap.e to the black hoI. stage 

because it becomes unstable against radial pulsations. In 

general, the col.lap.e would be llon8pherloa1. ~Nhen a 

an emi •• 1on of eravitational wave. in an anisotr.opic manner. 

Th ••• carry .:way not only ener«y and an.gu.lar momentu.m, but 

linear .. e •• tum alao, Consequently, the black hal.. (or an 

o~et w1th ita aurtace Tery cloa. to it. eTent horizon) 

originally at rest. The linear ..,montum ia radiated in 

low.at order aa a quadrupole • Getupol. co-opera~iv. effect. 

The IIt.llar ca •• has b.en worked out by :Sekenlltein [' 29] 

who hall .hewn. that the reoo.11 phenom.enon may .impart ape.d • 

.. a hip all ::!:' 1000 KIa •••• 1 to the blaok he1-e independent 

of ita maaa and oona.queatly l •• d to oonaequenoe. like 

break.ep of a b~ary .tar ayat •• upon oollapee of one of 

ita .omponent_, .aoape of blaok hol •• from globular 

cluatera and the Galaxy, eto. In 'What followe, "e outlbe 

the ba.:l.o idea applicable to isb. Don.ph.rical graTitat::Loaal 



collapse of a Bupermaasive body in the nucleus o~ a certain 

galaxy and the r.ault~ng recoil of .up.rma.s~ye black hole 

from the center o~ the galaxy. The order of magnitude 

estimates show that the recoil eftect haa 80mething interest-

ing to ot1:er. 

3 .. 2 THE RECOIL OF THE SUPERMASSIVE BLACK HOLE 

The collap •• can be non.pherical owing to rotation, 

magnetic field and the asymmetrical nature of the nuclear 

regions ot the calax.,., .tc. Even it the collap8~ng body i8 

nonrotating, highly Don.ph.rica! collap •• i. expected aince 

•• ymmetri.. tend to crow aa (R)-1 in a dynamical collap •• 

_ Tbe oollapsing body 

emit. gravitational radiation in an ani.otropio .anner 

durag tb. collap •• at a rate [Ref. 2,. pp. 980.J I 

-I ,C 
\ 

wbere R :l1li 2GM/ c 2 i. the SCh"fIIUB8Chil4 radius o~ the 
8 

collapllling ma •• M (1D. ps), R is i:tull inata:n:tanttOu8 radius, 

and G and c have th.d..r u.ual. .eanin8'_ Aooord1.D.&' to A.J:"P 

(pr1.vate cOI8lllUD1oation), the .... le.iti •• • '1' ••• rse:a.ce of the 
2 -1 

eJeoted quasars a1" •• st:iJlla1uad to be 10 1aa •• 0 -;;:: \f ,....,-: 

104 ~ ••• c·1 • ~ ••• lar~. vel •• itl •• ot eJ •• tloD are 

sugge.ted. In~. ~tatl0.al re •• il, larse velocitt •• 

can be aohieved ea1y Wbea the .ollapse is conelderably 



non.pherical and prcc •• ds upto the black hele staC., a. 

me.t of the gravitaticnal radiation is em::l:tted only during 

cellap •• b.tween radii R. 3 R. and R • Rs- Highly 

non.pherical gravitational collaps. i. very peerly understood 

and it is not known for sure whether event horizen. weuld 

[ I ferm in SUChQllII!UIUII alse. Thorne ~ 46.) ha. conjectured that 

horizons (probably) form When and enly when a mas. M gets 

contined inte a region whe.e preper circumference in every 

direction i8 4IT7(' 
~ .. (... "', (2' • Yhen all the fdust' and gravitational 

wav •• have oleared away frog the exterier, the enly cen.erved 

integral. lett to COVer.n the final horizon and the exterior 

spacetime are ma •• , charge and angular momentu. that went 

dewn the black holQ. The exterior spacetime is de.oribed 

by the Kerr-NeWMan selution (eq.1.1) of the tield equation •• 

X~ a cGnsiderably nonspherical gravitatiGna1 

collap.e produce. a blaok hole, the energy e.itted ~n the 

form ef' gray! tational waveul oY.r a dynara:1.oa1 tim. sca1. 

can be all high aa 'it .. 0< 1"1(,1- wi th ,;:;>« .. (">. 0 t - ('l' 'I [ 2~1 The 

equiYaleat Itn .• ar lIomeatwa oarrl$d. by the waves ill this 

prooe.. i. 0( )10. ~ec"1il.. ef' the anl •• trep1c emission, the 

black hole reooil. ia a direction of' lI~imum flux in order 

to con.erYe linear .o.entwn. It. net IRomaentum ~. ~rk and 

a rec011 speed U-" pc.. AD. e:xact ran.. of' f can be 

adJud.ged only by rigor ••• l.., vor\d.ng out the detuls of the 

non.pherioal collaps.. It depend., iIIUIIOnc other tMns., 011 



the geo.etry of the collapsing body. For the purpose of 

~11u8tratloD. the ranee of the reooil veloolty ls oho •• ~to be 

o .r.- I> ;..<:::' 104 laa •• 0·', and Mr-.-109 M • 
~ 0 

The maxlmUM frequency of the eMitted gravitational 

wa ..... 18 

I J' I'i.-
;/'v· ( 

-.;­
I D fl z.. J 

nth a bandw1.dth /) lJ ot the .... order_ Sinc. the 8I'a ... lta­

tlonal energy B(~GM2/R) of the oollapaine body chance. aa 
I (E L tl f~ 
-;:f/- ",~ - i~, :i"1 • 111 acoontaD.e vi th eq. ( ,.1). the charac-

t.ri.tic di.aen.iOD of the oo11apa:lDc _a ..... oly •• in the 

fol1ovtnC approxlaate ..... r. 

') (I ' I'" ,) ,~, fJ [1-'(i 

where T(R.o) 1. the col1ap •• t:1 •••• 0 th. il11tlal dimen.ioD 

and T(Ro).,..:r oo .... poDd. to B. tV R._ Since •• ,....t2."1 ot the 

oollap.ine .... .ahaR ••• vith the collap.e. the .tar. La 

the auclear rep •• 0'1 the plasy ... ,. aoquire .oa. anplar 

The flus Fu of era~t.tioaal radiation reoei ... ed 

at the earth ta the .... of .Jeotl- of the blaok hol. aloq 

tile dueotl ...... ,. hoa the 0'0 •• ""01" Is aul_ ... ia th • 

•••• of .~ •• ti •• t~s the ob • .rr.r at the earth it would be 



~"; 

, . 
~ < i ~./ ,:;: " 1 

j () ,;.c ." 
-; _. ___ ------ r_ 

,f I' , ·i .~~ (' / + z:..' ) !i~ 

for d r~ 100 Mpe. In eq.(3.4), ~t 18 the mean frequ*Dcy ahift 

of the pul •• of gravitational waves ~ch consiete of the 

coemological. red.shift (Se)' the Doppler shit't (-d) and the 

graVitational redehitt (Zg)' d(1 + .0) i. defined as the 

lwninoaity di_tanoe to the ejecting galaxy. The order of 

equality sign in eq. ().4) refers to the ca.e of ejection of 

the black hole away fro. the ob.erver. Bov.ver, in this ca.e 

of ejeotion, the ·object· even atter it ••• ergence from the 

would make the Du.clear region. of th. galaxy appear eruptive 

partly due to the ejection of matter toward. the obaerv.r 

and partly due to the fact that passage of atrong gravita-

directions lOt ejection, one IIIdght hop. to .e. the lwapa ot' 

ga •• ou. matter and the 'object' ~ roaghly opposite direc­

tion., the latter joiaed to the ejeotiag calaxy by a luminous 

bridge ot .tars q.d p.eou.s matter. The br1dge can :term .s 

a conaequeace of tidal interaotlen beTw.en the 'obJect' and 

the plaxy. R.e. [6,) hae ....... ted tba't .treas ax-aVi.ta-

tiona! wav.. ..1 tted d:arinc tbe oollaps. rdBh' lead te the 

direct10aal ejection fit IIUILtt ... (:l.lltMedta:ts.ly oateide the 

COllape.) at .p .... oOlllplU"able t. that .~ llsht L 48J • 



However, the motion of the ejecta ('object' and the gaa.oua 

lumps) in either direction i. damped, due to regular and 

irregular force. 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 .alaxy and internal motions in the 

lumps. This might a8 ~.ll make a binary association (object­

galaxy) more probable than a multiple one. 

).) [LIGHT OF THE HOLE THROUGH T~ GALAXY 

Let U8 assume that the collapse takes place in an 

elliptical galaxi •• ls.oon.idered almost isothermal and, 

hereln, we a •• ume a simpl. exponential density law, without 

taki.ng into aooount the high energy cut otf and angular 

momentum which aake the density fall more st •• ply in the 

(' 

no e'f P j\ "-

.. L-

where (':) i. the oentral .tar d.ensi.ty, U(~) the potential. 

of a .tar at a di.tanoe r from the center, T the temperature 

of the syate. and ~ the Boltzmann constant. While an 

aSSUMption of spherical symmetry in the stellar distribution 

:1a a.lf-contradiotory ... a it rule. eut the allowance tor 

nonapherioity in the calaotic nuo1eus ,reaponsible tor the 



grav~tational recoil effect. it haa been adopted for the 

sake of simplicity to make order-of-magnitude estimate •• 
I 

From the theory of isothermal 888 sphere. L 47 

.1 _ 

t r. '. 
I~' (. 

J, 
(' , I 

r~ -t" 

corre.ponds to the smooth density distribution of 8talrS 

f where a i. the .c~le height defined 

by 

reecilinB black bole capture. gaaeous material and stare from 

~- ),:.. r and hence, cH.f:terent structures 

can develop d.p~din. on the value. of ;6. However. the 

outping black hole is subject to deceleration due to (1) 

attraotion by the plaotio m .... ,r{I(~)within radius Sand (2) 

the cum.lative effeot of atellar enoounters. Th •• e decelera-

tiona are IP-vea by 

,-
( ,.8) 



'''"I ,; I' 
I " I 

r 

,; f j, 
, .' 

re.pectiv.ly, where 

./1; 
~~ 

" 
)~I - (,.10) 

and P, i. the aaxilllwa i.pact par .. eter ['JS} and i. ~ Ra 

(the radiua of' the galazy). Aa rill be .een later in this 

Chapter, the contribution at the at.llar encounters to the 

damping be.o.e. appre.iabl. only when the black hole velocity 

beco ••• _mall. Theref'ore, t'or the ti •• being, we s~l take 

I~~P! -;> 
,II , 

Equation (~,.8) CaD. nov be written .. 

r"r; ) (.{ p (f) L V'L > ..:1 "i' h,) --_ ... -.......... - 4 -
()/ c;.,. 

r 1( ... ('L 

which intearate. t. 

f~L i-
... 'll '2- 2!...V L> 

r:.;,) -1 k), il-' J } k :: (3.1..-:: .... 

