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

T h e s t u d y of s u p e r m a s s i v e ga lac t ic b lack holes ( B H ) has moved b e y o n d 

discovery t o m a t u r i t y . T h e are now ~ 15 rel iable de t ec t ions . T h e m a s s of a 

c e n t r a l b lack hole a p p a r e n t l y corre la tes w i t h t h e m a s s of t h e ho t c o m p o n e n t 

of i t s ga lac t ic h o s t . It m a y b e t h a t every n o r m a l ga laxy has a s u p e r m a s s i v e 

b lack hole ca r ry ing a b o u t 1 0 ~ 3 of i t s bu lge m a s s , w i th i m p o r t a n t conse-

quences for t h e s t r u c t u r e a n d evolut ion of t h e core of t h e ga laxy . T h e m o s t 

r ecen t m a j o r review is by K o r m e n d y & R ichs tone (1995, K R ) . 

2 . S u p e r m a s s i v e B l a c k H o l e s : F o s s i l R e l i c s o f t h e Q u a s a r E r a ? 

In t h e s t a n d a r d p a r a d i g m of b lack hole powered accre t ion , t h e obse rved 

q u a s a r l u m i n o s i t y funct ion p red ic t s t h e dens i ty of b lack holes t h a t once 

p o w e r e d q u a s a r s . T h e locally m e a s u r e d energy dens i ty in q u a s a r l ight is 

w h e r e Φ(Σ\ζ) is t h e q u a s a r l uminos i ty funct ion a t a given redshift z, a n d t 

is t i m e (So l t an 1982, Choksh i & T u r n e r 1992). Th i s e s t i m a t e is i n d e p e n d e n t 

of Ho a n d Ωο, b u t d e p e n d s on bo lome t r i c correc t ions t o t h e q u a s a r lumi-

nosi t ies used t o der ive t h e l uminos i ty funct ion above . T h e p re sen t dens i ty 

1 Based on observations made with the NASA/ESA Hubble Space Telescope, obtained 
at the Space Telescope Science Institute which is operated by AURA, Inc., under NASA 
contract NASW 5-26555. 

2 On behalf of the "Nuker" Team: E. Ajhar, R. Bender, G. Bower, A. Dressier, S. M. 
Faber, K. Gebhardt, R. Green, C. Grillmair, J. Kormendy, T. R. Lauer, J. Magorrian, S. 
Tremaine and the author. 
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of t hose b lack holes is s imply t h e mass equivalent of t h a t energy, d iv ided 

by t h e efficiency e of conversion of g r av i t a t i ona l energy i n t o l ight ou t s ide 

t h e ho r i zon . I t s n u m e r i c a l va lue ( i n d e p e n d e n t of Ho a n d Ωο) is a b o u t 

^ = ^ = 2 . 2 x l 0 5 ( ^ - ) 1MeMVc-\ (2) 

Clear ly some q u a s a r s a re events in galaxies , a l t h o u g h it is no t clear w h e t h e r 

ce r t a in e n v i r o n m e n t s or H u b b l e t y p e s p red i spose a ga laxy t o a q u a s a r p h a s e 

(see Bahca l l et al. 1997) . There fore , i t is i n t e re s t ing t o c o m p a r e t h e b lack 

hole dens i ty t o t h e ga laxy dens i ty (for e x a m p l e , from Loveday et al. 1992) , 

wh ich is j = 1.4 χ l O 8 / i 7 / 0 / M p c 3 . T h e r a t i o of t h e m e a n b lack hole m a s s 

dens i t y t o t h e m e a n ga laxy l u m i n o u s dens i ty is 

Τ = & = . .7.4 x U r t - ( £ ) - ( £ ) . , 3 , 

A n o t h e r i n t e r e s t i ng p red ic t ion of t h e black hole accre t ion m o d e l for 

q u a s a r s is t h e b lack hole m a s s , which is b o u n d e d from below by t h e r a d i a t e d 

energy , as follows. 

M ^ i ä f ^ x ^ M e ^ ) ^ ) ^ ) - , (4 , 

w h e r e τ is t h e q u a s a r l i fet ime. 

