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1. I n t r o d u c t i o n 

R e c e n t obse rva t ions h a v e s t r e n g t h e n e d t h e d y n a m i c a l a r g u m e n t s for t h e 

p resence of b lack holes in X- ray b ina ry s y s t e m s , t h e Ga lac t i c cen te r a n d 

t h e nucle i of t h e m a j o r i t y of b r igh t ga laxies . T h e y have also d r a w n a t t e n t i o n 

t o t h e fact t h a t acc re t ion does no t a lways p roceed in t h e s imple , s t a t i o n a r y 

m a n n e r env i saged in ear ly theor ies . I wish t o discuss four r e l a t ed top ics t h a t 

a r e re levant t o u n d e r s t a n d i n g t h e behav io r of acc re t ing black holes . ( In view 

of t h e l e n g t h c o n s t r a i n t s i m p o s e d by conference p roceed ings I shal l m a k e 

no a t t e m p t t o give a d e q u a t e b ib l iographic references for w h a t follows.) 

2 . A c c r e t i o n D i s k M a g n e t i c F i e l d 

I t n o w a p p e a r s t o b e fairly ce r t a in t h a t m a g n e t i c fields are respons ib le for 

t h e t o r q u e in accre t ion disks . (For an excel lent review, see B a l b u s & Hawley 

1997) . U n m a g n e t i z e d Kep le r i an disks a re s t ab ly s t ra t i f ied. However , w h e n 

a smal l , ve r t i ca l m a g n e t i c field is i n t r o d u c e d , t h e slow magne to son i c m o d e 

is des tab i l i zed by t h e r o t a t i o n . T h e m a g n e t i c tens ion res to r ing force is over-

c o m e by centr i fugal force, in ana logy t o w h a t h a p p e n s when t w o o rb i t i ng 

sa te l l i tes a r e connec t ed by an elas t ic r o p e . A gets e l emen t a t r ad ius r+6r will 

fall b e h i n d a second e lement a t r ad iu s r t o which it is connec ted by m a g n e t i c 

field. T h e m a g n e t i c s t ress will exer t a pos i t ive t o r q u e on t h e o u t e r e l e m e n t , 

i nc reas ing i t s a n g u l a r m o m e n t u m I. However , for c i rcular o rb i t s , r oc S?. 

There fo re t h e r a d i u s of t h e o u t e r e lement will increase wi th t i m e . T h e ins t a -

b i l i ty grows on a d y n a m i c a l t imesca le ~ Ω - 1 for l eng thsca les ~ α / Ω , whe re 

a = (Απρ)~ιΙ2Β is t h e Alfvén speed . T h e ins tab i l i ty is m o r e powerful t h a n 
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conven t iona l d y n a m o m o d e s . In t h e non- l inear p h a s e , a l t e r n a t i n g layers of 

r eversed field a re c r ea t ed in t h e disk which becomes Ke lv in -He lmhol t z , ( a n d 

p r e s u m a b l y t e a r i n g - m o d e ) , u n s t a b l e . T h e ne t resul t is t h a t t h e shear s t ress 

in t h e disk is d o m i n a t e d by Maxwel l (ie m a g n e t i c ) no t Reyno lds (ie fluid) 

s t r ess . If we i n t r o d u c e a s imple a p a r a m e t r i s a t i o n , t h e n t h e i n t e r n a l shea r 

s t ress can be w r i t t e n a P , whe re Ρ is t h e p ressure a n d a ~ 0.01 (Hawley 

et al. 1995, B r a n d e n b u r g et al. 1995). However , m a g n e t o t u r b u l e n c e is a 

p r o p e r t y of t h e flow a n d t h e flux a n d no t s imply t h e fluid. T h i s m e a n s t h a t 

t h e de ta i l s of t h e non- l inear s a t u r a t i o n d e p e n d s u p o n t h e b o u n d a r y con-

d i t i ons . N u m e r i c a l s imula t ions by Hawley et a l (1995) ind ica te t h a t w h e n 

t h e r e is a fairly s t r o n g un i form ver t ica l field BQ t h r e a d i n g t h e disk, w i th 

βΌ — 8πΡ/Β% < a ~ 2 , t h e effective va lue of a rises t o β^1^2. 

