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ABSTRACT. A growing body o f ev idence from s t e l l a r dynamics in the 

nuc le i o f g a l a x i e s i n d i c a t e s t h a t supermassive b l a c k ho l e s o f 

1 0 7 - 1 0 9 Μ. are common. The two b e s t cases are M31 and M32, f o r 

which dark, c en tra l mass c o n c e n t r a t i o n s are the on ly s t r a i g h t f o r w a r d 

i n t e r p r e t a t i o n . M87 cont inues to be a p o s s i b l e l o c a t i o n o f an even 

more mass ive b lack h o l e , but new o b s e r v a t i o n s and models by the author 

and D. Richstone e f f e c t i v e l y r u l e out the high b l a c k ho le mass ~ 5 χ 

1 0 9 M0 c la imed by Sargent , Young, and c o l l a b o r a t o r s . New data are 

a v a i l a b l e f o r severa l o t h e r nearby g a l a x i e s which a l s o show kinemat ic 

s i g n a t u r e s t h a t could a l s o be due t o supermassive b l a c k h o l e s . The 

Hubble Space Te le scope w i l l p lay the key r o l e in s t rengthen ing t h e s e 

cases and e l i m i n a t i n g , f o r the b e s t examples , a l t e r n a t i v e models which 

do not r e q u i r e supermassive b lack h o l e s . 

1 . INTRODUCTION 

The not ion t h a t a supermassive b lack ho le i s the c r u c i a l component o f 

AGN powerhouse has been around f o r a long t i m e . In 1 9 6 9 , Lynden-Bell 

l i s t e d the quasar p r o p e r t i e s t h a t drove t h e o r i s t s o f the t ime to 

conclude t h a t the energy o f quasars i s probably g r a v i t a t i o n a l in 

o r i g i n and most l i k e l y due to a c c r e t i o n onto a supermassive b lack 

h o l e . The c r u c i a l ev idence comes from rapid changes in l u m i n o s i t y 

(about a day) which imply a s i z e no b i g g e r than the s o l a r sys tem. Even 

i f the energy output could be suppl i ed by thermonuclear p r o c e s s e s with 

an e f f i c i e n c y o f about 1%, ~ 1 0 9 M0 are required f o r an average 

l u m i n o s i t y quasar . However, 1 0 9 M0 packed i n t o a volume the s i z e o f 

the s o l a r system has a g r a v i t a t i o n a l binding energy comparable to o r 

g r e a t e r than the nuc l ear energy s o u r c e . As Rees ( 1 9 8 4 , see F i g . 1) 

p o i n t s o u t , whether the mass i s in the form of a supermassive s t a r , a 

dense s t a r c l u s t e r , o r a b lack h o l e , the probable end s t a t e in any 

case i s a supermassive b lack h o l e . A c c r e t i o n onto ho le s with masses in 

the range 1 0 7 - 1 0 9 match the b a s i c requirements o f energy and 

v a r i a b i l i t y ; Lynden-Bell noted t h a t the a c c r e t i o n was l i k e l y t o 
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proceed through a v i s c o u s d i s k , an idea tha t has been e l a b o r a t e l y 
developed in recent y e a r s . 

What are the o b s e r v a b l e consequences o f such a model , o t h e r than 
the AGN a c t i v i t y i t s e l f ? S ince the centra l d e n s i t i e s in g a l a c t i c 
nuc le i seem to top out at around 1000 M0 per p c 3

r supermassive b lack 
ho le s should dominate s t r u c t u r e and kinemat ics f o r R ζ 10 p c . 
T h e r e f o r e , o b s e r v a t i o n s o f the l i g h t d i s t r i b u t i o n s , and the k inemat ics 
o f gas and s t a r s , should unmask them. This sounds s imple enough, but 
there i s s t i l l the ques t ion o f where to l o o k , s i n c e we do not y e t know 
i f AGN a c t i v i t y was a b r i e f ep i sode in the l i f e o f most g a l a x i e s , or a 
ongoing ca tac lysm in a few, rare o b j e c t s . Lynden-Bell ( 1 9 6 9 ) presented 
t h i s i s s u e very c l e a r l y . I f one assumes t h a t the quasar l i f e t i m e was a 
small f r a c t i o n o f the quasar e v o l u t i o n t i m e s c a l e ( 1 0 6 v s . 1 0 9 y e a r s , 
f o r example ) , a s imple e v a l u a t i o n o f the quasar d e n s i t y i m p l i e s t h a t 
"dead quasars" , i . e . , dormant b lack h o l e s , should be f a i r l y common in 
the Local S u p e r c l u s t e r - even a descendant o f a rare r a d i o - l o u d quasar 
should be p r e s e n t . On the o t h e r hand, i f quasars had a long l i f e t i m e 
comparable to the e v o l u t i o n t i m e , e i t h e r in a cont inuous or b u r s t i n g 
mode, very few g a l a x i e s would have been one- t ime quasars and t h e r e f o r e 
they should be harder to f i n d . Thus, from the p o i n t of view of an 
o b s e r v e r , there are two p o s s i b l e s t r a t e g i e s : (1 ) c o n c e n t r a t e on AGNs 
in the b e l i e f t h a t the a c t i v i t y b e t r a y s the presence o f a supermass ive 
b lack h o l e ; (2 ) i n v e s t i g a t e t y p i c a l g a l a x i e s which are more e a s i l y 
s tud ied because they are l e s s d i s t a n t and t h e i r s p e c t r a are f r e e o f 
the complex AGN f e a t u r e s . 