Here f' :I._ the iD.i ttal _peed aDd :&: .e •• ue. tile .tr .. th 

of' the reoo:11. Dit" ... iJ .eld'lpraiJi ... and .tructure. :l.n 



the black hole - galaxy syste. can be expected depending 

on whether K ~. large or a.al1 with re.pect to unity. The 

former caa e. viz., K '/ 1 can be called the failed r~coil. , ,~ 

whi.ch con:torm to Wolte and Burbidge t. [42 J lIodel of a 

maasive blaok hole in the oenter of the galaxy. h this 

aa.e, (.) ( ~-,) vould :tall .hort of the •• cape velocity t 

which, in general. ia given by 

be:tore the blaak hole •• er... out of the calaxy. It 

would eventually aett1e down in the oenter of the .. lazy 

atter executins ~ed o.oillatory motion. 

The ao1ation o:tthe iaotherma1 equation ciTen 

by Chanclr •• ekhar and Ware. flO] has been u.ed to d.eteraiae 

varia tion of I~ I'?;) vi th ~. A cOMpariaon vi th P e.o ( ~ ) 

augc •• t • that only tho.. black hole. whioh have reco:1.1 

velocit~ea ~ 2000 ka •• c·' caa .anace to oo.e out of" the 
/l.. 

plaxy. It i. OODY .. i_t to d.:t1.a •• f"unotlon 

/?ItM;l<r.) 

~ l(t;) 

I'ig. 3/1 d.o". 1'( t. ) T •• f , 1C heine the paraaeter. For 

the black hel. to be a1»le to ....... out of' the pl.axy, 

r ( r,. ) -.t be 1 ...... _1.t1' oyer the ranee ot ~ to be 



Shove the run of ., ( ~) vi th ~( • K. beinc 

the parameter. For a .ucce •• tul reco~l, 

F( ~) .hould. be 1 ••• "haa. uatty OYer 

o < ~ ~ It,!a. 
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con.idered, i.e., 0 ~. -....... 

reach infinity, if and only it 

:"'" 

( . 
, '1 

i" 

The black hole can 

For example, if '~J' (Ria) ~ " fc;;::.. 2,00 1aa .eo-'. Rowever, 

SOl' ;: -·>1, , • (5.LY )..2")'/2- i.e., the •• oape ... eloo1.ty 
: e.o \..... c.;: 

a. predicted by eq. th 13) for ~ :» 1 1. indepelldent of' f and. 

tur.ma out to be an oyer.ati.at. oo~ar.d to ob.errational 

valu.a. Theret'ore, a blaok hole wl~ a atil1 le.ser ve100ity 

ot' recol1 would be able to co •• out ot' the .-lazy and .aoap. 

to in1'ini ty. 

The black hole oapture. .tar~ of' the «alaxy at 

~ ~ I' , . I', "1 , . , 

. ~. '~'i' J~ . '" 
- - .--- -! 1,< j 

{,. '.,'. . J 
, r 

I 

Above, .;.. • a , '_' a , • the apeoitio aaplar 1IO_.t_ ot a 

~err blaok hole ta ceo •• trical ~t.. ~. GM/02 and E has 

• r.... 0 ~ t':f 1. The + .i.p. ta ect. (,. U;)'IIJ .. etera to the 

oaptur. at atara by the blu1t lIel. b. the ooa'erre'atlDC 



manner while - .ign to the capture. 1n the corotating 

manner. Thu., it the black hole were extreme Kerr ( E'::: 1) 

to .tart with" '-- ~'_I c-_ ;:::: 6 • :1. e •• about 14" ~tar8 are 

captured in the corotating manner. The tota.l number of 

stars captured over the 

(), j + 

Moet of th.e stare are captured by the black hole in it. 

:tli.ght between. 1 80 that eq. (,.11). reduce. to 

UIII1ng i·:' "'~ 10-2 • /" 0 '.... 10' star. po-' • a ""'- ,00 pc and. 

( 

M /"'- 10' M., one haa N .~ 10'. A.. ye shall ••• later, the •• 

star. ult~ •• tely lead to a syete. of an accretion disk and 

.tare about the black hol., referred to .a object henceforth. 

where P ()"Y'>-\ i. the d1l11eneionle.s velocity of th. objeot 

at the tl.e of ite .. ergenc. out of the galaxy. 



The time of flight of the obJeot through the galaxy is 

of' the order 

(:3.20) 

where 
., 

(,,) 11& the total ohange .. the ".e1001. ty of' the 

ObJ6ct, i ••• , 

'. -I ("' 

r.H 

V L '? 
....... ---"- ,', I i~~)\ 

t l-·· (.1 

For " 'l' ;'12~, ,00 b 111111110- 1 , M ~ 109 M this work. out 
8/ 

to I~ I:;: ,,-10,8 erg. whioh 1. oOlllparable to the internal 

enern of the galaxy. This .. ern ia us.d up into 

.lIhancing the J'IU .p.ed of' the star. i.J'l the .alaxy, 

oonaequemtly the .-lazy may expand &Dd evaporation of 

.tars oan take pia... Th. tHe of diss:s.pat:lon of enern 

is obViou8ly the flight ti •• which 18 ~ 107 ~.. This 

I " " ., 



I" I 

I { 

is much smaller than the relaxation time of the galaxy_ 

Therefore, any disturbance. in the galaxy oau.ed by the 

formation and reo oil of the black hole through the galaxy 

would not decay 800n. Xt would, therefore. be interesting 

to make a detailed study of the chang.. in the .truoture 

of' the galaxy. 

During its t'l:lght through the galaxy, the 

reooiling blaok hole can acquire some orbital angular 

momentum due to the asymmetrical nature of the struoture of 

the galaxy. The object theretore would get deflected too 

from its original d.irection of ejection, depending OD. the 

asymmetry and P 
by Saslaw [4 'lJ • 

• This probl .. has been considered recently 

by the pre.ent model. it would be worthwhile to look for 

disturbance. ia the salactic structure in roughly the dir.o-

tioD. of ejection, becau •• the ob.erved .peed. of emergence 

ot the quasars imply flight tim •• (~107 yrs) far amaller 

thllU1 th. r.laxation to1.e of' plaxie •• 

of luminou. bridSe in the wake of the outgoing object i. 

quite likely in thi8 model. The reoent work by Arp .. 4 

oowerkerll [28 J 8D the i •• photal traci:nca o£ a fflftt .. laxi.e. 



near quaaara does reveal disturbances in the inner iaopbote. 

extended fairly close in the direction of the quasar which 

can be interpreted as due to an event that ocourred in the 

galaxy I- 107 yrs previously. 

,.4 ~ QUALITATIVE MODEL OF THE EJECTED OBJECTs 

The tlum~o.ity· of the black hole, while within 

the galaxy ia oontributed by the oaptured stars a. well as 

by the glowing shock front that forms due to the accretion 

of the interstellar matter during the flight outwards. 

Outside the salaxy the contribution to luminosity due to 

the ~ont beco.e. negligible compared to that mad. by the 

ga •• ous matter trom the syste. of stars. It is the super-

sonic Motion 01' the Object thrOUCh the interstellar medium 

that leads to the termation of' the ahoo'k tront during the 

flight through the galaxy where a ai.eable frao*10n of' the 

'kinetic energy released in the shock is radiated away. 

Novikov and Thorne [, J haVe shown that the shock :tront f 

located at a distance fJ -2a :trom the center of' the black , s 

hole, glows w1th a luminosity 



How we shall pre.ent a brief sketch of the activity 

in the stellar .ystem around the black hole. We have already 

e.timated that a total number of ~ 10' .tars are captured 

by the black hole. The average .tellar denaity 

~ a volume of radius '. works out to be ~ 1010 stars pc-'. 

In a cluster with suoh a high stellar density. oollialona, 

ooalescence. and tidal interactlons amODg the stars themselves 

as veIl as tho.. between the stars and the blaok hole become 

important aoon after the recoil has taken place. This 

happen. • •• o.t of the stars are captured during the early 

stace ot the tlight ot the black hole. 

The velooity di.perslon in the system of stara 

around the black bole i. 

< \l,t 

Let •• eh star be oharacterill'HIKI by at •• an radius R (I"-- Ro> 

sO that the collision ero.s •• ction 6~oll illlJ T1 (3)2. 

Henoe, the .ean :tree path i.D. the syst .. is 

:3 

A 
---f+ 

f'i.. '1 '17 (~ R)1- 3 N R2, (,.27) 



A star in the system of' mean stellar density '~ makes 

collisions with other stars at a rat. ( '£7 /..) c~:~ U ) per unit 

time. Therefore the tdal collision rate for the entire 

syste. would be 

r,' ,;I.'" , ' 

tor N 10' and ~ '# 10-2 • 

ratio is 

,. ":.. ( ",. I • 'J -T) .1': f 
-{ +- I !J-

7/0 r:; ,,-

f' 

The 

""-

-i 
to 

collision time-orbital time 

(~_ )L I)' 
[0 (:3.29) 3N r, R / .-"l~ , 

Mo.t ot the collisions taking plaoe in the .tellar eystem 

are very violent. 

the oollis1one lead to coal •• cence, whereas for velocities 

',,;~ 10' km •• 0-1 t the Golliaions are disrupti".e. Slnoe 

/ , J', ~ 2 lli 1 --'d b Ad 10:1 ........ eooil ,,"J " ,~ ~.(, 0 • co • on. W'.......... • v..a..:rup v. 4wr a r 

velocity .zoeeeli.DC :::: 0.00, o. II', in eaoh oollision, an 

:L. relea.ed, the. the entire .y.te .. 

liberat.. .... at a rat. 

dN 
)f.J- :::: 

df:: 

It; 18 1m.ov:n :tr .. the work o~ ,'Spit.er ad Sa.taw [4() an« 

Saud.... r "9] that about '" of the .1Jar .... ia libera1f_ 

in the eveat of a ooal •• e..... Star.:La th. aysteaa a180 



shed some ga.eous mat.r~al in the cours. of their evolution. 

In fact, some of the stars may gather enough material to 

evolve within a time t f and underco supernova explosioDS, 

liberating large amount of mas. and leaving behind collap.ed 

stars (unle.s the,. alao become runaway objects due to 

graVitational reooll). Thus, coalescence. and disruptions 

together with some contribution from stellar evolution and 

interstellar/intergalaatie media shoul.d. be able to yield 

-2 -I -1 about 10 Mo yr , il" W8 take Z/-Lc7,.,...10 M._ Eq. (:3.,0) 
41-42 -1 them attributes a luminosity of /1_, 10 erg. s.e to the -r, 

object, produced by the conversion of mas. :1nto energy 

in the prooe.. of aooretion onto the black hole. 