Now let us cons ider a s t ra t i f ied disk wi th dense cool gas in t h e m i d p l a n e , 

s a n d w i c h e d b e t w e e n w a r m e r m o r e t e n u o u s gas a n d t e r m i n a t i n g in a h o t 

co rona . If we a d o p t t h e a b o v e p resc r ip t ion t o ca lcu la te t h e t o t a l t o r q u e , we 

find t h a t i t is given by 

G = 4πτ2 Γ"* ^ m a x f a P ^ o ^ T R ) 1 / 2 ] (1) 
Jo 

T h e u p p e r l imi t , zCT\t is given a p p r o x i m a t e l y by t h e r e q u i r e m e n t t h a t t h e 

B a l b u s - H a w l e y ins t ab i l i ty still b e able t o grow. T h i s is l oca ted a t t h e he igh t 

w h e r e ßo ~ 1. I t is clear from t h e form of th i s in teg ra l , t h a t i t is q u i t e 

poss ib le for m o s t of t h e inflow a n d t h e energy release t o occur away from 

t h e m i d p l a n e whe re ζ ~ zCTjt a n d for mos t of t h e d iss ipa t ion t o h a p p e n in 

t h e co rona . 

T h i s t h e n raises t h e ques t ion of w h e t h e r an ex t e rna l m a g n e t i c t o r q u e , 

a s soc ia t ed w i t h t h e ver t i ca l field Bo can be compe t i t i ve wi th t h e i n t e r n a l 

t o r q u e . T h e m a g n e t i c shear s t ress appl ied t o t h e disk surface is ΒζΒφ/4π. 

If we a d o p t t h e a b o v e p resc r ip t ion for t h e i n t e rna l t o r q u e a n d suppose t h a t 

i t d o m i n a t e s t h e a n g u l a r m o m e n t u m t r a n s p o r t , t h e n t h e r a t i o of t h e two 

t o r q u e s can b e w r i t t e n in t h e form 

ç*„j^„(âz)(*-±)2(jL) ( 2 ) 
G m t B 0 z c n t \ M I \ r J \ 

^crit / 

w h e r e Mw is t h e wind d ischarge a n d TA is t h e r ad ius of t h e Alfvén cr i t ical 

p o i n t for a field l ine w i th foot po in t r ad ius r . Typica l ly r ^ / r ~ 10 a n d 

t h e r e is n o g o o d reason t o suppose t h a t th i s r a t io is smal l . Indeed it m a y 

even exceed u n i t y so t h a t m o s t of t h e a n g u l a r m o m e n t u m l ibe ra t ed by t h e 

inflowing gas over some in te rva ls of r ad ius is carr ied away by winds or j e t s . 

T h i s , in t u r n , would also imp ly t h a t t h e power carr ied away as j e t k ine t ic 

ene rgy exceeds t h a t re leased wi th in t h e disk. 
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A n o t h e r u n a n s w e r e d ques t ion concerns t h e energy release assoc ia ted 

wi th t h e i n t e r n a l t o r q u e . A m a g n e t i c t o r q u e G ac t ing wi th in an accre-

t ion disk , does work on t h e ex te r ior disk a t a r a t e Gil. T h i s c o r r e s p o n d s 

t o an o u t w a r d l y d i rec ted flux of angu la r m o m e n t u m . In a d d i t i o n , t h e r e 

is an i nev i t ab l e release of b ind ing energy t o t h e gas of r a t e p e r u n i t ra-

d ius —Gdty/dr. ( T h i s t e r m is t h e source of t h e factor t h r e e t h a t re la tes 

t h e t r u e local energy release t o t h e r a t e of release of g r a v i t a t i o n a l b i n d i n g 

ene rgy in a s t a n d a r d disk m o d e l . ) If t h e t o r q u e is r ega rded as f r ic t ional 

or viscous in c h a r a c t e r , t h e n th is can b e r ega rded as a t r u e d i ss ipa t ion 

w i t h a n e n t r o p y increase a n d t h e p r o d u c t i o n of h e a t , which m a y or m a y 

no t be r a d i a t e d away. T h e r e a re two ways t o b r ing a b o u t th is d i s s ipa t ion , 

m a g n e t i c r econnec t ion a n d dr iv ing a t u r b u l e n t cascade . In m a g n e t i c recon-

n e c t i o n , an " a n o m a l o u s " , ie e n h a n c e d res is t iv i ty develops a r o u n d a n e u t r a l 

p o i n t a n d as gas flows t h r o u g h th i s region, i ts e n t r o p y increases t h o u g h 