3 . B l a c k H o l e M a s s e s f r o m T h r e e S o u r c e s 

3.1. GAS DISKS 

Some of t h e p r e t t i e s t ev idence for cen t ra l b lack holes in galaxies comes 

from gas disks obse rved w i th H S T (see Ford in th is vo lume a n d references 

t h e r e i n ) . If t h e gas is in c i rcular s t r eaml ines , t h e n t h e encircled m a s s can b e 

easi ly e s t i m a t e d in t h e s a m e m a n n e r as r o t a t i o n curves of spira l ga laxies : 

Mr = v2r/G, (5) 

w h e r e ν is t h e obse rved veloci ty (cor rec ted for disk inc l ina t ion) a n d r is 

i t s d i s t a n c e f rom t h e cen te r . T h e compl ica t ion in th i s case is t o convince 

oneself t h a t t h e obse rved gas real ly is in o rb i t a r o u n d t h e mass ive ob j ec t , 

r a t h e r t h a n flowing o u t , a n d t o e s t i m a t e t h e inc l ina t ion of t h e disk. In t h e 

i m p o r t a n t case of M 8 7 , t h e disk m o d e l is s u p p o r t e d by t h e de ta i led ve loc i ty 

m a p p i n g of M a c c h e t t o et al. 1997. 

3.2. MASERS 

T h e p resence of m a s e r sources in a p p a r e n t l y Kep le r i an r o t a t i o n on mi l iarc-

second scales in several A G N ' s b r ings an u n p r e c e d e n t e d reso lu t ion t o th i s 
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p r o b l e m (Miyosh i et al 1995, Greenhi l l et ai , 1996, Greenhi l l et al . 1997 

a n d Sofue th i s v o l u m e ) . In these cases , t h e e m i t t e d l ight m u s t b e pass ing 

t h r o u g h long d i s t ances w i th smal l veloci ty g r ad i en t s , so i t seems likely t h a t 

we a r e preferent ia l ly seeing edge-on disks a long l ines t a n g e n t t o t h e flow 

d i r ec t ion , a n d t h a t t h e i n t e r p r e t a t i o n of t hese velocit ies in t e r m s of eqn 5 

is r e a s o n a b l e (Greenhi l l et al. 1996 discusses some compl i ca t ions ) . 

3.3. STELLAR DYNAMICS 

I n t e r p r e t a t i o n of d y n a m i c s of s t a r s is t h e m o s t difficult of t h e s e m e t h o d s 

b e c a u s e an obse rved profile of veloci ty m o m e n t s r is ing sha rp ly t o w a r d t h e 

ga lac t ic cen te r can e i the r be i n t e r p r e t e d in t e r m s of t h e m a s s d i s t r i bu t ion or 

in t e r m s of t h e an i so t ropy of t h e phase - space d i s t r i bu t ion fun t ion . W e m a k e 

use of a pena l ized max imum- l ike l i hood m e t h o d ( M e r r i t t 1997) t o der ive full 

l ine-of-sight veloci ty d i s t r i bu t ions from t h e observed absorp t ion- l ine s p e c t r a 

of t h e ga lax ies , a n d an o rb i t -based m a x i m u m en t ropy m e t h o d ( R i c h s t o n e 

et ai 1998) t o i n t e r p r e t t h e velocit ies so inferred. Th i s m e t h o d , valid for 

a x i s y m m e t r i c m a s s a n d l ight d i s t r i bu t i ons , is s imilar t o t h e spher ica l m a x -

i m u m e n t r o p y m e t h o d descr ibed by R ichs tone a n d T r e m a i n e (1988) , which 

w a s i tself b a s e d on Schwarzschi ld ' s (1979) m e t h o d . I t is also nea r ly iden-

t i ca l t o t h e m e t h o d used by C r e t t o n et al. (1997) a n d van der Mare l ( th i s 

v o l u m e ) a n d the i r co l l abo ra to r s . All of these m e t h o d s have a t the i r core 

t h e following bas ic p r o c e d u r e : 

1. C h o o s e a m a s s d i s t r i bu t i on cons is ten t w i t h t h e observed l ight d is t r i -

b u t i o n (it m a y b u t need no t inc lude a m a s s po in t a t t h e cen t e r ) ; 

2 . C o m p u t e t h e g r a v i t a t i o n a l field of t h a t m a s s d i s t r i bu t ion ; 

3 . Survey t h e o rb i t s in t h e g r a v i t a t i o n a l field, saving the i r dens i ty dis t r i -

b u t i o n ; 

4 . Force t h e s u m of t h e dens i ty d i s t r i bu t ions of t h e ind iv idua l o r b i t s , 

we igh ted by a non-nega t ive o c c u p a t i o n n u m b e r for each o rb i t , t o m a t c h 

t h e obse rved l ight d i s t r i bu t i on of t h e ga laxy; 

T h a t set of o rb i t s (if one exis ts ) is a d y n a m i c a l m o d e l for t h e ga laxy . 