It .hould be born. in mind that the .t.llar 

encounter. and collisions in the syst .. make mas.ive star. 

tend to :tall toward. the black hoI.. In ca.. the .,..tem 

of stars rotat •• about ~e blaok hol8, the .:tl"eot of 

atellar encounters within the sy.te. i. to make it ellip-

.oidal in shape. ~. are.ult, ma •• ive .tar. tend to 

CODcentrate not oaly toward. tbe black hole but toward. 

the equatorial plane of the .1" •• as well. Thi. i8 further 

a •• i.ted. by the sa!>· rel •• sed ia the v101ent physioal 

proc..... ~nc OD ~ the sY8tem. The ga •• oue material 

CO •• ~to orbit. round the blaok hole to form ultimately 

an accretioa disk and .ead. to daap out the R.t1oD of the 



in high energy orbits about the black hole, through the 

gas it.elf has interesting consequanee.. shocks £ormed in 

the high energy collision. of .tar. when mo.t of the stellar 

matter ~teract. supersonioally, convert much o£ the kinetic 

energy o£ the .tellar motion ~to thermal energy to b. 

radiated. away. The relaxation time of the stellar sY'.tem 

z.. z\r"2-> 
'>12. 

(J 371 cn"l-j"1 1\ 1 
where A. in (_/2) ~ 10 is the gravitational Coulomb 

logarithM, i. of order ",,1019 .ec. Thi. is the order or t:l. •• 

over which the stellar orbits ~ the .y.te. Change through 

two-body col1isioa. [.50 J • Bel. (:,.,0) aucge.t. that the 

black hole would .at up the entire ayate. in a periai ot 

about 107- 8 yr. «T ... 

A nu.ber ot vorkers h... reoently tooo.sed 

attention on the .atrophysios ot a atellar ay.t •• around a 

blaok hol. [84 J • The •• studi •• haTe been _inly •• tiv.ted 

by the di.cover.rot X-ray sourcea in 8 •• e .l.bular cluster., 

Hilla' model ["J tar QSO. and the po.aibility of the 

pre.enCe ot .upenassi ... e b1aok hol •• ( ...... 108·'X.> at the 

Oa.t .. 8 of oartaiD. p1azi... X. th •• e .odel. the ..... :bl 

source ot luatDoai.y ts ~e .a. rel .. a" in atellar colli­

sions and tidal disruption .t .tar. by the central 

(stationary) blaok hole. The tidal radi.s with1a vhioh 

a _*ar of' ma __ fA asut. racliu.. R 1101114 «et clial'up.tMl by • 



black hole i8 

8 
For M? , x 10 Mo' Rt < Rs. In the ca.se of' black 

holes of mass "( 'x 108 Mo' the tidal disruption ot 

sta.rs caused by the black hole is important; the black 

hole consume. the debris through a 'loss cone' r.52 i • 
L :..J 

The loss cone i8 conical in velocity spaoe in which 

stars are tidally disrupted within one orbital period 

when they venture into one tidal radius of' the black 

The loss cone oonsumption accordiDlf to "Young.t al 

[ "J and Shields and Wh.eler [,4J i. so strong 'for 

black. hole !1UUIUU~S /' 101 Mo that QSO lum:inoaities can 

not be attained. The same difficulty is encountered 

in Hills .odel ["J tor quasistsllar o'QJects. However, 

further york is needed to understand the fat. of' such 

models (s •• also O.emoi and Reinhardt [89] ) • 

In the black hole mas. range of' our ~tere.t, 

viz. ~_108-9M • the stellar consumption through the 
e 

(10 •• cone' do •• not take place. The stars would get 

tidally de£ormed as a r •• ult of' their interaction with 

the black hele, or, be oensWled :in tot,. However, the 

tidal interaotions amone the star. .h •••• lv.s are not 

to be n.cle.ted. In the pre. eat eentext. therefore, 



the sources of gaseous material are the collisioDS of the 

stars, mass 10s8 in the course of stellar evolution, the 

tidal ~nteractions between the stars themselves and those 

between stare and the black hole and the interstellar and 

inte~£alactic media. Thus a possible model i8 one of a 

supermassive black hole at the canter of an accretion disk 

with a number of starsp including perhaps collapsed stars 

too, moving around in low energy orbit.. The gas in the 

accretion disk i. expected to c~ a magnetic field which 

would get sheared and tangled because of the complicated 

motions in the gas. Synchrotron radiation and thermal 

bremestr&h1ung can, therefore, contribute to the luminosity 

of the objeot when it emerge. out of the galaxy. The net 

radiation ie expected to have a power law spectrum, re.emb-

ling that of quasars. 

Thu.s, it •• ema teDllpting to attach an illlPortance, 

to the phenomenon of Il'avitational recoil which ia natural 

to happen, especially in view of the ob.ervationa o~ 

asaociation of quasars and BL lacertae type objects with 

plaxi... This mechania. haa the advantage over tho8e 
r- ~ .-." 

proposed by earlier by other. L 39. 4~ that the black 

hole, «ivan an appropriate recoil velocity, always mov •• 

out of the .. lax." and oan oo11ec", vast amount matt.r while 

in the latter oa8 •• , the objeot (?~10' M.) can oollap •• 

d:arinc it. flieht tbreap. th. ca1axy aDd one is never aure 

wh.ther the r •• ulttac black hole will undergo sravitational 



reoeil in a direction other than that of its motion. It 

may ~ail to leave the galaxy or be too faint to be observable 

at the time ot its emergence. 

The observed anomaly in the redsh1£ta of the 

quallulr-galaxy a.sociations remains unexplained in all the 

medels ot ejection of massive objects. A possibility that 

the pre.ent mOdel oan suggest i. regarding the total redshi£t 

of the obJeot a. partly graVitational (z ) partly peculiar g 

Doppler (3d ) and partly oosmological (zc) common to the 

quasar and the ,alaxy as follows 

S ... eral attempts [6, 4~ have be .. made to 

interpret the quasar-llke activity of the nuclei of certain 

8&1axi.. in terms of gigantio blaoK hole. awallowing ga.eous 

matter from their surroundings. There ia now compelling 

evidence tor the ,ataxy M81 breeding a eupermassive black 

ho1e at its center [,6, '7J • The present model would 

sugge.t that in the •• syst •• s one 18 actually looking at 

the objects which tailed to recoil gravitationally. One 

wonders whether or aot in the ca.. of field quasars on the 

on. hand, an4 in the ca.. of quasars .een 1n a •• ociation 

with salaxl •• and aotive calaotlc nuclei on the other. 

d:1:tferent •• ats of activity are at work. We already have 



seen that quasars ejected from the galaxies have a life 

time of at least ~~ 107- 8 yrs. This is larger than that 

of the f'ield quasars by an order ef' magnitude or two. 

This implies that an ejected quasar, which need not be 

superluminou8. emits ~ 105S·,6 ergs over its lif'e time. 

On the otber hand. a field qualilar •• ita abeut ~ 1060-61 

ergll and i. lIIuppoII.d to l:1.ve fer 'v 106 yr8. Thull, two 

class.. ot' quasarll oan be suggested, the elall. A consialtal 

of field quasars who ••• eat of' activity ia not yet known 

and tbe olu5. B oonaist. of" the 0%141118 found aSllociatect 

with or in the nuolei of certain galaxi... These are 

comparatiYely nearby, subluminous (/I- 10'-.1-42 .rg IIUtC· 1), 

live longer than the field quasars and probably involve 

Wheu the velocity of" reooil is not large enough, 

say .~ 10' kM .eo·', the blaok bole would not have euf£ioient 

kinetic energy to .ake the recoil sacc ••• rul. Atter the 

reaoil, the black hole .top. at a certai. distance ~ .. ((' 

( 0 '" ):11 ~. R./a) a:mI retrace. :lot. path, it would execute 

damped osc1l1.*ory Motion about the ceuter ot the galaxy. 

As rill be d_onllJtrated, 'or __ ller velocit1e. 

or recoil. the oontr1b~tio. due to the cuaulative etrect of 

.t.11ar encounters to the damp~g of" •• tton ot the black bole 



, , 
u 

a180 needs to be taken ~nto account. Becaus. of a very large 

mass M of the black hole compared to that of an individual 

star ~ the galaxy~ the cumulative effeot of the stellar 

encounters 18 important only in the direction of it. 

movement. Hence, from eqa. (3.8) and (3-9), we derive the 

equation of motion of the black hole .a 

,.> ,.I ~ 
'''" -k" __ ._ ,... __ 

r~ i- I 

valid :tor 0 ';,--..<- R/a"" Xt can be a.en tflom the above 

equation that the third term doe. not dlverge as --') 0, 

since then in (t 2) 2 .. "1 .....::;, Xl and. s. it .roe ... s .""\..- ( (ft.';, Id~)2. 

In what :follows, "e study the motion ot the blaok hoI. 

r.stricted to the radii in the :range 0 < ir) :::;: aC• 

1:t i. oon:verd.ent to study .uoh a.tion by rendering 

first eq. (,.)~) tate a 41 .... 1oal ••• tera. Let 

"here 

I ' 
I ! '<, 

~ .,-

" b"·- uc{ 
• 

2 [\1'-->-
a...'";l... 

L.{ 



For 
'i 

'.~ ,-.;:,~ 1 ... -' -7-
... , .. 

hole has ju"t r.c061.d, .- ~2/6 
to a fairly good approxima.tion. 

1 and 1n xl ~ conat., 

Henc., eq. (3_36) can be 

8illllp11f'ied to the :rona 

elL / 

+ .~(-( .. 
• 

( I ~ -,, 

where 

'2 
u .- t{ (I .-_. 

i_·/o 

., i'f - 0 
l\ 

( -r if 

::2 f 

? 

J I 

LAc :: 

il) 

. 
- I 

) C(, 
"2 

('.'9) -

where "10 corre.pon.4e to the 11*1.&1 kiDetio mercy (iD 

d1aenaionl ••• fOrM) of' the blaok hole. Hence to a ftr.' 

approximatioD, tbe Yelooi.ty of' the black bole, 1'101' S <~1, 

ev01 'Ve. acoordina te 

[ 
).. .( "1 ii, 

cf f?> C 
'J' • 1 I . 

rv /_. ..<- ?Itt>'... a 
~~J ().40) 

o. 1~4 c Lt 

The black hGle wodd retrac. tt. path at, .ay cC, ., ~I ( -< <: 1). 

where 



For in.tanc., it' ;';., '::: )00 km .. ee .... " <;:'1 ;::: 0.1, :I. ••• , about 

SO pc (for a SOO pc). Wh.n the r.oo:l.l velooity of the 

( 2) 2 ( black hole is sO' amall that In 1 + ~, '~Xtwhich of" cour •• 

i1lp11 •• that' '~30 km •• e -1). eq,. ().,6) reduce. t. 

where 

.olutloD of" the fora 

d4, 
- { 

In thi8 oa.. the hl.ok bel. retrace. It. pa~ at 

..... .y 
,.,... (c 
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Behavior at larGe ,';J 

A blaok hole with a large recoil ""eloci"ty ,'-'" 10:3 

km •• c -1 II would b. abl. to reach large ~~ • At <;;',;:0:> 1, 
_L 2 

• ' -;> 2/ '<;:- , and .q iii ( :,. 36) a.awne. the torm 

..1 ( (; , f /"" 
)--.~~ + .. I 4- '1" '~) (,.46) " 'f I - D 

; I; I 

" " ' ..... t 

~ 

t l~'b " 
ic" c::::' 

;; (); ) :::- . J ::::- " , r ) 
(t;- c. 