O h m i c h e a t i n g . In t h e case of a cascade , a pure ly h y d r o m a g n e t i c devel-

o p m e n t of t h e Ba lbus -Hawley ins tab i l i ty m a y c rea t e d i s t u r b a n c e on some 

" o u t e r " scale t h a t is far t o o la rge for microscopic d iss ipa t ion t o o p e r a t e , 

t h o u g h still smal l c o m p a r e d wi th t h e th ickness of t h e disk. If t h e energy de-

pos i t ed a t t h i s scale forms a h y d r o m a g n e t i c t u r b u l e n c e s p e c t r u m e x t e n d i n g 

d o w n t o smal l l e n g t h scales on which ion-cyclo t ron or t r a n s i t t i m e d a m p -

ing can o p e r a t e , t h e n we can r ega rd t h e d i ss ipa t ion as local (cf Grus inov 

1997, p r e p r i n t , Q u a t a e r t 1997 p r e p r i n t ) . Al te rna t ive ly , t h e t o r q u e need no t 

b e d i s s ipa t ive . Loops of m a g n e t i c flux m a y be c rea ted on scales t h a t a re 

sufficiently l a rge c o m p a r e d w i th t h e local scale he ight t h a t t h e y can rise 

b u o y a n t l y in t h e effective g r a v i t a t i o n a l field of t h e disk a n d escape i n t o t h e 

c o r o n a v ia P a r k e r a n d allied ins tab i l i t i es , w i t h o u t local d i ss ipa t ion . ( Indeed 

if t h e m a g n e t i c loops a re formed on t o o la rge a scale, i t m a y no longer be 

pe rmiss ib le t o t r e a t t h e t o r q u e as local . ) In s u m m a r y , if g lobal disk evo-

lu t i on is t o be e n c a p s u l a t e d in t h e a p resc r ip t ion , it m a y be necessa ry t o 

d i s t ingu i sh t w o values of th i s p a r a m e t e r , one defined, as u sua l , by t h e shear 

s t ress a n d t h e second b y t h e e n t r o p y p r o d u c t i o n . B o t h of t he se q u a n t i t i e s 

could b e m e a s u r e d in n u m e r i c a l s imula t ions of sufficient scale t h a t al low 

m a g n e t i c flux t o e scape . 

T h e issue of m a g n e t i c d iss ipa t ion is pa r t i cu l a r ly i m p o r t a n t for advec t ion-

d o m i n a t e d accre t ion flows, " A D A F s " (eg N a r a y a n k Yi 1995) . T h e ob-

se rva t iona l s t i m u l u s for re-cons ider ing these solu t ions is t h e low a p p a r e n t 

r a d i a t i v e efficiency of some accre t ing b lack holes . A good e x a m p l e is t h e 

G a l a c t i c cen te r whe re it is a rgued t h a t t h e m a s s supply r a t e is ~ 1 0 2 2 g 

s - 1 (Fa lcke & Mel ia 1997) , while t h e bo lome t r i c luminos i ty does no t exceed 

~ 1 0 3 6 e rg s - 1 . T h e r ad i a t i ve efficiency is t h e n e ~ 1 0 1 4 erg g - 1 = 1 0 ~ 7 c 2 , 

no t m u c h b e t t e r t h a n g u n p o w d e r a n d h a r d l y an a d v e r t i s e m e n t for "grav-

i ty p o w e r " ! E v e n t h o u g h b o t h these n u m b e r s a re co n t e s t ab l e , e m u s t b e 
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orde r s of m a g n i t u d e less t h a n the value e ~ 1 0 2 0 e r g g - 1 usual ly a s s u m e d . 