I w i l l b r i e f l y review progres s along both these avenues , 
c o n c e n t r a t i n g on ev idence from s t e l l a r dynamics in the cores o f 
g a l a x i e s . F i r s t I w i l l d i s c u s s ev idence f o r a supermassive b l a c k ho le 
in the AGN M87, which has been a wide ly d i s c u s s e d example f o r 10 
y e a r s . I ' l l present new data which, I hope, s e t t l e s some of the 
c o n t r o v e r s i a l i s s u e s . I w i l l conclude tha t there i s s t i l l no 
s u b s t a n t i a l ev idence f o r a supermassive b lack h o l e ; one o f £ 1 0 9 M0 

i s s t i l l very much a p o s s i b i 1 i t y r a l though there i s no kinematic 
ev idence t h a t compels i t . The o r i g i n a l sugges t ion of a ho le much more 
mass ive than t h i s r e q u i r e s a r a t h e r c o n t r i v e d model . I w i l l a l s o 
review what I th ink i s p e r s u a s i v e , near ly compe l l ing , ev idence f o r 
l e s s - m o n s t r o u s b l a c k ho le s in M31 and M32. Here the s i t u a t i o n i s 
r e v e r s e d : r a t h e r c o n t r i v e d models are necessary to avoid the 
c o n c l u s i o n t h a t a supermassive b lack ho le i s p r e s e n t . I f p l a u s i b i l i t y 
arguments l e a v e you c o l d , content y o u r s e l f tha t the launch o f the HST 
w i l l l i k e l y take some of these from the "probable" ca tegory t o 
" c e r t a i n " . The goal o f our twenty y e a r search could be in s i g h t . 

2 . M87: THE STORY CONTINUES 

M87, a g i a n t e l l i p t i c a l ga laxy l o c a t e d in the core o f the Virgo 
c l u s t e r , i s a prime candidate f o r an aging quasar: i t s nucleus i s a 
rad io and X - r a y s o u r c e , and from i t emanates an o p t i c a l j e t . I t should 
have come as no s u r p r i s e , then , t h a t two papers by Young, S a r g e n t , 
Boksenberg, and c o l l a b o r a t o r s in 1978 reported probable d e t e c t i o n o f a 
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supermass ive b l a c k ho le o f 3 - 5 χ 1 0 9 M0 in M87. Y e t , in my 
r e c o l l e c t i o n , a t l e a s t , i t was a s u r p r i s e , p o s s i b l y because o f the 
bo ldness o f the c la im c o n s i d e r i n g t h a t i t was r a t h e r model -dependent . 

The ev idence came in two forms . F i r s t , Young e t a l ^ ( 1 9 7 8 ) 
demonstrated t h a t the l i g h t d i s t r i b u t i o n o f M87 depar t s from a King 
model , peaking-up in the centra l few a r c s e c o n d s . This shoulder (not to 
be confused with a unreso lved centra l l u m i n o s i t y s p i k e ) i s r emin i scen t 
o f the cusp t h a t would deve lop in the d e n s i t y d i s t r i b u t i o n i f an 
extremely mass ive o b j e c t occupied the very c e n t e r o f the g a l a x y . The 
p r o j e c t e d d e n s i t y in such a cusp f a l l s as the 7 / 4 power o f the rad ius 
f o r a t h e r m a l l y re laxed b lack h o l e , or as the 3 / 2 power f o r the case 
o f a d i a b a t i c a c c r e t i o n (Young ( 1 9 8 0 a ) . Ne i ther o f these are s t e e p 
enough to account f o r the cen tra l sp ike in M87, but could account f o r 
the r e s i d u a l shoulder in the l i g h t d i s t r i b u t i o n a f t e r the c e n t r a l 
sp ike i s removed. 