~. equation CaD b. r.duoed to Ab.l'. ditterential 

.quation of the tira. kind. Xts analytical solution is quite 

involved [ •••• tor .xaaapl., r.t. '8)·. Hoveyer, 11; ia 

easy to ••• trom a OOmpartSOD ot the .eoond and third 

[ k">Y? 
.-;: 2-

t 00 ~ ... < 
I 

<r;, C\ c( (<'r f.::-1 t / (~h47) 

that, at lars. ~, 'the .ftect of' s.e1lar enecunt.rs ORO ••• 

oomparativ.ly proBounc.d ... the "elocity of the out.oiD« 

-1 blaok hole tall. b.loy ......... 'OO Iaa •• o '. 

-1 Vb.- the ".looity :tall. below ~'O km •• 0 • 

eq. (3.,6) can be .xpr •••• d •• 

+ ::::: b 



Its .o1ut~on can b. written as 

wher. 

B1 (x) tends ~o 0 as :It tends to ~initYt and to infinity 

.. s x ~...:;;, 0 • Thull. ..pprox1a .. t.l,. 

lCq. (,.,6) baa be .. 1llt ..... ated n .... rically aa4 

the r.sults are shove in ~iC. 3/Z for different Te1ociti •• 

of reooil. For c-.pariaon, we haye also plotted the solution 

of eq. (3.8) (broken lin •• ia Fiee ,/2), wr1tt.n tn the 

1 
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Fro. Pig. '/2, it ia apparent that the oumulativ •• ff.ot o~ 

stellar enoounter. on the motion o~ the black hole in the 

calaxy beco.e. pronounced vh_ the hole mo" •• at a lov 

velooity, and more 80 ~ the (den.er) nucl.ar regioa •• 

Xt i. intere.ting to not. that the oeoillatory 

motton of the black hOi., according to .q. (,.,6), ie free 

of daMping •• the numerioal integration ra".al. the curv •• 

in :riC. ,/2 to be .,.......trioal about the \l ( (~ ) - axie. The 

damp~ ia broug.ht about by the tidal :Lnteraction betw.en the 

black hole and the .. lazy. A. a con •• qu.noe or the damping, 

the blaok hal. would ... ntually e.ttl. down in the reglon of 

the lov •• t cravitational potential, i ••• , the center ot the 

galasy. The 08.11latory Motion, partioularly when the 

..... locity of r.co:l.l ie e.oh that the black hole CaR r.ach 

1ar ... valu.. of 'C;. • would do quit. a d •• as. to the p.la.xy. 

~e kiaetic --1'17 1.a' by the black hoi. soe. in acoel_rat~ 

the .tare of the pl....,., read.b« the .... 1.01..,. ti.tributtoa 

anis.tropic. The .tructur • • t the l'&1axy would be cbAUl.Cec:t 

oonsiderably, e.peoially for .. very .... iv. black hole, with 

perturbatio .. rou8b17 al ... the d1re.ttoa or ~ti.D. Ala., 

the 1atnal awn, V • • t the aalaxy OaR ohllnce to a1loh an 

at_* tat ul ttaat.11' 1\ v ~ 1. Xt .oald therefore b. U ,...., 
b:tere ... tac to •• My 'Idl. pr.bl_ .t .true.aral ob.a:aC.. :La. 

th. p1.asy a. a.............. 01 tidal D".aotioA w1th tb.. 



black hole, in great detail. 

In the re.t of the Sect~on, we shall make 80 •• 

general observation. of the effect of' the :fai.led grav:l.tat:l.ona1 

reoo:l.18 on the .-lazy. Let.u8 tract the cour.$ at the black 

ho1e :from the instant it starts it. journey :trom the center 

of the galaxy. On its way out it ca.pture. a nwnber of stars, 

given by 

.... -------~-- -----"'-" 

where the capture cro.. .ect1.on i. (¥' r\ If 

At '~.. ., the black hole retrace. its path. Fer in.ta:nce, 

when fl, (~" 1200 kat •• 0-1, 1(11::;' 7.0 (1'1g.,/2) t IU1d. the black 

hol. capture. abopt ;~ 101 .tars in one o.cillation. But meat 

of the.. are captured ~ the rectoa 

atter making a :few o.cillation. about the center ot tbe 

galaxy, the blaok hole would oapture ~uit. a .isabl. potula­

tion of .tar.. How.ver, this .ituation i. 001lllp1ic81;e4 'by two 

:factor •• (1) mGoh aot:l.vlty co •• on in the 8y.tem o:f stara 

around the blaok hole and. (2) the blaok hole loa •• a.me ot 

the oaptured material on it. val" Whil. fallinB toward. the 

cent.r of the pl.ax:y And pa •• in,. through :it. B.oau •• of a 

largeYDu.b.r of stare but ••• mewhat •• aller P :tor the black 

hole, there ia no dr •• tic chance in the prediotion of eq. 

(,.,0) a~out the aooretio. rate. The pro •••••• ~at co on 

in the .t.llar .y.t •• are •••• n·U.al1y th.e 881'1. aa 



those described in the pr.vious Section. The only differenoe 

is that, although at each pasaage through the center of the 

galaxy, the black hole lOBes material. it also capture. 

fresh material, proces.es it and radiate. by virtue of 

accretion. The time taken to reach 

Thus if the black hole makes ~five oscillatioDS about the 

center of the galaxy, for a recoil v.looity ~ 10'km .eo- ' , 

the total 'IIi •• taken would bo :reugbly"" 1 og yr. for it to 

tinally •• ttl. down at the center of the galaxy. This i_ 

al.o rQughly the time to con.ume abou.t .""- 10'-1 _tara. 

The syst •• of .tar. about the black hQle ia one 

in which oontracti.".. end expan.ive et:tect. are operati"Yfh 

The former ari.e becau.. of the fact that while falling toward. 

the center of the galaxy the di •• naion IOf the syste. gets 

( n -2) . amaller the capture cross •• otiOD I The .tars initially 

in the low energy orbit. around the black hole eveporate 

away and the re.t of the a,..tea ce'. .ore t:Lghly bound t. 

the blaok. hole. Thi. in tact impli •• that in every round 

of' it •• 801.11ato1"7 motion, the black hole tend. to brine 

distant .tar. nearer 'toward. the o.nt.r of' 'tbe plaxy-. The 

."Pan.ive effect. in the .,..te .. ari.e ~o .. th. 'bidal inter­

action b."w.en the black hole and pl.axy. However. one doe. 

Dot really know what happen. to the .... plus .tar 8YSt •• -

a:fter pas .... e of the object throuSh the centere Xu the 

cour •• of ita pa •• age tbroach the nuoleua ota dwarf 



spherical. galaxy, a globu.lar cl.uster (t;ypica1 size ,/1 tOpe, 

fIIUIUI8 --:. 10' 14.) is known to disrupt totally ['9.]. In the 

pre.ent context. the atar sya tem i. tightly bound to the 

black hole, and it maya. well be that the di.ruption is 

only partial. 

Th. black hole while •• ttling down in the center 

of the galaxy modifies the stardi.trihution in it. surround­

ing. This fact can be d.monatrated by the following conai­

deration and applies to the ca •• when the collapse of the 

supermas.ive body 1s takins plaoe or is more or 1 ••• 

sph.rical, re.ulting in so slow a r.coil that the black 

hole i8 unable to MOYe SUfficiently away from the center 

of the sa1axy. When oollapse haa progr •••• d suffioiently, 

both the eft •• 's of the craTitational field of th. etare 

in the galaxy ~d that of the 8upe:rma.a:1ve collapaar have 

to be taken into consideration. The. the form of U (v) to be 

where u 1!lftr .. ~ (ry) and tJ2 (r) 0" be :tound out by •• :asi­

daring the potentlal of a s.ar at a dlstUlO. r .. X+ R (t ) 

:troM the center of" the collapsar nth a radlus ll( t) at a 

t:.t.... t .fterthe onse' of the •• 11ap •• til Thu., 'We wr:L t. 

U 2. <-y) 
1<+ RU::) 
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We arrive at the atellar density distribution of' the :form 

with 

I 
Ie 

)' , V -- ,./ 

'. 
.(..'''' ;. , r r 

n "r I -- f I .., .. (f) 'll i!~ Jre 
- ! ","\ (.) -.J I 

---- -. i 
C\ y, J 

ror the c... o~ • failed recoil, or. wh.n a 

black hole has al.ost s.ttled down into the center o:f the 

galaxy aft.r execoting a.cillaticD Motion, the st.llar 

distribution can be describ.d by 

,(t )~ [) ',' "'''' J -~ (, , 

Wi. thin a radius 1<.1.\ I'\. 0:L~L • stars re .... b bound to the 
<Jl'l.» 

black hole wher •• 11 :tor y » Re.., , the di.stribtltionie. almost 

ieethenaal. 

It ill ~t.r •• ting to not. that ther. ar. report. 

of th. obs.rvation of .lIyam.trioa! location of nuclei in 

some gala:d.e. ..s well .. s of apl! t nucl.i [60 J . Th. 

stellar absorption lin.s in the spectra ot aalaxi.. ar. 



broadened because of the random velocities of the stars. 

The presence of a ma •• ive black hole tends to increase tbe 

rms velocities of the .tara in the neighborhood. Therefore, 

larger velocity diapersiona near a displaced or a split 

nucleus and di.turbance. in the taophote. of the galaxy 

would be worth looking for. 
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wmTE HoltES I THE ANGYkAB APPEARANCE 

4.1 INTROPUCTION 

The concept 01' white holes has been With Ue tor 
r .~ 

the l.e t 14-1' years L 2, 7j • OriCinally proposed to e.plain 

the energetics of the quasars, white holes ha"e been invoked 

~ one context or the other to explain .ertain high energy 

phenomena in a.trophy.ica. For in.tance, Rarlikar and 

Apparao /" 10 7 have pointed out the viability 0'£ the vhi "Hit 

hol.. in corm..ct1on vi th a number 0'£ pheno.eDa .l1oh •• 

1I:raneientX-ray .ouree., X-ray baolqround l"adiation, ,{ -ray 

burata, activ. calactic nuclei. hiBb energy co •• 1c rays and 

radio source.. Their conclusions "ere based on the extension 

of th. DI.4el of a white hole con.idered. first by Faulkner et a1. 

{9']. Accordiq tc the. photcne e.:l.tte4 in the early .tag •• 

of the _"PaDeion of the vbi t. hole not only get out of' it. 

e'Yent horiaon. but do ao with lar •• bl.e.hifta. The blue­

.~1'ted radiation oan m .. it •• t ita.lf as a ~-ra7 burst or 

Xn the pr •• ent Chapter. we int.ad to study the 

non-radial emi •• ion 01' phote.s tr .. a white hole .ur£ace. 