A D A F s a d d r e s s th i s p r o b l e m by m a k i n g t w o a s s u m p t i o n s . T h e first is t h a t 

t h e t o r q u e a n d d i ss ipa t ion are b o t h descr ibed by a c o m m o n va lue of a 

which is l a rge e n o u g h so t h a t t h e gas r ema ins re la t ively t e n u o u s . T h e 

second a s s u m p t i o n is t h a t t h e assoc ia ted d iss ipa t ion j u s t h e a t s t h e ions 

n o t t h e e lec t rons . T h e e lec t rons m a i n t a i n a Maxwel l i an d i s t r i bu t ion w i t h 

t e m p e r a t u r e m u c h less t h a n t h a t of t h e ions t h r o u g h C o u l o m b s c a t t e r i n g 

a n d s y n c h r o t r o n self-ab so rp t ion . For sufficiently low m a s s accre t ion r a t e , 

M < Merit = 1 0 2 4 α 2 ( Μ / 1 0 6 Μ Θ ) g s - 1 , t h e disk will th icken wi th in some 

t r a n s i t i o n r a d i u s a n d m a i n t a i n a quas i -spher ica l inflow of low r a d i a t i v e ef-

ficiency, a f ea tu re which d is t inguishes b lack hole accre t ion from accre t ion 

o n t o n e u t r o n s t a r s . I t ha s p roved possible t o mode l t h e observed s p e c t r a 

of several b lack holes sources in th i s m a n n e r . Now, it is crucial t h a t t h e 

e l ec t rons no t b e acce le ra ted t o s u p r a t h e r m a l energies where t h e y can be-

come very efficient r a d i a t o r s t h r o u g h t h e s y n c h r o t r o n a n d inverse C o m p t o n 

processes . T h i s is in m a r k e d con t r a s t t o w h a t is a s s u m e d in mode l s of X- r ay 

Seyfert ga lax ies , w h e r e it is supposed t h a t e lec t rons in a ho t co rona above 

a cooled acc re t ion disk as is supposed to occur w h e n M » Merits a re 

h ighly efficient sources of a n o n - t h e r m a l power law, h a r d X- ray s p e c t r u m 

t h a t i l l umina t e s t h e disk. I t is no t clear why e lec t rons should b e h a v e so 

differently u n d e r a p p a r e n t l y s imilar phys ica l cond i t ions . 

3 . J e t s 

J u s t as obse rva t i ons h a v e forced t h e issue a n d l imi ted our op t ions in u n d e r -

s t a n d i n g disk acc re t ion , so our knowledge of t h e re la t ionsh ip be tween disks 

a n d j e t s ha s a d v a n c e d as a resul t of an impress ive su i te of obse rva t ions . W e 

a re s t a r t i n g t o observe re la t iv is t ic j e t s on a very smal l scale. T h e b e s t case 

so far is M 8 7 w h e r e it a p p e a r s from V L B I obse rva t ions ( J u n o r & B i r e t t a 

1995) , t h a t t h e ea s t e rn j e t is a t leas t pa r t i a l ly co l l imated on a t r a n s v e r s e 

l e n g t h scale ~ 3 X 1 0 1 6 cm ~ 6 0 m . In add i t i on , obse rva t ions of t h e j e t in t h e 

L I N E R ga laxy N G C 4258 have verified t h a t t h e flat s p e c t r u m r a d i o core 

is real ly t h e s y n c h r o t r o n sel f -absorbed inne r region of t h e a p p r o a c h i n g j e t 

i n s t e a d of, for e x a m p l e , a spher ica l i so t ropic ha lo s u r r o u n d i n g t h e cen t r a l 

b lack hole . I n d e e d , in t h i s source , t h e absence of r ad io emission from t h e 

d y n a m i c a l l oca t ion of t h e black hole sets an i m p o r t a n t cons t r a in t on t h e 

c h a r a c t e r of t h e acc re t ion flow. (He r rn s t e in , p r iva t e c o m m u n i c a t i o n . ) Gen-

era l iz ing from t h e s e special cases a n d guess ing t h a t all b lack hole j e t s a r e 

m a d e by a c o m m o n m e c h a n i s m , we m u s t infer t h a t t h e power for t h e s e j e t s 

der ives from very close t o t h e black hole , a n d possibly from t h e hole itself. 