Sargent e t al_^ ( 1 9 7 8 ) presented kinematic data which a l s o 
sugges ted the presence o f a cen tra l mass c o n c e n t r a t i o n M87. The 
v e l o c i t y d i s p e r s i o n r i s e s s t e a d i l y from σ ~ 300 km/sec a t r = 10" t o 
σ ~ 360 km/sec a t r = 1" . In Sargent e t a K both the photometr ic and 
kinematic anomalies were exp la ined by the presence o f a 3 - 5 χ 1 0 9 

s o l a r mass condensed o b j e c t , g iven the g e n e r i c labe l "black h o l e " . In 
a l a t e r paper , Young (1980b) emphasized t h a t M87 was one o f the very 
few systems known, a t the t i m e , to show a peaking o f the l i g h t 
d i s t r i b u t i o n wi th in the c o r e , and the on ly one known t o have a r i s i n g 
v e l o c i t y d i s p e r s i o n wi th in the c o r e . He admit ted , however, t h a t M87 
was one o f the on ly g a l a x i e s known to have such a w e l l - r e s o l v e d core 
( r ~ 1 0 " ) , so few g a l a x i e s were a v a i l a b l e f o r comparison. 

The supermassive b lack hole i n t e r p r e t a t i o n f o r M87 was c h a l l e n g e d 
from two d i r e c t i o n s . Papers were publ i shed which c r i t i c i z e d the 
assumption t h a t the v e l o c i t y d i s t r i b u t i o n func t ion in the core o f M87 
i s i s o t r o p i c . Duncan and Wheeler ( 1 9 8 0 ) , and l a t e r Binney and Mamon 
( 1 9 8 2 ) c la imed t h a t models with cons tant m a s s - t o - l i g h t r a t i o s (M/L) 
could be c o n s t r u c t e d i f the d i s t r i b u t i o n s were made s u f f i c i e n t l y 
a n i s o t r o p i c . Whether these models are p h y s i c a l l y reasonab le has 
remained a c o n t r o v e r s i a l t o p i c f o r many y e a r s . I w i l l re turn t o t h i s 
p o i n t l a t e r . 

The o t h e r c h a l l e n g e came from me, and i t was an o b s e r v a t i o n a l 
one . The model presented in Sargent e t a]_^ p r e d i c t e d a cont inu ing r i s e 
in the s t e l l a r v e l o c i t y d i s p e r s i o n wi th in t h e i r l a s t measured p o i n t , a 
radius o f about 1 . 5 a r c s e c o n d s . I obta ined a spectrum of M87 from Las 
Campanas Observatory through a 1" χ 1" aperture in February, 1980 on a 
n ight o f sub-arcsecond s e e i n g . From a n a l y s i s o f t h i s spectrum 
( D r e s s i e r 1980) I measured a v e l o c i t y d i s p e r s i o n o f σ = 350 ± 32 
km/sec a t an e f f e c t i v e radius o f r ~ 0 . 3 a r c s e c o n d s . This va lue was 
much lower than the σ ~ 500 km/sec p r e d i c t e d by the Sargent e t sfh 
model which inc luded a supermassive b lack ho le o f 5 χ 1 0 9 M 0 . 

I a l s o concluded t h a t most o f the l i g h t in the cen tra l sp ike was 
s t e l l a r r a t h e r than non- thermal , and thus proposed t h a t a s t a r c l u s t e r 
inhab i t ed the c o r e . Both o f these c la ims have been c h a l l e n g e d , most 
r e c e n t l y by F i l ippenko ( 1 9 8 8 ) , who c o r r e c t l y p o i n t s out t h a t 
atmospheric d i s p e r s i o n makes i t i m p o s s i b l e to keep a l l o f the c e n t r a l 
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sp ike and i t s under ly ing s t a r s wi th in a 1" χ 1" aperture over the 
wavelength range 4000 Â < λ < 6000 A . He and I have argued over the 
y e a r s about what was the l i k e l y c o n f i g u r a t i o n o f my o b s e r v a t i o n , and 
l a s t y e a r we concluded from a number o f f a c t o r s t h a t I must have been 
approx imate ly h a l f - o n , and h a l f - o f f the nucleus in the c r u c i a l 
wavelength reg ion 5000 A < λ < 6000 A . I am now ab le t o r e p o r t t h a t 
t h i s c o n c l u s i o n was e s s e n t i a l l y c o r r e c t . I have new measurements taken 
with a long s l i t o r i e n t e d along the atmospheric d i s p e r s i o n . The see ing 
during 2 o f the 3 exposures o f 2000 s was 1 . 0 arcseconds FWHM; t h i s 
was v e r i f i e d by tak ing t e s t exposures o f a nearby s t a r . These s p e c t r a 
( F i g . 1) are o f much h igher s i g n a l - t o - n o i s e r a t i o than my prev ious 
d a t a . and. to my knowledge, are the b e s t now a v a i l a b l e . 