The _au pu:p •• e ia to iu" •• iii ... te how the a.acular appearance 

ot the ~t. hole ok ..... with it. exp..-ion, •• pec~a11y 1a 

th. ear1y ata ••• "IdleD. ita autace ia still b8icle 6e ".:II.t 



lU 

horizon. We will d4IWu)n.trate the impod ance Qf' th. role 

played by the impact parameter 01' the photons in determining 

the angular slze of the whit. hole L '90] ... Por this purpoee 

we adopt the model of' eanonieal wh1 te hole etudied by 

Narlikar and Apparao [10} ., 

4.;2 MODEL OF THE WHl:TI HOLEs 

The C8l'lonical whit. hole that we sh*ll be 

concerned wi~ here is a spherical object of uniform density 

/' :"" and •• ro pre. sure in the trllilJile of reference com_ing with 

the outward moving particle.. 'The interior of' the white hole 

:18 a.su.ed to b. Fri.dmann·.... exoept for small density 

fluotuation. superposed thereupon. The object e •• rg.s from 

a Singular .tat. and subsequently obeys Einstein t • field 

equation •• 

A dust model ensure. geod •• lc lIIotion of' all the 

particl ••• which can be iDferred from the Friedmann •• tric 

that d •• crib.. the white hole interior in t.rm. of' the COBStaut 

coordinate. (y 10. ) 'f) of' a comova« particle' 

) 5" 1. [ d) 2. 2 ,) d;j~ 
I. I til -- (0 ___ - -t 'tL(dlJ +Slh~c9 7' (4.1) 

t - 0( ~ 

Sere, * 1. tlle proper ti... o~ • cOllloviJ1B ob.erver 

and r) (() the •• ale taotor. A.t the 'ho'DClarY. r • JOb' a dust 

.odel en8u.r •••• 1'0 pre •• ure 801 tbat th •• etrio _tohe. 

perfect1y with .. esterier Sohvarsechild .etric 



, i 

,) i :" g'l... (c( ~ 1.-+ S 1'-.-, 'l.-c!I d)<>1.-) 

(4.2) 

1;' .; 
u '" 

Xn cos.ology, r-O reter. to any a •• igned particle, 

but in the pre.ent ca.e. r ia de~ined such that the 80ale 

~actor 8-1 when the espansion ot the white hole i. complete. 

Then, :r==o reters to the center of' the obJeot. The 80ale 

:tac1;or ("', . 
) " I I yar:l.as with t:l... accord:t.ag to 

(4.l) 

whar. + sip rat.r. to explosion, and !' ' the matter 

den.ity, i. ti •• dependent, .. olvine according to 

(4.4) 

r-~ beia" the denai ty oorr.aponcU.ac "". the epoch when 

axpanaiOll :t.a coaplete (8-1). The par .. et.r t:>( , a conat_t, 

:1e sty.a by 

(4.,) 

I 
t '>fn -[ / -( 5 ~2.. 



The proper tlme for exploaion from S.O to S.l ia 

The white hole boundary cro •• ee the event horizon at an 

epoch a 

,r,. ,t ", 

,I t I -; ,,- i, / 

( say ) (4.8) 

The matching of the tvo metric. (4.1) ~d (4~2) 

acros. the boundary of the white hole reqair •• that on the 

, 
/ 

() "1 

Cl { (/- ~) 
p c>­
"b 

and that the I'IHUUI cf the 'White hole 1.8 etven by 

tA 
'? l ·t, Sl~'> t '> 

1,b .:: " -.----- -
(, 'IT 0, 

In th. pr •• ent vork, 'We are concerne<t nth 

(4.9) 

(4.10) 

extraplact:lo vh! t. ul.. :1Ji 'tb. .upeftlll.. ranee. Tabl. XV 

gi v.. valu.. of t and 10 .... waine "Various vllllu.. £01" z: an.d 
o I" 

M. The ti •• o£ expan.ion .. a.a.ved by .. di.taat ob •• rver t. 

een.rally cf the orcl.r o£ t. [10] • 

Here ve wi.h. t. apbaai.. that the cueDioal "hi te 

hole d •• crl~~ above 1. an i4.aliaatioR 1n many re.p.~t •• Th. 
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real explosions are not spherioally symmetric. Anisotropio. 

could be pre •• nt in the form of' .hear and. rotation. The 

initial state may be highly dense rather than singular a. 

presumed here, and explosion may aot be in empty spacetime. 

A8 exploding object. of' the type d18cus.ed in [10] are 

u.ually found in a medium of' tenuous denaity, the model 

described above may be regarded as a crude approximation to 

reality at least in the not 'V.ry ani8otropie explosions. 

In this s.otion, we shall write down the equations 

of motion of nOJU'adial photon. emitted from the white hoI. 

surface r • Z'b- Without 10 •• of' generality, ve can .et 

15' 71 h for the plane of the trajectory. The dynaaic. of 

te.t particl.. in the Schwars80hild spacetime yields the 

f'ollowing t'irst tntecral. in terms of an affin.e parameter) t 

(,~ P I 
)\ 

-
(4.11) 

J;.. - R''i.. 

and 

,;;1 T 
f, 

- -
2 Cd1) ,-

1, ( ( (-r--1 ~ --Rc'l. 

where h and q are constants, h 's the orbital angular 

BOllum.tWlll parameter aDd q the iapaot pu ..... t.r of' the nOA­

radial. photon. 1'h. _.trio (4.2), in view oE eqa. (4.11 - 4.12) 



- ~2 '-'; /'"1 ) F(f<J 1, - ---- C 
I ..,.... P /1. (4.13) t', I \ ' I " ' 

!.~ 
~' 

----~,---

(4.14) 

where 

Suppo.e that 1DJ.tlally 1''' ~ .. R l1li R1 • rb S( t r)' l' • T (t ~ ) 

• T, where t( ie the proper time ot the surface duet particle 

at the t1.8 of e.i •• ion. Finally the photon arrive. at a 

remote receiver with :R • It :L;» 'J1.GM/c'1..· f fJ 18 T/ /2, )c 18 0, 

1." .. T _ (say). Tben fro. eqe. (4.1,) and (4.14) w. s.t 
L--

Xn :riC. (4/1) ve .how the IIJohematlc track of' .. photon •• 

it 80 •• round the white hole before fin$1ly coming out at 

R III R.2 - At thi.. po:l.nt the photoa .ake. an anele <;; with th. 

line of eight throush the center of the white hole (the 

radial direction Y' lilt 0 ). Tht. an«le Gould be d.termined in 

a mBDDer similar to tbat adopted ~ Chapter 2 for the oae. 
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of the eraY~tatloBal .earch light by •• tting up a cartesian 

co-ordinate sy.'em at The re.ult 1. 

(4.18) 

Once apiD. the impaot para •• t«tr d.eteftl:1ne. the 

anal. alone which the vboton reach.. R • R2 • It .houl.d be 

noted that in the d.r1yat~on of the la.t equation, ve haYe 

a.sumed E '" < I • 

1U 

hold for the caae wh •• tbe ob.erver atays very near the white 

hole. Thu. tor :lAetance :in the oa •• ot an ob •• rver at the 

earth, looking at a calaotto or .. extra .. lactio white hole, 

aqllat:loa (4.'8) :i. a pod a,proxiaat1 ••• 

w •• ov pro.e" '0 oal.ttlat. the tr.queaoy shttt 

of a noaradta11y erd.tt .. photo. d ••• ribed ill the previoua 

Seotlon. This cau either be done (1) fro. firat prinoiple., 

Tie. by o.D.i4.r~a. the aall ...... 10 ..... at:lac lrem r • rb 

.. , t •• , a:D4 ... 11:1 .. .6., ead arriTiDC at the r8 .. t. 

ob •• rver at T • T ud T • T +.6T " •• pHti"'.ly, or (2) 

by u.~ SchrOed~ •• • .... eral f.rMUlat 

---:!> ->' J u. P 5~'>'4e 

ct. pi!> / 6h~t')-V-Qry 
(Jt..19) 

Here Y D refers t. the ho"".oy 0' pho' .. at the t:l ••• f' :l.t. 

Mai. •• iOIl, ')) tlul.'t at .... epti.OD a:ad. 



10 

dT 
(4.20) 

0( 
(\ 'b.ine an af'f'1De par .... t.r. and p refers to the 4 - lIlo.en.-

'twa Qf the photoD. 

Xn new of: eqa. (4,,9) ve have 

clK Y;,S(t l ), 
dr 

~\ '/ (if di 0. -D(' Yb "l.) 1..-

(4.:21) - ~ -.-
ds ~ { cis ---.~,,-- de, 

c ( 1_ ?~M ) <: 

RIc").. 

f'or the wi te hole surface (vhere :La the ooaoyin« 1'1""'. of' 

ref'erlb:l.e, (~: .:.. I ) • The q,Ullt1t! •• ~ fot) .d~ and cAT 
~{ , O! A 0\ A J,. A 

are give. 'by eqa. (4.11-13). H«Doe, a little alg.braic 

manipalatioa leada to 

) 1/2. Y ~ 5 (if) F0, /}) ))0 c'·· ,< 't tJ) -
(' .-.-

'_~,"_,""'~ 

V 
( I - ~ C,M ) 

At(). 

:It can be noted that the equation 1. ",ell behaved tor all 

f<. ( )' 0 bolu':IIC Rt .. IGX/o2. III .Ne,. to ah.w tllia f.r 

., • 2GM/ •• , let •• ma1tiply the .... rator aad the d .... 1nat.r 

by LC,I - 0( Yo 1 ) 1(, + }.fc(£') F CR,)1- )] • 'rIIe..-.1. h 

" ':2 
11..- Y",I- 5 (t.) 

1+' -).'0 



') 1 '~ 
'- ;. 

)) t, p, = 2 G, r-i 
() t. ~ ~ _._._ .. 

• C I; 

Por tlhe eae. of .. radially .mitted photon ( q ::0 ) 

the frequency blu •• hif, i. larc.r, .e expected. 

v. nov ask vhat ia the pos.ible upper limit on 

11U 

'the impact param.ter C!1 110 that the null ~e.de.ic it specifies 

ahov. a blu •• b.1.f't ( 2)::> 1) (l ). :In order to ••• thi •• w ••• t 

)j =- ))0 and •• 1". f.r q. 

< 
r<? l ~J 1-0<';1)1. - I) 

/
-::1- "2-

Since at ., • 2GM o. 1·- rX' Vb 
't . ?/ 1-

• y~ S C / 

~_Y_h'1._S I_L_[",,-2_J __ '_"-_eX_Yb_\._-_:t + ;J~ 1 

or 
[ ~ ~y2 -< t-o,?).-bl. - 2 + -s:t] 

cl,ll-S,) Is? 



11J 

11' or <;' I ~> rx ) t:, I.. ( (-e J R,"/ 2. C I 1'1/ (. 'l. )·h i 
) ~ ere .• anether requirement 

on qa that F .hould be rea1,.0 that 

Por R, • 3GM/c2 the riBht band aide of thi. 

equation haa a maxiRlUDl. There:tore, :tor ~ ~ '3 G{"M/c'l.. , F i. 

always real. One can notloe that eq. (4.26) i. automatioally 

satisfied f'or R, < .2(1 (\1/ c'-', 1 ••• t -ror ~ I '" -"< y!::v.. We ahal1., 

hovever, be more ~tere.t.d 1. 8q. (4.26) wb1ch app1.1e. in 

the very early ata ••• of' the white hole. explo81on_ 

Mov we .hall e1nldy the anp.lar appearance of' a. 

whit. hole .e ... by a r •• ot. a'b •• rver. We have already noted. 