A n o t h e r i m p o r t a n t obse rva t iona l deve lopmen t is t h e assoc ia t ion of 7 - r a y 

sources w i t h b l a z a r s . Here it a p p e a r s t h a t ~ 1 G e V 7 - r a y s a re focused i n t o 
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n a r r o w cones w i t h open ing angles ~ 5° , p r e s u m a b l y by re la t iv is t ic m o t i o n 

of a s c a t t e r i n g c loud of e lec t rons a n d pos i t r ons . However , t hese 7 r ays can 

only b e e m i t t e d ou t s ide t h e 7 - r a y p h o t o s p h e r e or g a m m a s p h e r e where t h e 

o p a c i t y t o pa i r p r o d u c t i o n on t h e a m b i e n t X-rays falls below uni ty . In some 

sources , t h e g a m m a s p h e r e a p p e a r s t o b e a t ~ 1000m at leas t . T h e 7 - r a y s a r e 

p r e s u m a b l y c r ea t ed by e lec t rons a n d pos i t rons t h r o u g h inverse C o m p t o n 

s c a t t e r i n g . However , t hese e lec t rons a n d pos i t rons c a n n o t , themse lves b e 

t h e agency t h o u g h which power is t r a n s p o r t e d from t h e vic ini ty of t h e hole 

t o t h e emiss ion region b e c a u s e t h e y are subjec t t o a s t r o n g r a d i a t i v e d r a g . 

T h e only two viable m e a n s of ca r ry ing j e t power all t h e way from r ~ m t o 

t h e emiss ion region a p p e a r t o be us ing p r o t o n s a n d e l ec t romagne t i c field (ie 

P o y n t i n g flux). Now I a m no t aware of any viable m e c h a n i s m for co l l imat ing 

p r o t o n s a n d acce le ra t ing t h e m quickly t o u l t a re la t iv i s t i c speed t h a t does 

no t involve s t r o n g e l ec t romagne t i c field a n d for th i s r eason , it seems m o r e 

r ea sonab l e t o suppose t h a t t h e j e t power is in t ia l ly of e l ec t romagne t i c . In 

th i s case , t h e p r inc ipa l funct ion of t h e p l a s m a , a t leas t close t o t h e hole is 

t o s u p p l y c u r r e n t s a n d cha rge densi ty . E l e c t r o m a g n e t i c energy e x t r a c t i o n 

is qu i t e famil iar . For e x a m p l e , t h e r o t a t i o n a l energy, t h a t is e x t r a c t e d from 

t h e n e u t r o n s t a r in t h e C r a b Nebu la , is t r a n s p o r t e d ini t ial ly as a P o y n t i n g 

flux a n d t h e n genera l ly supposed t o b e t r ans fo rmed i n t o a pa r t i c le flux in 

t h e out f lowing re la t iv is t ic wind . A l t h o u g h t h e deta i ls m a y b e different, t h e 

s a m e process m a y b e a t work in re la t iv is t ic j e t s . 

It is genera l ly supposed t h a t j e t s are l a u n c h e d p e r p e n d i c u l a r t o t h e 

p l ane defined by a t h i n accre t ion disk. It is also c o m m o n l y bel ieved t h a t 

th i s coincides w i th t h e equa to r i a l p l ane of a Ker r hole , i n t o which m a t t e r 

se t t l es u n d e r a c o m b i n a t i o n of precess ional a n d fr ict ional t o r q u e s . T h i s is 

n o t , of course , t h e only possibi l i ty . For e x a m p l e , if t h e r e is an A D A F , th i s 

m a y inc lude a funnel w i th in which gas can b e given t h e e scape veloci ty 

by a d d i n g a smal l a m o u n t of en t ropy . (However , i t is no t clear t h a t th i s is 

sufficient t o exp la in t h e u l t r a re la t iv i s t i c speeds t h a t a re observed . ) T h e r e is 

a lso t h e a s soc ia t ed p r o b l e m of confining t h e j e t outf low. Aga in a t t e n t i o n has 

cen t e r ed a r o u n d m a g n e t i c fields u n d e r m o s t c i r cums tances , a l t h o u g h it is 

no t clear if t h e p r inc ipa l agency is t h e to ro ida l field exe r t ing a h o o p s t ress 

or t h e po lo ida l field exe r t ing a m a g n e t i c p ressure g r a d i e n t . In a d d i t i o n , 

t h e s t ab i l i ty of h y d r o m a g n e t i c a l l y col l imated je t outflows is p r o b l e m a t i c . 