As a r e s u l t o f the a n a l y s i s o f these d a t a . I have one 
conf i rmat ion and one r e t r a c t i o n to make. The conf irmat ion i s t h a t the 
v e l o c i t y d i s p e r s i o n does not cont inue to r i s e but l e v e l s o f f a t about 
360 km/sec , as I had c l a i m e d . F i g . 2 shows t h a t the d i s p e r s i o n i s 
l e v e l f o r r < 2 " . For the cen tra l 1 . 0 8 " χ 0 . 7 2 " the measured 
d i s p e r s i o n i s 360 ± 10 km/sec . The d i s p e r s i o n f a l l s f o r r > 2 " r 

reaching ~ 3 0 0 km/sec at 1 0 " . in agreement with the data o f Sargent 
e t a l . There i s a f e a t u r e in the r o t a t i o n curve a t the 50 km/sec 
levFTthat may or may not be real , but i t i s clear that V < 100 
km/sec f o r the core. m a x 

In c o n t r a d i c t i o n to my 1980 r e p o r t . I now f ind t h a t the c e n t r a l 
sp ike i s mos t ly non- thermal , as Young e t a/L c la imed . The Four ier 
a n a l y s i s program s o l v e s f o r a l i n e s t rength parameter , which can be 
c l e a r l y seen in F i g . 2 t o drop f o r r < 1" . Assuming t h a t the 
l i n e - s t r e n g t h s o f the s t a r s remain c o n s t a n t , I c a l c u l a t e the d i l u t i o n 
and f i n d t h a t i t i s c o n s i s t e n t with the e n t i r e sp ike coming from a 
non-thermal source ( F i g . 3 ) . 

Kormendy (1988a ) has a l s o obta ined high s p a t i a l r e s o l u t i o n 
s p e c t r a o f M87 with the CFHT. With h i s lower S/N s p e c t r a he has not 
attempted to measure k i n e m a t i c s , but he comes t o the same c o n c l u s i o n 
regarding the non-thermal nature o f the centra l s p i k e . 

To d i s c u s s the consequences o f these new o b s e r v a t i o n s , I w i l l 
re turn t o the q u e s t i o n o f whether the core o f M87 can be modeled with 
a c o n s t a n t M/L. Richstone and Tremaine have developed the most general 
approach f o r modeling such sys tems , using a l i n e a r programming 
technique o r i g i n a l l y dev i s ed by Schwarzsh i ld . They assemble a g a l a x y 
from a l i b r a r y o f s t e l l a r o r b i t s in such a way as to reproduce the 
kinematic data whi l e s i m u l t a n e o u s l y matching the d e n s i t y d i s t r i b u t i o n , 
which i s d e r i v e d from the l u m i n o s i t y p r o f i l e assuming some f u n c t i o n 
M/L = f ( r ) . For each s o l u t i o n a d i s t r i b u t i o n funct ion o f the s t e l l a r 
energy and angular momentum i s determined. The p r e d i c t i o n s are g iven 
in d i s c r e t e rad ia l v e l o c i t y b i n s , l e s s appeal ing a e s t h e t i c a l l y than 
cont inuous f u n c t i o n s , but more p r a c t i c a l because the sampling o f data 
and models can be e x a c t l y matched. A complete d e s c r i p t i o n o f the 
method i s g iven by Richstone and Tremaine ( 1 9 8 4 , 1 9 8 5 ) , i n c l u d i n g a 
comparison with another approach by Newton and Binney ( 1 9 8 4 ) which i s 
complementary. 