In t h e resu l t s r e p o r t e d below a n d hereaf ter , we a re us ing a new vers ion 

of t h e p r o g r a m which o p e r a t e s in a genera l a x i s y m m e t r i c m a s s d i s t r i b u t i o n , 

a n d wh ich m a t c h e s t h e en t i r e line-of-sight veloci ty d i s t r i bu t ion of t h e s t a r s 

in t h e m o d e l aga ins t t h e obse rva t ions . 

4 . T h e B l a c k H o l e M a s s — B u l g e L u m i n o s i t y R e l a t i o n 

F i g u r e 1 con ta in s a s c a t t e r p lot of de t ec t ed black hole m a s s versus t h e m a s s 

of t h e ho t c o m p o n e n t of t h e hos t ga laxy. E x c e p t for t h e m a s e r sources , p o i n t 

in t h e figure is a dynamica l ly e s t i m a t e d cen t ra l da rk m a s s w h e r e t h e r e is 
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Figure 1. Black hole mass versus spheroid magnitude. Filled circles are black hole 
detections by stellar dynamics. Diamonds are black hole masses from gas disks. Squares 
are masses from masers. The spheroid magnitude is the blue magnitude of the "hot" 
component of the galaxy (the entire elliptical or the bulge of a Spiral or SO). The vertical 
line approximately divides spheroids into Cores and Power Laws (Lauer 1995), and the 
diagonal line is the black hole mass prediction from quasars assuming Af# = TLbuige, 
with Τ determined from the quasar distribution in luminosity and redshift and assuming 
a luminous efficiency of 10% (eqn 3). 

g o o d d y n a m i c a l ev idence for t h e m a s s coupled wi th an absence of l ight t o 

a c c o u n t for t h a t m a s s in t e r m s of s t a r s . In t h e case of t h e m a s e r sources , 

t h e r e is ev idence for a l a rge mass in a very smal l vo lume (see t h e t a l k s by 

Sofue a n d by Maoz in th i s v o l u m e ) . T h e d a t a in F igu re 1 a re u p d a t e d f rom 

K o r m e n d y 1993 a n d K R . w i t h newer d a t a for mase r ob jec t s as r e p o r t e d 

in §3.2, a n d new or improved masses from K o r m e n d y et al. 1997 for N G C 

4 4 8 6 B , K o r m e n d y et al. 1998 for N G C 3377, G e b h a r d t et al. 1997 for N G C 

3379, Bower et al. 1997 for M 8 4 , van der Mare l et al. 1997 for M32 a n d 

van den Bosch 1997 for N G C 4342. In t h r e e cases , H u b b l e d a t a p rov ides a 

signif icant ga in in reso lu t ion over g r o u n d - b a s e d d a t a , confi rming t h e o lder 

A l t h o u g h t h e n u m b e r of p o i n t s in t h e figure is smal l , several i n t e r e s t ing 

fea tu res a re i m m e d i a t e l y clear . 

1. O b j e c t s a re d isp layed us ing each of t h e t h r e e m e t h o d s desc r ibed in §3. 

T h e y d o n o t clearly s e p a r a t e ou t by m e t h o d (except for t h e k n o w n 

ana lyses . 
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fact t h a t l u m i n o u s el l ipt icals a re m o r e likely t o have cold gas t h a n 

faint e l l ip t ica ls ) . T h e analys is m e t h o d s are r a t h e r different, a n d (espe-

cially t h e m a s e r a p p r o a c h ) h a v e different inferred m i n i m u m d e t e c t a b l e 

m a s s e s for t h e ob jec t s obse rved . T h u s t h e possible s y s t e m a t i c e r rors 

a n d select ion biases a re different. If t h e y were la rger t h a n t h e sp r ead 

of masses shown t h e y would be visible in t h e form of a segrega t ion of 

ob j ec t s of one k ind or a n o t h e r in F igu re 1. 

2 . Sp i ra l , SO a n d El l ip t ica l ga lax ies , as well as A G N (spi ra ls ) a re all rep-

r e s e n t e d , w i t h n o clear segregat ion by H u b b l e t y p e . 

3 . T h e resu l t s a re roughly cons i s ten t w i th t h e q u a s a r accre t ion p a r a d i g m 

if m o s t galaxies h a v e supe rmass ive b lack holes . 