In one a t t r a c t i v e , h y b r i d m o d e l t h e j e t is col l imated by to ro ida l m a g n e t i c 

field t h a t is s p u n off an o rb i t i ng accre t ion disk. A n a x i s y m m e t r i c field is 

p r o b a b l y u n s t a b l e a n d m a y well evolve i n t o a precess ing j e t so lu t ion w i t h 

finite a m p l i t u d e , r a t h e r like t h e de fo rmat ion of a buck led s t r u t . T h i s would 

ac tuaUy accoun t qu i t e well for t h e k i n e m a t i c behav io r of c o m p a c t r a d i o 

sources as obse rved by V L B I a n d p e r h a p s even t h e observed precess ion in 

SS433 a n d G R O J 1655-40. It also suggests a m e c h a n i s m for conver t ing 
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e l e c t r o m a g n e t i c energy in to pa r t i c le k ine t ic energy. As t h e j e t p r o p a g a t e s 

away from t h e hole , t h e m a g n e t i c field will become increas ingly t o ro ida l 

a n d p e r h a p s sub jec t t o t e a r i n g m o d e ins tab i l i ty which can reconnec t t h e 

field so t h a t t h e m a g n e t i c energy declines rough ly wi th r ad iu s as oc r ~ 4 . 

T h i s al lows t h e j e t outflow t o become p a r t i c l e - d o m i n a t e d a t some d i s t a n c e 

from t h e b lack hole a n d prov ides a m e c h a n i s m for acce le ra t ing e lec t rons 

a n d p o s i t r o n s in situ t o ~ G e V energies nea r t h e g a m m a s p h e r e . 

In th i s i n t e r p r e t a t i o n , t h e e m e r g e n t j e t would have t w o c o m p o n e n t s , 

a n u l t r a r e l a t i v i s t i c core a n d a m o r e slowly mov ing s h e a t h der ived from 

t h e acc re t ion disk over several decades of r a d i u s . T h e s h e a t h is s u p p o s e d 

t o b e respons ib le for co l l imat ing t h e j e t core , a l t h o u g h it m a y no t be t o o 

well co l l ima ted itself. I t is poss ible t h a t t h e even tua l j e t speed d e p e n d s 

u p o n t h e re la t ive t h r u s t s of t h e core a n d t h e j e t . W h e n t h e core carr ies a 

re la t ive ly h igh t t h r u s t ( and p o w e r ) , it will eventua l ly acce le ra te t h e s h e a t h 

t o i t s speed . Converse ly w h e n t h e core power is low, it will b e dece le ra ted 

by t h e s h e a t h t o a low speed which m a y even tua l ly be no t m u c h fas ter 

t h a n t h e local e scape velocity. T h i s d i s t inc t ion m a y be all t h a t is necessary 

t o exp la in t h e differences be tween F R 1 a n d F R 2 sources . M a n y of ou r 

u n c e r t a i n t i e s conce rn ing t h e behav io r of j e t s will b e resolved by pe r fo rming 

careful t h r e e d imens iona l M H D s imula t ions which m o r e often t h a n no t 

p r o d u c e su rp r i s ing resu l t s (eg Meier e t al 1997). 

4 . E n e r g y E x t r a c t i o n f r o m B l a c k H o l e s 

As h i n t e d above , a n d discussed extens ively e lsewhere , it seems qu i t e rea-

sonab le t h a t j e t cores a re powered by P o y n t i n g flux e x t r a c t e d d i rec t ly from 

t h e spin of t h e cen t r a l b lack hole . For e x a m p l e fields of s t r e n g t h ~ 1 0 4 G 

t h r e a d i n g a ~ 1 0 9 M©, hole a re a d e q u a t e t o accoun t for t h e m o s t energe t ic 

r ad io ga lax ies . 