In t h e i r 1985 paper , Richstone and Tremaine reached the same 
c o n c l u s i o n as e a r l i e r workers t h a t a cons tant M/L model f o r M87 was 
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Figure 1 . Spec tra o f a KOIII s t a r ( top) and, s t a r t i n g with the second 

from the t o p , s p e c t r a o f M87 a t e f f e c t i v e r a d i i o f 8 . 5 , 4 . 2 , 2 . 0 , 0 . 9 , 

0 . 4 , and 0 . 1 arcseconds from the n u c l e u s . The i n c r e a s i n g contaminat ion 

o f the s p e c t r a by non-thermal l i g h t , as t raced by [0 I I I ] and Wß 

e m i s s i o n , i s o b v i o u s . The Mg 'b' t r i p l e t i s seen c l e a r l y in a l l 

s p e c t r a , but [Ν I ] X5200 A from the non-thermal component 

contaminates the red wing. 
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Figure 2 . The run o f v e l o c i t y d i s p e r s i o n σ , r o t a t i o n v e l o c i t y c z , and 

l i n e - s t r e n g t h 7, determined with the Four ier a n a l y s i s program. The 

d i s p e r s i o n σ does not r i s e wi th in the inner 2 a r c s e c o n d s , and the 

r o t a t i o n v e l o c i t y i s s m a l l . D i l u t i o n by non-thermal l i g h t i s i n d i c a t e d 

by the drop in 7 f o r r < 2 a r c s e c o n d s . 
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Figure 3 . P r o f i l e s o f M87 l i g h t en ter ing the s l i t o f the spectrograph 
f o r the two exposures o f b e s t s e e i n g . The shaded area i s t h a t 
c o n t r i b u t e d by non-thermal l i g h t , as judged by the l i n e - s t r e n g t h 
parameter 7 . 
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log(R) log(r) 

Figure 4 . Models o f Μ87· The r ight -hand p l o t s show the model k inemat ic 
parameters . The l e f t hand p l o t s show p r o j e c t e d "observab le s" : 
Pred ic ted σ i s compared with the data ; V i s the maxi urn r o t a t i o n 
p o s s i b l e . The top panel i s a cons tant M/L model with no added b l a c k 
h o l e . The middle panel has a b l a c k ho le o f 1 0 9 M 0 , the bottom 3 . 6 χ 
1 0 9 M 0 . The l a t t e r i s very a n i s o t r o p i c and p r e d i c t s a high r o t a t i o n 
r a t e which i s not o b s e r v e d . 
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c o n s i s t e n t with the t h e n - a v a i l a b l e d a t a . From i n s p e c t i o n o f the 
d i s t r i b u t i o n funct ion f o r t h i s cons tant M/L model , i t i s c l e a r t h a t 
t h i s model i s not h igh ly c o n t r i v e d . M e r r i t t ( 1 9 8 7 ) has ques t ioned the 
s t a b i l i t y o f the Newton and Binney model , but Richstone (1988a ) 
b e l i e v e s t h a t the Richstone-Tremaine model should be more s t a b l e 
a g a i n s t b a r - l i k e i n s t a b i l i t i e s because i t i s c o n s i d e r a b l y l e s s 
a n i s o t r o p i c . 

Richstone and I have been working with my new data f o r M87 and we 
have been a b l e to p l a c e t i g h t e r c o n s t r a i n t s on the mass o f a p u t a t i v e 
b lack h o l e . The f i r s t p o i n t to make i s t h a t a r a t h e r mundane, c o n s t a n t 
M/L model with no cen tra l b lack hole matches the d a t a , as seen in 
F i g . 4 . The model has a pre ference f o r rad ia l o r b i t s - the r a d i a l 
d i s p e r s i o n i s about 20% l a r g e r than the t a n g e n t i a l d i s p e r s i o n f o r 
1" < r < 1 0 " . There i s nothing p a t h o l o g i c a l o r non-phys ica l about t h i s 
model , so we conclude t h a t a centra l b lack ho le i s not requ ired by the 
a v a i l a b l e d a t a . 

On the o t h e r hand, are the data c o n s i s t e n t with a supermass ive 
b l a c k h o l e ? We f ind t h a t a supermassive b lack ho le M < 1 0 9 M0 i s 
t e n a b l e , because the observed v e l o c i t y d i s p e r s i o n should not r i s e 
a p p r e c i a b l y wi th in 1" . In such a model , the t a n g e n t i a l d i s p e r s i o n 
exceeds the rad ia l d i s p e r s i o n f o r r < 1", and i f the angular momentum 
of the o r b i t s i s a l i g n e d , there would be a d e t e c t a b l e r o t a t i o n o f 
about V ~ 100 km/sec . However, the model i s not very a n i s o t r o p i c , so 
random misal ignment o f the o r b i t s i s r e a s o n a b l e . In c o n t r a s t , h id ing a 
3 . 6 χ 1 0 9 M0 b lack ho le r e q u i r e s a t a n g e n t i a l d i s p e r s i o n more than 
twice as l a r g e as the rad ia l d i s p e r s i o n . These b a s i c a l l y c i r c u l a r 
o r b i t s would have to be turned by what Richstone c a l l s "a Maxwell 
demon" so t h a t t h e i r angular momentum c a n c e l , o therwise t h e r e would be 
a s i g n i f i c a n t r o t a t i o n V ~ 130 km/sec , comple te ly incompat ib l e with 
the o b s e r v a t i o n s . For masses g r e a t e r than t h i s the s i t u a t i o n becomes 
r a p i d l y worse; f o r M > 4 χ 1 0 9 M0 the v e l o c i t y d i s p e r s i o n 
measurements a lone are s u f f i c i e n t to r e j e c t the model . The Sargent and 
Young model , in which a mass ive b lack ho le o f 3 - 5 χ 1 0 9 M0 was 
needed t o account f o r the departures o f the l u m i n o s i t y p r o f i l e from a 
King law, i s e f f e c t i v e l y ru led o u t . 