'that the angle su.bt_ded by th.white hole i8 proportional 

'to the impaot par .. eter (q) of' noaradiall,.e.l tted photon 

value 01' • i8 at aay civ.n time ~2 and how it ohanc •• with 

1:'2- To anawer the que.tion "e rill a •• wae that oaly the 

blu •• hitted photons are eaaily deteoted by the remote ob8.rYe~. 

The redahi.:tt .. ph."0D8 WGuc:l 'be too ta1J:at to be deteot.d.. 

Thi. ia Galy a oruc:Ie appro.x1l1&ll:lol1 to reall ty where the 

actually •• asured aacular 81.e .,:t a whit. hole would. depend 

on a Iluaber o:t paraa •• er8 re1a •• et t. tbe ..... viDa: in •• ra­

men.v, auo U i'a a .. a1tin"" it. I' •• p ••• to apeeUl0 



wavelengthe, the slpal to noise ratio, etc. All that is 

:lmpl.:led 1a the following _alysis ia that the photons whi.ch 

are bl.ue.~fted are relatively easier to detect than those 

which are red.bitted. 

So, let U8 consider a typical blue.hitted photon 

who •• :bapact parameter 1s q aud which leaves the white hole 

surface at a cOlloVi.D.g t:l... t .. tq in such a way that it 

arr:lve. at the distant detector at R • R2 at the ob.erver'. 

proper '*1. •• T • TIe The ... wer to our qU~IUttioJl is then 

obtained by calculating the largest value of q tor a given 

TIt subJeo'* to eqe (~.26),1 •• t 

Aa we .~. CI. t cv alao changes. Thus :tor a 

f'1:x.H 1'2 ,he 1a.. equ.a:U ••• «:1v •• J fl.1- ~.[F lR, j,)J -3 dlC 
D~- - _l(I-~) R1. -. ,.d1,,- (4.,0) 

~ q" - C ROVe).. -;; Yb ~U::IjI) 
it- 0< Y b""' ) 1. - c. F (R~,ov ) 

:It ... -.e ".rit'l- ... t 1a the .-11 .taces f)f' the .xp_:1. ... 

8t' 'the "td .•• hel. ( .1r <<: #OM/.I ) aDd t:or the photon with 



iapact parameter 

t a deere ....... q incr.a.... Thi. in 1'aot mean. that a 
t 

photon with a lareer impact par ... ter should start e~lier 

than it. counterpart wi:th a .JUl.ler Cl. in order 1;0 arrive 

_imalatenou.ly at R • R2• ObFtou.ly the radially eMitted 

photon (1,. e) start. 1 •• t. A. 1.- :laor •••• :Ira q • 0, 

photons have to atart at earlier epeoh. 1fith .... ll.r S. 

Clearly, q eea inor ..... oal.y apto the 1:lrd.t •• t by eq. 

(4.18) vhioh i. o ••• i.' •• t with eq. (4.31). Henc. the 

lare •• t aaaular .t •• i. obtaiaeel 'by •• tt:1De q. Rq in the 

.peciricatioB 01 the Dull C •• d •• io. Thi. Siv.sual 

Rl 
I f dlt U ) +-

.'f; ( (r-?..£I'1) 
q f< c 'I. 

11 

Thie 1. u 1IIpl1oit 1"elatiol1 b ... ,,_ .. q aacI 1'1' We di:.fl'.r_n­

ttate tht. _quatioa with r •• pe.t te q ea. u •• eq. (4.9) eo 

that 
I 
L 



l' J.. .1 



c· 

where A. i •• con.taat o~ the o",er 01 unit,., T'hu.. -Eor .aall 

valu •• of q. the behavior or q vttk ~e.p.cil t. ~2 oan b. 

w1::1tt-. dOVD a. 

whioh ct.v •• 

3 II ~<"13 
I.f ( ~ Me) 'I; 

Piaally ". s.t 

k, --
x: "'einc .. oe ••• u., The •• IT •• P..u., -.alai" racU:a. 0'1 

the vIIJ. •• lae1 .... .,..1"'. u ................. ely. by 

d~ _ 1< 
dT 1. - R>- Tz..Ylt (4.111) 



For small values of T2 , eq. (4.40) 8UCC •• t. the white hole 

expansion taking plac. at a aUperluminal ( 1)- > c ) apeed. 

Xt 1s inter •• tinc to Dote that in the oa.e of radio component. 

of many quasiatellar sourcea auperlumlnal .peeds of separation 

have been observed [6Jt.] • XIl a typical exuaple. two COMPO­

nents appear to be •• parating ~ro. eaoh other at speeds y 

exeeeding that of light. ~e feature haa puzzled astrono.er. 

to a great extent. For, iZ the epeeds are real, they either 

contradiot the speoial theory of relativity or the cosmolo­

gical interpretation of the Q80 redahifts. The example 01 

superluminal expansion that we have oited here although refers 

to ~ spherical white hole, it point. out a likely explanation 

of the above phenomenon. Xn order to cet quantitative 

.stiMate. for coapari.o. with ob •• rvatloAe, it is however 

neoe •• ary to consider linearly expaa~c w~te hole.. &q •• 

(4.3') aDd (4.40) sive ~e ebaerved expaaa:l.on apeed as 

v- :,{ q,. ( 

(4.42) -- rv l ~ '>J) 1/3 d7?-

where 

~. 
.-- R, .-- ~ (~) -

Lastly a few worde no.' the "f' -tllt.gra! ( .... 17) 

... ". be aen'tj,oaed.. Xa th:la aquat!_, )0 ( • the pantatio.al 



Iii 

bendinc .uf'f'ered by a nODradia11y _1 ttect photon, ia :tini te 

except 'When 

baa a double root in R. This of aoar •• happens when 

(4.44) 

Aa q .. _) 3 13 CIIV,j c 1. I YO« d:1"erg •• , imply1ag that auch a photon 

k.eps going round the object at R • )GM/.2• Xn th. oa •• of 

a collapsing ma •• or a hiCbly collapeed obJeot, photona with 

~. ~ 3 r:, Ct M / c l. give ri.. to r:l.... and lIIul tipl. :l.1Il ..... 

[62" 6:'tJ. Bowever, 'this is Dot expected to .caUl" 1D the 

oa •• of' a white hole :tor the following rea.on •• 

( 1) The 1aterest1Jlff ... 1... of .. for "hi te hol •• are tar 

s.aller tlum 1r3 ~ {'vII cl.. • Por tll ••• pho1Jon.'!iill .ot 

very lare •• 

( 2) Th. ex.paadiac whit. kol. ._e.. pOl"lll t .".. the photo •• 

vi th ~ ~ H'3 c, M I c 1- to e:lrOll1ate for ..... r b.e:.a".. :1 t 

...... 0 ........ the rep.n It • ,a.M/o". 



MOTIO! OF A PARIl:CLI m THE 14ClCGROmm OF A 

WTI HOLE 

,.1 llfrBOpUmW 

:Ill thi. Chapter, we shall .tu.dy the motion of 

a particle ill the backcroqd of a white hole, particularly 

from the viewpoint of it. visibility to an eb •• rve .. at 

in:tini ty t wi. th the hope thai the .... 1'1.1. IRa,. find application. 

ill .. a_bar of situatiolUl ill ••. trophy.:l.c.. III what follows, 

ve .hall ooDf:l.ae our attentioll to radial timelilte .eod •• ios 

aDd the photon. eMitted br partiol •• tollow1nc th ••• 88odesics. 

We ._sid.- the C.OIl:1Cal white !tole .. del of 

SaotiGa (".2). Ia it. :1llt.r:1 .... the ,. ... ann IIltltri.o app1ies, 

') ~ Y b 

whil. 1D. 'the .. teri.,. the .cb:w ...... blld Gall appli ••• 



The motion of a particle can be studied by 

.olY~g equation. of eeod •• l0 motion ~or the interior (,.1) 

and for the exter10r metr1c (.5.2) match:lng th.em at the 

boundary of 'the wi'te hole. r b • 

A.cc.:rd~ te Hoyl. and Narl1kar [81.7"" 'the 

Schwar •• child coordi.at.. R and T are related to the comoYing 

r an.d t tbronch 

j CA) f 

( 
2. ~S'2) I~ O<Y - T. 

In tk1..8 Sec'loa, we r •• triot oar.elye. to a 

study of :radial .im.11ke tl"ajecter:1e.. The equation of 

I 

S~ (~)2::.: 0 
/..-&<y)... dS' 



.J I 2. ~ 
CO c. .. ( k) L -.- 1-+ d § .- 5 i-

Jt b.ing a cone'tan'l;. a •••• ure ot th •• Dercy ot the partic~. 

ri~ r •• pect '1;0 the coaovine traae ot ret.renee, and 5 ;:::-/5, t 

the tlpocla ot the 00_ .. 0 ••• _ of' the pecuJlar aotlon. Hence. 

eq. (S.1) a.cc •• t. 

The ~ ... yelocltT ot • particle, aa aceortiac to 

aD. ob •• rYer who.e b.tant ...... p •• ittoa a.bolcl •• with that 

01' the particl. at (r, .), 1* 

Thi •• hov. that I.t" d .. r ...... he •• at SaO to I:o( 1 + 1:2)-1/2 

at S • 1. reI" yery --.11 J.: (ad tor X <'<'1 al •• ). v-(-t) ~ 

s._/S. ..1ytac .... (s.,) tor 1, ". set 

k -
~(\Jlc) _ 

(l - \)Yc'l.) 'h-

, ... (, + sl)i""> •• Th. It. •• ar ..... t_ .~ 
J'el" J.: to be "> 1. v t'" 

the p ..... :I..l. per aJ. t ..... :I.. " .... a. 
u- _ KL 

P(S) -:;:- ~/_ \J /cl.) Ill.- - S; (,.11) 



which d.er...... wi tb. 8xpan.,loa. The equat:1011 for scal. 

~aotort S. d •• crlbing 1t., evolution with ti •• accordinc to 

j ,l. 
,l.", t 

and eq. (,.8) together enable ene to atudy the radial motion 

o~ a part1cle whil. tn.1de the whit. hoI.. As long ae the 

espansion lasts~ ~. (S.8) oan b. used in the ~orm 

whi.le the partiole 1e :In .. ti_ between the epocha S, and 

8 2 It For the sake oof co." ... 1 ..... , one .. y choo •• :1', • 0 aDd 

3'"2 • JOb •• that 

The u.pper liai t .a the htepuG. the right hand 

aid. 01' eq. ('.1') ".1I1d tIl_ r.r ... t. the epoch .1 .. er ... noe, 

~.e., when the te.t partiel. reaeh •• the ¥bite hoI. boundary. 