However th i s is no t t h e only way t o e x t r a c t energy from t h e hole . An-

o t h e r poss ib i l i ty is t h a t m a g n e t i c flux is convec ted radia l ly i n w a r d by t h e 

acc re t i ng gas un t i l i t t h r e a d s t h e event hor izon. T h e field lines will be frozen 

i n t o t h e i n n e r accre t ion disk a n d m o v e wi th i ts a n g u l a r velocity. ( T h i s is l ike 

t h e "p rope l lo r " m e c h a n i s m t h a t t akes p lace w h e n t h e r e is accre t ion o n t o a 

r ap id ly sp inn ing n e u t r o n s t a r excep t t h a t now t h e field lines a re a t t a c h e d t o 

t h e d isk . ) N o w , as long as t h e hole ' s angu la r veloci ty exceeds t h a t of t h e disk 

gas ( a n d t h i s will b e t r u e for Kep le r i an o rb i t s b e y o n d t h e marg ina l ly s t ab l e 

o rb i t if ΩΗ > 0 . 0 9 3 c / r a ) , t h e r e will b e a pos i t ive , m a g n e t i c t o r q u e a c t i n g 

on t h e disk inc reas ing i t s a n g u l a r m o m e n t u m a t t h e expense of t h e spin of 

t h e ho le . T h e r e will be negligible energy d iss ipa t ion a t t h e disk; th i s will 

t a k e p lace w i t h i n t h e event hor izon , increas ing t h e hole 's i r reduc ib le m a s s . 

None the l e s s , t h e r e will energy p r o d u c t i o n , as exp la ined a b o v e , a s soc ia ted 
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It is clearly poss ib le for t h e hole t o be a powerful source of a ngu l a r m o m e n -

t u m for t h e i nne r disk t h a t can a r res t t h e accre t ion a n d dr ive a lot of t h e 

gas away. I n d e e d , i t is poss ib le t o i m a g i n e t o r q u e s exe r t ed by g i an t corona l 

a rches c a r r y i n g th i s t o r q u e o u t w a r d t h r o u g h m a n y decades of r ad ius w i t h 

l i t t le d i s s ipa t ion a n d r e m o v i n g m o s t of t h e gas suppl ied a t la rge r ad ius in 

t h e form of a w ind . T h i s m a y p rov ide an a l t e r n a t i v e e x p l a n a t i o n t o A D A F s 

for t i n y r a d i a t i v e efficiency. In a d d i t i o n , it seems qu i te likely t h a t if t h e 

hole can a t t e n u a t e t h e accre t ion as sugges ted he re , it will do so in a t ime-

d e p e n d e n t m a n n e r . T h i s could h a v e re levance t o t h e l imi t cycle osci l la t ions 

obse rved in Ga lac t i c black hole b ina r ies . T h e s e possibi l i t ies deserve m o r e 

a t t e n t i o n . 

5 . W h i t e D w a r f C a p t u r e 

I will conc lude w i t h a sl ightly different app l ica t ion of t hese ideas t h a t was 

or iginal ly s t i m u l a t e d by obse rva t ions of 7 - r a y b u r s t s (Blandford & Os t r i ke r 

1997, in p r e p a r a t i o n ) . T h e ques t ion is " W h a t h a p p e n s when a mass ive 

b lack hole c a p t u r e s a w h i t e d w a r f ? " . Now it is easy to show t h a t holes 

w i t h masses as l a rge as t hose t h o u g h t t o res ide in t h e nuclei of galaxies like 

o u r o w n , ( Μ > Ι Ο 6 Μ Θ ) can a n d will swallow whi t e dwarfs whole w i t h o u t 

a n y consp icuous display. However , mos t galaxies a re dwar f galaxies a n d it 

is a r e a s o n a b l e hypo thes i s t h a t t h e y con ta in lower mass b lack holes w i t h 

M ~ 1 0 5 M Q . U n d e r these c i r cums tances , a wh i t e dwar f w i th a smal l 

e n o u g h i m p a c t p a r a m e t e r can be c a p t u r e d direct ly i n t o a re la t iv is t ic o rb i t 

t h o u g h a c o m b i n a t i o n of g r av i t a t i ona l b r e m s s t r a h l u n g a n d t ida l exc i t a t ion 

of osc i l la t ions . It a p p e a r s t h a t th i s c a p t u r e is likely t o occur a t an i n t e r e s t i n g 

r a t e , ~ 1 M y r - 1 pe r ga laxy. 