In summary, we f i n d : (1 ) a r i s i n g v e l o c i t y d i s p e r s i o n in the core 
t h a t l e v e l s out wi th in 1"; (2 ) no s i g n i f i c a n t r o t a t i o n ; (3 ) a c e n t r a l 
sp ike dominated by non-thermal l i g h t . No b lack ho le i s requ ired t o 
match these o b s e r v a t i o n s , but a b lack ho le o f M < 1 0 9 M0 can be 
f i t t e d in r a t h e r c o m f o r t a b l y . To r u l e out masses l e s s than t h i s 
r e q u i r e s s i g n i f i c a n t l y h igher r e s o l u t i o n , l i k e t h a t a v a i l a b l e with 
HST. I t i s p o s s i b l e to make a model with a 3 χ 1 0 9 M0 b l a c k ho le 
which matches the d a t a , but the model i s c o n t r i v e d in the sense t h a t 
the c e n t r a l s t a r s are on r a t h e r c i r c u l a r o r b i t s which run in o p p o s i t e 
d i r e c t i o n s . I t would be i n t e r e s t i n g to know i f an a c c r e t i n g b l a c k ho le 
would be a b l e to hide i t s e l f by s e l e c t i v e l y d e p l e t i n g rad ia l o r b i t s , 
thus a l t e r i n g a p r e v i o u s l y i s o t r o p i c d i s t r i b u t i o n to make t h i s unusual 
one . Richstone (1988b) b e l i e v e s t h a t such a d e t a i l e d q u e s t i o n i s 
beyond presen t modeling a b i l i t i e s . 
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3 . SUPERMASSIVE BLACK HOLES IN M31 AND M32 

Most o f us b e l i e v e t h a t M87 does have a supermassive b lack h o l e , and 
there 1s some ev idence f o r 1t. U n f o r t u n a t e l y , our p r e j u d i c e and some 
support ing ev idence does not c o n s t i t u t e a proo f . Rlchstone and I have 
r e p e a t e d l y emphasized t h a t demonstrat ing the f a i l u r e o f a l l r easonab le 
models with cons tant M/L 1s the minimum necessary s t ep toward a p r o o f . 
At t h i s t i m e , such a s t ep cannot be taken f o r M87, but i t can be taken 
f o r M31 and M32 where the s p a t i a l r e s o l u t i o n i s some 20 t imes g r e a t e r . 
Whereas c o n t r i v e d models are required support the idea o f a a mass ive 
b l a c k ho le in M87, on the c o n t r a r y , c o n t r i v e d models are needed t o 
avoid the c o n c l u s i o n t h a t M31 and M32 conta in dark, c en tra l mass 
c o n c e n t r a t i o n s . 

Early o b s e r v a t i o n s o f M31 by Lallemand e t a/K ( 1 9 6 0 ) and o f M32 
by Walker ( 1 9 6 2 ) found rapid r o t a t i o n in both systems down t o a few 
arcseconds r a d i u s , about 10 p c . In 1 9 7 4 , Light e t a K imaged M31 with 
the b a l l o o n - b o r n e S t r a t o s c o p e I I and observed a cen tra l l i g h t sp ike 
t h a t , u n l i k e M87, jhs composed o f s t a r s . These e a r l y data h inted a t the 
p o s s i b i l i t y o f e x o t i c kerne l s in both o f these g a l a x i e s , the c l o s e s t 
with l a r g e sphero ida l components. 