By fixing oon.tant TalU •• rer &, .:z.. ... E, on. 0'" find 

8 a 'by 1terati... 11' 82 ~ 1 t tb. lullrtlcl. reach •• the whtt. 

hoI. beuadary _a 'the esp_.i.a ,. 3 •• ' •• apl.t.. It c .. b • 

.... 1'%" .. eq. (,.11) that a part'.l. o.'la ••• to laO ... e along 

a ••• d •• 10, tWa. .,.iA. up ......... te ..... 1 •••••• 0 it ie •• t 

:tat. a pe.ali .... tt .. _.:lele t-. Rite lIel., u:al ••• bro"aJd 



~o re.' by irrecular ~oroe. 11ke gravitational .oattertng 

eto. lCq. (,.13) can be revrltt .... in ,eJ"llla of' the 'tran.:toraa.-

":lOll' 

.a 

%11 the l.iId. ta It » 1.... E <: c::: S 1 • lise 

apprexlaatloae read .. 

TIl •• wh_ 11 < i . "lie ..... '.1 ...... he. ..btl 

lJ.UJJCIUT .~ ill. wblt. IIttl. ltdere .. 1 ....................... t 

la..r:L .... at tJr. •••• 11 I( t.' • Sia' z:.. • XII tJw axt._ .a •• 



or 2- • T1 /2 (expana:s.on oOlilpletc. at the even:, ho:ri:aoD.t the 

vlrl. te hole i. gra,.), the particle and the vb! te hole boundary 

Youl.d reaoh the .... ent horizon aimnltaneou.ly 11'')11 • Tf /Lf 

For J[ 

we have 

2 
Sin 1! t i.e., to%" a alowly meving 

"or ilI.atance, if' 2" • Tl /100 and Jt ~ 0.00,5, ~I ~ 1S9 • 

I. oa.. lilt. particle, .et late peculiar motion at aD ta.tant 

vh.. the. white hole axplIlIullicm is nearing completloD., or, 

lilt. 810wly .o~ p~tiole. reach •• the boundary of' the white 

hole at epooha later thaft 1 •• ~ la, oq. (,.t') sbould 

rather be r4lplaced by 

t:' 

'- (~)If'l-J eH: 
+ k 1+ k1. . t~ 

whera .0 refere to the ti.. ot exploeion tro. the ~o4h 

• 

8 .. 0 "0 I .. 1 ($1. 4.7). The ...... part in .q. (,.21) ari ••• 

by •• tt:1.... I .. 1/ /2 tA 8<1. (S.,6) aad 1t is a ••• _ that 

'the whJ.te ho18 eta,. •• ".'-le atter the o ... lot1o& of the 
I _.-.I...... ... I, ...... h .... _.. •• - t :; ., e:xpalla:loa, at 1 .... tor a p __ ... _" .... -..ua:v '" '" -;:::-

were ., ie ut ar1t:11;-.rily 1ar... X. De 11_. X » t 

(wb:ifih ..... tbat '1, ~ 11- • T/ '2 ), 



It 

I 
~ ( 7i 

11 ..... _ 

\. ). 
( f ' t - -t~) 

1. •••• 

{r -V 

('.24) 

"all1kaer .t al [9} ... 4 lfarli1car and Apparao [,0] 

hav. ahoWJl tbat 1 ... 1u.Bo of l"&d.iallyMd.tted phoilone 1'1" •• an 

.zplodiq aur1'ace tbroua:h th. .veat 11orio.on le po •• lble. 

The .... haa t.e. aho..,. la the .a •. of' aearadi.al1y ea1tted 

photo •• tJt the prO'Y'l ••• Ohapter. We a." .ak. 0_ .. rac:liatiDs 

p~iole .~.oted fro. tho bouadar.y of' the white hoI. al •• 

be rt.lble bo£ore 1. t buat. ou:t of th. event horillon' 

To ...... r the qu •• tl .. l.t .a onaider the 

eitutio. vb .. a put'ol. oJ •• teet ri'*k .. p •• ul:lar .pe .. Y 

in th. :rra.e of refer... of .. ob •• Z"Yer ... o'V"iDc wi th ~. 

Oltt .. iIl« wld.t. h..l. _tter !.JuIItaa ...... u.ly happ... t. 'be ... 

the MUDd_I")" .1' •• wh:.t.te hole. Vaiac the S"hr.~.r 



l ' ' ~ 'l) 

formula .• we OIlU1 calcu1a.t. the frequency al1i:tt o£ a photon 

radiated by the particle in the radi.al d:1rect:1on. For this, 

we focue our attention on an eJ eetion al.ong the 1ble o:t sight 

'through R • 0 toward .. th4lt ob.erver at int':i.n:1ty.. Eqa. (,.,) 

'then lead ODe to 

dl{ ')' ~ 
where -- -:-:...i... rete ... ,. 1:b.. white hole bouadary • 

. d s c 
Theretore 

LA 0< I ::: (d T , cl tA( ~ 0 1 0\ ) u 0( J c> los. ::: l' ) 0) 0) c) 
<;;OlA')'v ~dS d( ) 

Dr the pUt .... ft ............. -. ' • .-a1a 

It-z.. :=:: 
-- 1') LA' r s 61-\')<u 

U· r ( Ol:,.H"V~T 



(S.28) 

I'or 1:-0. tbi. equatiQn re1'ers to the :frequency shift 01' a 

photon radially end. 'ted from the wit. hole surlac. [to J . 
2 

POI' X <." < ain '11.' 

J-f-z -

2 k. s I~ C),h 't~) 

Thi. 8ucr« •• 'a a hiPJ,,. ...... 1'. f'req" .. cy 'DI.e.hitt [ (1 + z)-:] 

• .-par" to that tor r&d!atioa ~ the white hole .urtaoe. 

The expre •• loR (,.18), i. vell behaved at ~ • R •• 2GM/e2 , 

i •••• (1 + .)., is t1Bite aad larger than ~t tor the white 

hole racliatt.. .... 

OUrnext atep ia to co.aider the e3eot!oa .f' the 

partiel. 1a .. arbi tU'Y clir .. t.t.ea. There .oQl.d always be 

put... wi tb .. ..rtua Talae a£ iJapaet paralH't.- q t. be 

abl ••• r..-h 1at1aLty. rer a •• .radially emitted pho'ea, 

ilhe Seh.Wllftu •• JU.ld .. trio and 'the "uat:l... ef •• t1.. s.«« •• t 



i 
t," .-~-Ci 1,-

t ::: '- , '0-
t. ',-'. 

f) I ,-, 
; <, I . .iT dR. d>," J (s.:n) b C) f' I i 

<- ciA o~ >. 

Bore, h ia the orb! tal angular •••• twa par ... ter, .". • t 

1 "~ , 
1::.-1 

tor a radial and F • 0 for .. tangential ph()ton. The Schroeding .. 

tormula now eiv •• 

Ii "/. «( ') !/7. • '( 
r t Z. -:: I 1-+ !S:,:")" f'2 ~ l-c(Y - }~ != ;. 

\ $"'- ,,--------

I -' Rc,/ R 

The frequenoy .hitt i. 1... .ever. than that augg.at.e! by 

eq. (.5.28). For K • 0 this 8<lllatioa reclue •• to eq. (4.22) 

d.aoribingthe frequenoy .hitt of a .oar8ila1 ph.ton .. anat1ag 

fro. the white hole .ur.taoe. 14. (,.,2) al •• ia well behaved 

at ~. R.. To .hov ihi., we let .... -?;> R •• 1 ..... .,. ~ 1 -

• v <12/&.2 • ao that 



Xu order that a photon suffer a blu •• h1ft, the corre.pon~ 

l:bd.t1ng lapact parameter oan be f'ouad. Ollt by the :rel1ovinc 

conaideration.. W. multiply eq. (S.32) by a ~actor 

r \ '2. \'/.. fflo II ~ S 1- If.. 'I ~l 
L(i+ ~~) ([-0(':) ~ 1 ~ rF «( [~ ~.) '¥ T~-o(\') '~k1 

:1a the nuaerator and deno.1aa'or. The f"actor ( I - Rr I ~ ) , 
drop. out ~d con.eQuentl7 

Ii 2 -

[(If i~/(~-oI;: ;\ 1 y~~ r-d (It ~~)"q~5 +~-o(Y6'-fLs1J 
:I i . 

R.. Then (1 - 0(Z"1)) "7 zt-b sf. and .,. ~ 1 •• 

11"< -

Por • «1. 1 _ ~ r: ~ 0<. 1":/8. SeA.. ..q1d.ri.JI.c (1+1) -1 ;;; 1, 

v. as-. led ,. 



photon _itted t'rom the white hole surt'aoe (K • 0). 'W'hea 

I/Sa C< 1, we haYe the I1m:ltlng impact para •• t.r .e 

This 1. about the .... •• that for III Donradial 

photon emitted from the w~t. hole .arf.c. (q '~~b s). 

Eqa. (,." - '.36) apply only to the epooh when the 

particl. Just leaT •• the wbit. hole bouadary. One. the 

particle hae left the eutace r • r b , Sohwar •• ch1.1d geo.etory 

govera. its prop .... t:lon. 

It' X 1. p •• ltive definite, the frequency ehtft 

iD. the radiation 1"rollll the whit. hole and the particle wou14 be 

dlf't'erent. In the exterior of the whit. bol., the Sebar.ohlld 

.etr1= .u •••• t. the frequenoy shitt of' radiation fro. the 

particle to b. 

for .~ection at aD augl. $ with re.p.ct to the lin. of' .iSh' 

t:b:roUp ... o. 11"8 (f' • the .... .,.. of' the particl. p.X" u.ai. 

r •• " .......... ared ... 1Il:tiJdty .... "e .... alu.a, .. vi.h 

ref ....... "0 i'. p •• itl •• ~ t..a.t_t ...... ly o.1D.e1d_t rith 

the wki te hoi. .urf'a.... xt w. ...,are th. 1.... .. .. ti.a 



~t''"' l.,), +z) 

s /)-1 "7 2.--

-I (H z ) ~ (f ( t"f c..,., (J) _ Cd'hs/-

l~)d 

aad :£roM Liouville'. theorem, it oan be ••• n thai: tnteua:1.1;y 

enhancement take. place "h_ 

:En oa.. the particl. ia eJ eot" at an epooh .~ ~ t f or ar*er 

the completion Qf the .~aa.loa .:£ the wait. hol., 

Heaoe; in general, 



1J1 

betwe4m the particle and the vht te hole can be .hown to be 

8uperlurrainal for 0' '~" 1 ,(67]. In principle, the vel-oetty 

01" ej ection of a particl. :trom a white hole should be 0 ~ Y ..;" 0 J 
~ I~ 

tor ejection daring the expansion phase of the white hOLe, 

this condition can be easily achieved. 



1 'I .", 
U' '" I .... 



gOSIlSIOp 

In celloluioD, we • ...ari.e the -at. re •• l t. 

and ~lioatlo.D. o~ our ~ ••• ti .. tio .. OD •••• a.trophy.ical 

a.p.ct. ot b1aok hol •• and wb1t. hol •• , •• peoially ~ •• the 

vi." pobt ot 'tbeir ability to .erve •• po •• lbl •• odel. ~or 

the blaarr. ao.l~ti .... inC on in quasar't extragal.ctic 

radio •• uro •• and ralated obJeot •• 

The J •• ti~io.tlo.. ~or iayokinc .up.rNa •• ive 

black bole. are. 