5. T h e D e n s i t y o f S u p e r m a s s i v e B l a c k H o l e s 

T h e d i s t r i b u t i o n of b lack hole masses w i th ga laxy bu lge luminos i t ies is 

i n t e r e s t i n g in i t s own r igh t , b u t it p r o m p t s t w o add i t i ona l ques t ions : w h a t 

is t h e f ract ion of ga laxies t h a t con ta in black holes in t h e m a s s r ange impl ied 

by t h e s c a t t e r plot in F igu re 1, a n d to w h a t e x t e n t is t h e form of t h e 

d i s t r i b u t i o n d e t e r m i n e d by select ion. W e have developed a s t a t i s t i ca l m o d e l 

of t h e B H d i s t r i bu t i on t o addres s these ques t ions ( M a g o r r i a n et ai 1997). 

T h e bas ic a s s u m p t i o n of th is m o d e l is t h a t t h e ques t ion of w h e t h e r a 

g a l a x y con ta in s a supe rmass ive black hole or no t can b e addressed in t e r m s 

of a p r o b a b i l i t y of f inding a B H as a funct ion of var ious p rope r t i e s of t h e 

ga laxy . In t h e M a g o r r i a n et ai p a p e r we fur ther assume t h a t th i s funct ion 

can b e p a r a m e t r i z e d in t e r m s of χ = M # / m 6 w / p e , in t h e sense t h a t t h e 

p r o b a b i l i t y of f inding a B H of m a s s M # is fp(x), where ρ is no rma l i zed on 

t h e in t e rva l 0 < χ < oo, so / is t h e f ract ion of galaxies w i th supe rmass ive 

b lack holes . T h e b e s t p a r a m e t e r s of ρ a re found us ing B a y e s ' t h e o r e m w i t h 

a flat "p r i o r " . A s imple choice for ρ is a no rmal i zed log -Gauss i an , 

W e find t h e m o s t p r o b a b l e p a r a m e t e r s , given a s amp le of 32 r ea sonab ly 

dus t - f ree ob j ec t s w i t h H S T p h o t o m e t r y a n d g r o u n d - b a s e d k inema t i c s (dis-

pe r s ion a n d r o t a t i o n profiles) d r a w n from t h e l i t e r a t u r e w i t h o u t r ega rd t o 

p r io r suspic ion of a p r e sen t B H . 1 E a c h ga laxy in th is s a m p l e was t h e n 

mode l l ed as a w i th a c o n s t a n t b u t u n k n o w n M / L , u n k n o w n inc l ina t ion a n d 

u n k n o w n cen t r a l b lack hole mass us ing a two- in tegra l (energy a n d ζ angu-

lar m o m e n t u m ) d i s t r i bu t ion funct ion , t o der ive t h e m o s t p r o b a b l e values 

*Our investigations only refer to "normal" galaxies that lie on or near the fundamental 
plane or Tully-Fisher relation. We cannot make any statements about black holes in LSB, 
dwarf or irregular galaxies. 

ρ dx ex exp — 
[log(x) - log(xo)]2 

2 Δ 2 
dx. (6) 
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Figure 2. Likelihood contours from a Bayesian (or, equivalently in this case, a Maxi-
mum-Likelihood) estimate of the parameters of equation 6 from Magorrian et al. 1997. 

of t h e t h r e e u n k n o w n s . Fou r ob jec t s (wi th k inemat i ca l ly decoupled cores) 

failed th i s p r o c e d u r e for a n y choices of t h e p a r a m e t e r s . Of t h e r e m a i n d e r , 

all b u t one r equ i r ed a l a rge cen t ra l m a s s for a n y mode l t o m a t c h t h e d a t a . 

For five galaxies in t h i s set also ana lyzed by Schwarzschi ld ' s m e t h o d t h e B H 

masses agree q u i t e well . T h e resu l t s for th i s p a r a m e t e r i z a t i o n are shown in 

F i g u r e 2. 

T h e b e s t fit for t h e p a r a m e t e r s of eqn 6 are / = 0.97, xo = 1.5X 1 0 ~ 3 a n d 
Δ = 1.2. T h i s t r a n s l a t e s t o a r a t h e r b r o a d d i s t r i bu t ion in χ = M%/miuige, 

a b o u t an o rde r of m a g n i t u d e wide , a n d impl ies t h a t 97% of galaxies have 
s u p e r m a s s i v e b lack holes , w i t h masses typica l ly Ι Ο " 2 t o 1 0 - 3 of the i r bu lge 
m a s s (see M a g o r r i a n et al. for de ta i l s ) . 

6 . I m p l i c a t i o n s f o r G a l a x i e s 

If s u p e r m a s s i v e b lack holes are " s t a n d a r d e q u i p m e n t " in t h e cen te r s of 

n o r m a l ga lax ies , t h e r e a re (a t l eas t ) five i m p o r t a n t consequences . 