Tonry ( 1 9 8 4 ) and D r e s s i e r ( 1 9 8 4 ) obta ined high S/N s p e c t r a o f M32 
which confirmed the rapid r o t a t i o n down to small r a d i i and showed an 
apparent r i s e in the v e l o c i t y d i s p e r s i o n as w e l l . D r e s s i e r ( 1 9 8 4 ) 
found an even more dramatic s i g n a t u r e o f a dynamical subsystem in M31: 
the p r o j e c t e d v e l o c i t y d i s p e r s i o n and r o t a t i o n r i s e a b r u p t l y t o 230 
km/sec and 100 km/sec r e s p e c t i v e l y . Kormendy (1988b) obta ined new 
s p e c t r o s c o p y f o r M31 in b e t t e r s e e i n g , which was matched by D r e s s i e r , 
who a l s o obta ined new data f o r M32 ( D r e s s i e r and Richstone 1 9 8 8 ) , as 
d id Tonry ( 1 9 8 7 ) . 

A l l t h e s e data agree w e l l . The i n t e r p r e t a t i o n i s b e s t handled , in 
my o p i n i o n , in the paper by Richstone and myse l f because we are the 
on ly ones t o c o n s t r u c t dynamical models o f a general n a t u r e . We have 
used a maximum-entropy v e r s i o n o f the Richstone-Tremaine program and 
have deve loped a new way t o compare model p r e d i c t i o n s with the d a t a . 
Rather than at tempt ing t o deconvolve data to compare with t h e o r e t i c a l 
models , we have w r i t t e n a computer program t h a t turns models i n t o 
s y n t h e t i c s p e c t r a . With the model p r e d i c t i o n s o f p r o j e c t e d v e l o c i t y 
d i s p e r s i o n and r o t a t i o n v e l o c i t y , we s y n t h e s i z e the spectrum o f the 
ga laxy a t a s e r i e s o f rad ia l p o s i t i o n s . This s y n t h e s i s a u t o m a t i c a l l y 
f o l d s in the see ing p r o f i l e and the s l i t d imens ions . These s p e c t r a are 
s u b j e c t e d to Four ier a n a l y s i s , j u s t l i k e the real d a t a , thus removing 
a l l o f the u n c e r t a i n t i e s o f comparing model p r e d i c t i o n s t o 
o b s e r v a t i o n s . 

We were unable t o c o n s t r u c t cons tant M/L models f o r e i t h e r M31 o r 
M32. The s i t u a t i o n i s q u i t e d i f f e r e n t from the M87 case because o f the 
s trong r o t a t i o n s i g n a t u r e which l i m i t s the cho ice o f o r b i t s . For 
example, the peak in the d i s p e r s i o n p r o f i l e s can be due t o e i t h e r a 
t r u e d i s p e r s i o n o r a very s t eep r o t a t i o n g r a d i e n t . The l a t t e r d i r e c t l y 
i m p l i e s a r i s i n g M/L and the former can be modeled with c o n s t a n t M/L 
on ly i f the c e n t r a l o r b i t s are r a d i a l , which c o n t r a d i c t s the observed 
r o t a t i o n r a t e . We conclude t h a t approximate ly 8 x 1 0 e M0 o f dark 
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mater ia l are needed in the cen tra l 100 pc 3 o f M32, and about 3 - 7 χ 
1 0 7 M0 in M31. This high d e n s i t y o f ρ > 1 0 5 M0 per p c 3 

e f f e c t i v e l y r u l e s out a l l but a b lack ho le o r a c l u s t e r o f dense 
o b j e c t s l i k e neutron s t a r s o r white dwarfs . Goodman and Lee ( 1 9 8 8 ) 
have s t u d i e d the l a t t e r p o s s i b i l i t y and conclude t h a t i t i s t e n a b l e , 
but t h a t the e f f e c t i v e r a d i i o f such systems would have t o be l a r g e r 
than 0 . 1 a r c s e c o n d s . Thus, t o the degree t h a t we are w i l l i n g t o 
contemplate a c l u s t e r o f many m i l l i o n neutron s t a r s in a 1 p c 3 

volume, the case f o r a b lack hole must await HST o b s e r v a t i o n s t o r u l e 
out t h i s e x o t i c p o s s i b i l i t y . 