( 4 ) 

w h e r e I is t h e specific angu l a r m o m e n t u m of t h e i nne r disk a n d vr is t h e 

r ad i a l veloci ty. In a s t e a d y s t a t e , t h e r a t e of energy release p e r un i t r ad iu s 

is 

(3) 

w i th t h e r ad i a l t r a n s p o r t of angu l a r m o m e n t u m . 

Let us s u p p o s e t h a t t h e hole a n g u l a r veloci ty a p p r o a c h e s i ts m a x i m a l 

va lue a n d t h e ver t ica l field, t h r e a d i n g b o t h t h e disk a n d t h e hole h a s a 

s t r e n g t h Bo close t o t h e m a x i m u m value t h a t it can still h a v e w i t h o u t 

d i s r u p t i n g t h e disk. I t is t h e n s t r a igh t fo rward t o show t h a t t h e r a t i o of t h e 

t o r q u e t h a t t h e hole exe r t s on t h e disk Go t o t h e flux of a ngu l a r m o m e n t u m 

car r ied by t h e inflowing m a t t e r is roughly 
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W h a t h a p p e n s n e x t is qu i t e in t e res t ing . P r o v i d e d t h a t t h e r e a re no t t o o 

m a n y d i s t a n t e n c o u n t e r s n e a r a p b o t h o n , t h e orbi t will g r adua l ly c i rcular ize 

la rge ly t h r o u g h t h e g r a v i t a t i o n a l r a d i a t i o n . I t will p r o b a b l y also se t t l e i n t o 

t h e e q u a t o r i a l p l a n e of t h e hole a s s u m i n g t h a t it is sp inn ing . (I t t u r n s ou t 

t h a t th i s evo lu t ion is only possible for p r o g r a d e cap tu r e s . ) T h e o rb i t will 

g r a d u a l l y sh r ink un t i l i t r eaches i ts R o c h e rad ius TR ~ 3—5m a t which po in t 

i t will p o u r t h r o u g h i ts L\ po in t t o form an o rb i t ing , degene ra t e r ing . ( T h i s 

h a p p e n s on a d y n a m i c a l t i m e scale because t h e n a t u r a l r ad iu s of a w h i t e 

d w a r f increases w i t h decreas ing m a s s , whereas t h e r ad ius of t h e R o c h e 

lobe decreases . ) Now th i s r ing will be subjec t t o t w o t y p e of ins tab i l i ty . 

F i r s t ly , t h e r e will b e " P a p a l o i z o u - P r i n g l e " ins tabi l i t ies which m a y des t roy 

t h e r ing soon after i t forms. However , secondly t h e r e a re B a l b u s - H a w l e y 

t y p e ins tab i l i t i es t h a t will amplify m a g n e t i c field a n d m a y c rea t e loops 

which escape u n d e r b u o y a n c y forces a n d can link t h e t o r u s . If t h e second 

in s t ab i l i t y can grow before t h e first, t h e n it is possible t o bui ld u p t h e field 

t o a s t r e n g t h as la rge as ~ 1 0 1 1 - 1 2 G. Now m u c h of th i s m a g n e t i c flux will 

cross t h e event h or izon of t h e hole a n d can e x t r a c t i ts spin energy. It is no t 

c lear a t t h i s s t a g e if all of th i s can occur fast enough t o accoun t for a 7 - r a y 

b u r s t , b u t it does seem likely t h a t events like th i s o u g h t t o occur if t h e nuclei 

of dwar f ga laxies con t a in ~ 1 0 5 b lack holes a n d should b e obse rvab le . 

As m o s t of t h e s t eps in th i s evo lu t ion d e p e n d u p o n secure phys ics , like t h e 

e q u a t i o n of s t a t e for d e g e n e r a t e m a t t e r , it should be poss ib le t o s i m u l a t e 

i t w i th some confidence, a n d p e r h a p s u l t i m a t e l y use it t o p rov ide a s t r o n g 

field t e s t of genera l re la t iv i ty . 
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