E v e n w i t h o u t a s u p e r m a s s i v e b lack hole, stochastic orbits m a y p lay an 

i m p o r t a n t role in t h e evo lu t ion of t h e sys t ems , as sugges ted by M e r r i t t 

k F r i d m a n (1996, 1997, a n d Mer r i t t 1997). T h e fract ion of p h a s e space 

covered b y s tochas t i c o rb i t s is a s t r ong funct ion of t h e cen t ra l c o n c e n t r a t i o n 

of t h e m a s s dens i ty . T h u s , t h e add i t i on of a b lack hole increases t h e role 

of t hose o r b i t s . M e r r i t t a n d Q u i n l a n 1997 have also sugges ted t h a t t h e 

d e s t r u c t i o n of t r i ax ia l s t r u c t u r e s (ba r s ) by s tochas t i c o rb i t s l imi ts t h e value 
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of χ = M./rribuige t o x<10~2, b u t t h e r e are o t h e r accre t ion m e c h a n i s m s 

t h a n b a r - d r i v e n a n g u l a r m o m e n t u m t ransfer , a n d t h e d i s t r i b u t i o n of χ is 

p r o b a b l y m o r e nea r ly cen te red on χ ~ 1 0 - 3 t h a n χ ~ 1 0 ~ 2 . 

Rees (1988) a n d G o o d m a n and Lee (1989) suggest t h a t stellar breakup 

flares will occu r in galaxies w i th supe rmass ive black holes below a b o u t 

1 0 8 Μ Θ . T h e resu l t s d iscussed above suggest t h a t m a n y galaxies a re candi -

d a t e s . 

T r e m a i n e 1995 has a rgued t h a t t h e "doub le nuc l eus " of M 3 1 ( L a u e r 

et al. 1993) is a n eccentric d e c o m p o s e d of s t a r s on el l ipt ical o rb i t s a r o u n d 

t h e b lack hole . T h e presence of a B H is no t crucial for t h e presence of t h e 

r ing , b u t i t is cr i t ical for i ts eccentr ic i ty . T h e presence of mul t ip l e nuclei 

or ( a t lower re la t ive reso lu t ion) off-center or skew nuclei should no t b e 

e x t r a o r d i n a r y if B H are c o m m o n . N G C 4486B (Lauer et al. 1996) is a 

poss ib le second case of th i s p h e n o m e n o n . 

T h e surv iva l of t h e core fundamental plane (Fabe r et al. 1997) aga ins t 

acc re t ion of low m a s s high SB galaxies is a k n o w n p r o b l e m . Minske & 

R i c h s t o n e 1998 numer ica l ly confirm Weinbe rg ' s 1997 e s t i m a t e of r e s o n a n t 

t i da l h e a t i n g of smal ler galaxies d u r i n g accre t ion , b u t a rgue t h a t he did no t 

r e a s o n a b l y a p p r o x i m a t e t h e core f u n d a m e n t a l p l ane in his d ismissal of t h e 

p r o b l e m . Mass ive b lack holes would , however , des t roy dense dwar f galaxies 

so long as t h e y e n c o u n t e r t h e cen te r of t h e la rger ga laxy whi le on a r a t h e r 

e l o n g a t e d o rb i t , t h u s p e r m i t t i n g t h e suvival of t h e core f u n d a m e n t a l p l a n e . 

If b lack holes form d u r i n g t h e e p o c h of ga laxy fo rma t ion , t h e black hole 

p r o b a b l y forms ou t of t h e lowest angu l a r m o m e n t u m gas as soc ia t ed w i t h 

t h e denses t p a r t of t h e ga laxy or sub-ga laxy (see Eisens te in & Loeb 1995, 

w h o a rgue for a seed m a s s of ~ 1 0 5 Μ Θ ) . D u r i n g subsequen t h ie ra rch ica l 

m e r g i n g , if s l ingshot e ject ion is insignif icant , a set of p ro to - sub-ga lax ies 

c o n t a i n i n g b lack holes will bui ld t h e obse rved re la t ionsh ip t h r o u g h a suc-

cession of m e r g e r s in which t h e black holes merge as well as t h e p ro to -bu lges 

( H a e h n e l t & Rees 1993). O n e can imag ine a var ie ty of a l t e r n a t e scenar ios , 

such as M e r r i t t & Q u i n l a n ' s , t h a t t a p a smal l f ract ion of reservoir of m a s s 

in t h e bu lge . 
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