(1) Ibe ~ .... tiOD ot a _laok hoI. Gould b. 

• natural ph-.a •• .aOD in .. lactl0 .ac1el 

aacl q,uuar •• 

(a) 8.all al ......... ~1. br1Chta ••• 

~atio... _ teature eo .... t. aaar 

qua.ara aDd relate4 obJect., 

(,) The ........ .,..a'ri.tats.oaal ~1.ld. o~ a 

blu1c. hal .............. u.. _ouat 

.~ --G' 1"-.1 •••• ( 0.06 ... 0 ....... a ). 

Rev..... thu'. U". .... d1ftie1l1 tl.. &1... 1'1 .. 8' 
.~ all, .... 1 ••• t:rfI_ .. 1 .. t10 .. ole1 ("""10-100 M. yr.1) 

t.. ••• eap1d.a.. ...,. • 'blaek _ole .... 1. The .. adJ.ati •• 



13,1 

1Il1l8't fluctuate with a p.riod '\... R./e (A- 10-.5 M/M ••• 0). 

Xn 80 •• quasara, .uoh •• 3C 213, th. f'luotua'tion. are not 

•• en. Mo.t or the radiation in black hole model. 18 thermal 

and produced by ca. and du.' wherea. the radiation rrom moat 

of th. qua.ar. 1. nonthermal (.y.ncbrotroa and I or iDvers. 

Oomp'ton) 111.. na1n.tre. On tb. other hand. tbe vhi te hole mod.el.. 

ha"e cot dif'f'leult:1e. Of' the1r O'Wr1J f'or exampl •••• a 8ourc. 

of' hieb en.rcy radiatioD .. whit. hole 18 too ahort lived. 

Th •• tudy of the properti.a of' the cravltational 

•• arehllcb't, ari.bc :tro. the non-Euelid.ean nature of the 

geometry of' apaoeti.. around, a hlebly collap.ed object has 

revealed 80.41 intere.tln. feature., an iMPortant one among 
-I 

the. bei.. the)J fora of' thtl .p .... rwa wh1ob. 18 purely of' 

....... e'r10a1 erip... Th. -.i •• ioa l'roN the ring of' partiel •• 

aro1Uld ~. "'laok hole 00.14 po •• th1y haT. a thermal origin in 

a narrow t.requeney ranee wkloh p~are •• iY.ly .preada over a 

wider frect_ ... ey bu4 ... c .... r....... 1'b.. U.8ual objection 

'th .. t tbe tlt.enul. _i •• t_ e.peotrwa .... not ciTe the 

( 0< ~ 1) depead.... ol.arly 1a Dot 

applicable •• 'th8 1INHl.1 tha:t we haTe sucU.ed. Btlt it 1. 

aot quite &ee tr .. cI1ft"l •• l':I.... Th .... bit. abotlt a 'black 

ho18 b • ..,,_ .. fJf1IA/e' ... ,../.2 .... tablll.. h the 

aetroPbreloal .,,--,to •• e~ later •• ', ual ••• the partie I. 

:I.. jaJ .. t ... , 1".1atlri..tie ...... late the _stabl. oirodU" 

or'b:l. t. .eU" ,aM/.I , ... h • ..olWd •• veu14 •• t be plausible ftaJ • 



However, the •• areh118ht ertect exiat. eYen tor a source 

radiating tor an int~te.imally •• all duration ot the coordi­

nate ti.e. One such po. sible .cenario is offered by the black 

hole .od.1 ot the quasar. eJeoted :troll the galaxies •• 

dison ••• d in the Chapter ,. Bere, the, gas to be injeoted 

into hi«h energy oridt. t. supplied by the .tollar oolli.ions 

and tidal interactions. 

We ha •• proposed a .od.1 of quasars based •• 

gravitational reooil 0'1 a •• perma •• i.e blaok hole tro. a 

plaotio Duoleus. Th. blaok ho1. :l. rendered lWJI:btou.a by 

the p •• ou. material provided. by star. oapture. on it. way 

out ill v1ol_* physioal pr.oe ••• s. 1;'hi8 lIode1 i. oOllai.ten* 

wi *h eiMilar qua.ar .. del. recent1.". proposed by other. [.,..] , 

a:rul rith Arp·. eb.el'Tatlo •• o~ qu.aaar-galax:y pairiq.. Arpt .. 

hypoth •• i. .t the ejeoti.. .t quasara troll galaxies i. .uppor­

ted by the pr .... ce .t ft.tarb..... ill the :I.n_r repo.. of 

.taoh p.l.ui.. petatiag rellSbly ia the 4irectioll 0'1 the qua.ar 

and the ph.t ...... pld. ... id ••• of' *he tlau interact1 ••• 

betve.. tllle ••• alU' 8IId the piax)'. :la, 010" Rlodel, the 

re •• il~ •• p ...... 1v. blaok 11,01 ..... d,,,. ri •• to •• oh 

di.~a:ao.. ..CIt 1»1'14... ... a .... eca....... It'" :1 t. tldel. 

1Dte .... tlO1l witt: tile plaq. The ~Y .. ~.r drawback of 

the b7po ••• t.. r_i.s b n.ol"Y:I.q sati.:taotorily the 

cU.a.ol"d.aat ..... .....,.t ..... t.a. tbe a.e.'" .-r "he Cl1l&.ar. 

a •••• tat .. with p1ald. ••• ~, T.tI.e _aa1y ..... be oaly pU""tl:y 



1 '1 • 
t.HJ 

accounted ~or by considering the contributions ~rom the 

Doppler effeet and the gravitational red.~ft to the ~.ual 

coe.olepca1 red.hi:tt t co_on to 'both the q,uasar and th. 

galaxy. 

The failed reCoil of the •• perma.eive black 

.. a lars. velocity di.pereio~ and di.turbanc •• ia the inner 

reeloa. of' the cataxy. Ther.fore, a detailed atudy of the 

etructural ohan«e. in the ,a1axr would it.elf b. an inter •• t­

ine probl ... 

Xn Part XX o:t the tbe.i., we have pre.ented 

a atudy of the ~t. hole. Xn Ohapter ~, 8Mpl.y~ the 

.eoaetri.al opts, •• apprex:I.JMt1on W$ haYe .hown that, like 

the radial pll ...... the aoaradia1 oue. _ittad from the white 

hole aUJrf'aoe can al.e .. er... 1"rom wi tbiD. the SohwU" •• chl1d 

barri.r and. 1' ..... 11 a ell.tant ab •• ",e .. , although the ... uat of' 

the h"equ._oy blu •• ltl1't 1a this ..... i. relati:v.l,. .maller. 

RoweYer, it i. at111 p ••• ibl. to haYe photona blue.~f't.d 

:1a the aul,. ...... .:t the wh1 t. hole .spanaloa, proT1.de4 

th.i:. illlPaet p........... i. .aaller th.Ml the Sohwara.ohild 

radial coordia_t. of the racl.1a'U."C .tu'ta.e at .. h. 'tbe.f 

eRl1e.loa. A .... i ... that ealy blue.Mtt .. phot .... are .... 

'by a r ... te ." •• rver, ilhe appareat anca1ar .be .f tlae 

~t. k.1. i. , ..... e erov •• f... ~ the early .t ... . 

... t 1. _ .... the _ ..... i ... -r a ...... 1 .. ', •• 1 .:x.p ... :t. ••• 



Al thouch thi. exaaple appear. to pOint out a likely 

explanation of the pheaomenoD of aUperluminal a.paratioR 

ob.erved iii. a ••• radio .ouro •• , it IIUfter. from a maJor 

drawback. ViII.. thi. happen. only tor an hlaipifioant part 

of' the early 8tace. of a white hole'. lite. In order tbat 

a white hele (one that would be ob.ervable today) be atabl., 

it ha. to 00 •• iato .xiateaoo wlth ..... tially .ero delay, 
, , -1.... practically aillul tan.oualy with the BiC Bang L 66J • 

It would theretore not b. poaatble to ob.erve .uch a super­

luminal espanalon today [,2J . 

x. Ohapter S, "e ha"'e atUied the 1II0tioD ot a 

puttole in the 'bukp"oa<l ot a whit. hol., .apeo.1all". t.-o. 

the 'riewpotnt .t it. viaUd,U"ty wh11. 8tl11 inaide the 

SchW1llH •• hlld l: .. ani.er. W. ha ..... hewn that photon., radial 

a. ve1l aa lu,.radial. Hit ted 'bf .. :9_t1ol. eJ"ted frem the 

whit. h.ol • • UI't .... ca el •• leak ...... p thit 8Yeat' Qris.n 

8Jld r.aoh a die",," ebe........ 'The :h'equ_.,. Itlll.ehitte are 

•• re • ." ................. tho •• of :&"&did. ~ aonrad.1a1 phetonll 

tro. the whit. hele .v1'a •• 1t •• l'. Tbertt-r., the "'J'c_o. 

e£ aa -.I •• ' •• ~ .. 1ulpiti_ .. t 1'ractio • • 1' the whit. 

hole ........ pn ...... appar-.' tnt ... 1ty eJllum ..... i. 

V-he .. slap1 ...... *17', til. ."ee4 .1' lIIeparati<m ot th. 

pllritcl. 'ro_ "be wid. i. ul. .... •• Mowa i. b. 811perl11uaal 

fl.t ,If (.-cr per ait .... t ... u .... U .. It' 1Dt1a.l"T) 

» 1. U ....... , ill tll ...... at a partf..l. eJ •• tle. cluriaC 
/t.. 
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the expa.:ruaion phase of' a 1Ild t. hole thi. condition can be 

e.aily achieved, tor lar.e eJ.cta .a •••• , our anaiy.i. would 

be inadequate, an N-body trea1lment of the problem 1.8 called 

tor. The •• trophysical sip1ticance ot t.he.e po •• ibili tie. 

ia -.m.eref'ore _bipou. at pre.ent. 

On the ba.i. of the pr •• .at inv.stigations. we 

teel that the models tor quasar. and extragalactic radio 

BOurCe. :1mrolv.i.n« black h.le ••• rit •• rious consideration. 

The ~abil:Lty of' white hole. to •• rve as possible .odel. 

tor .ertaa hich enerlT phenomena iD the univer.e is rather 

controversial at pre.ent, althouch our re.ult. ooncerning 

whit. hol.s do not make the situation any better, one need 

not cOJls:Lder the .abJect of whtte holes d..ad. The .ubJeot 

of" vbi. te hole. ..e.iD. lar •• l,. tmexplered aad. oRly the 

ide.li •• ti .... f' a white h.le espl •• ion baTe been .tudied 

to •••• extant. The studies .heul. be pursuect, particularl,. 

:in ... 1..., 0'£ the satf'ioient ev:l.cf ••• 'IeI' ex.pleclln. phenomena in 

the un:l:yers., irrespective ot the various iaplicat:tona in 

the wbit. hole theory s •• n at pre •• nt. We hope "that a detailed 

study .~ the •• trephyaical aspoot. ot blaok holo. and vh:Lt. 

hol •• will in the .tar taturo shed lipt •• h:ttherto 

UJlespla:Lne4 ph_ ....... in the Uld"v •••• 
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