R e c e n t l y , Gerhard (1988 ) has sugges ted another a l t e r n a t i v e t o a 
supermass ive b l a c k ho le in M31, tha t o f a s t e l l a r bar o f dimension ~1 
pc t h a t happens to be p o i n t i n g along our l i n e o f s i g h t . Apparent ly 
such t h i n g s are p o s s i b l e , but are not known t o e x i s t and are whol ly 
un l ike the k i l o p a r s e c - l o n g bars Gerhard compares them t o . Gerhard i s 
p a r t l y mot ivated by Kormendy's (1988b) c la im tha t the very c e n t e r o f 
M31 i s d i s k - l i k e . Richstone and I are unconvinced o f t h i s because : ( 1 ) 
my data do not confirm the drop in σ a t r = 2" t h a t Kormendy s e e s ; ( 2 ) 
even i f the d i s p e r s i o n drops a t 2 " , t h i s may not be r e l e v a n t to the 
much s m a l l e r s c a l e o f the b l a c k h o l e ; and (3 ) the S t r a t o s c o p e I I 
imaging shows no s ign o f a f l a t t e n e d system. Gerhard i s b e t t i n g t h a t 
Kormendy i s r i g h t about the nuc l ear d i s k . Even i f he i s , the m i n i - b a r 
model i s ad hoc, and c o n t r i v e d and u n l i k e l y , in my o p i n i o n . As y e t , 
Gerhard has not a c t u a l l y modeled the d i s t r i b u t i o n f u n c t i o n , p r o j e c t i o n 
e f f e c t s , or s ee ing c o r r e c t i o n s , so i t i s not even c l e a r t h a t the model 
can q u a n t i t a t i v e l y reproduce the o b s e r v a t i o n s . 

In summary, whi le an i r o n c l a d case f o r supermassive b lack h o l e s 
cannot y e t be made f o r M31 and M32, the a l t e r n a t i v e s are very e x o t i c . 
As opposed t o the M87 c a s e , one i s hard pressed t o come up with a 
model t h a t does not have a l a r g e amount o f dark mass in a small 
volume. 

4 . OTHER CASES 

Though M31, M32, and M87 are the b e s t s tud ied cases and have r e c e i v e d 
the most a t t e n t i o n , important data f o r o t h e r g a l a x i e s are now becoming 
a v a i l a b l e . Kormendy ( 1 9 8 8 c ) and J a r v i s and Dubath 1988) have obta ined 
s p e c t r a f o r the very c e n t e r o f the Sombrero g a l a x y , N4594 . Kormendy 
f i n d s both kinematic and photometr ic ev idence f o r a n u c l e a r d i s k 
r o t a t i n g r a p i d l y at V = 230 km/sec . Like in the cases o f M31 and M32, 
the rapid r o t a t i o n s e v e r l y c o n s t r a i n s a n i s o t r o p i c models , with the 
r e s u l t t h a t no cons tant M/L models are p o s s i b l e . Kormendy conc ludes 
t h a t a ~ 1 0 9 M0 o b j e c t i s the most r e a s o n a b l e . On the f a c e o f i t , 
t h i s i s the b e s t case y e t f o r a supermassive b lack h o l e . However, 
because t h i s ga laxy i s a t a d i s t a n c e o f n e a r l y 20 Mpc, the volume 
c o n s t r a i n t i s some 1 0 4 t imes weaker than in M31 o r M32. That i s , any 
dark system with a d e n s i t y ρ ^ 1 0 3 M0 per pc 3 w i l l s e r v e , so i t i s 
much more d i f f i c u l t t o r u l e out dense s t a r c l u s t e r s . Aga in , however, 
they must be r a t h e r dark, and the change in s t e l l a r p o p u l a t i o n , as 
Kormendy p o i n t s o u t , i s uncomfortably abrupt . 
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Kormendy ( 1 9 8 7 ) a l s o r e p o r t s a s i m i l a r s teep r o t a t i o n g r a d i e n t in 
NGC 3 1 1 5 , which could s igna l the presence o f a b lack ho le o f 5 χ 1 0 8 

M Q . These data were obta ined in r a t h e r poor s e e i n g , so c o n c l u s i o n s 
are t e n t a t i v e . 

K e e l , a t t h i s c o n f e r e n c e , has reported kinematic data f o r M81 
t h a t imply an upper l i m i t o f 2 χ 1 0 7 M0 f o r any cen tra l mass . He 
bases h i s a n a l y s i s on a s c a l e d up v e r s i o n o f the M31 models by 
D r e s s i e r and R i c h s t o n e . 

I on ly have t ime to mention very important new work on d i s c r e t e 
k inemat ica l subsytems in the cores o f g a l a x i e s . The d i s c o v e r y o f a 
c o u n t e r - r o t a t i n g core f o r IC 1459 by Franx and I l l i n g w o r t h ( 1 9 8 8 ) has 
spurred high r e s o l u t i o n kinematic s t u d i e s o f o t h e r e a r l y type 
g a l a x i e s . Though not a common phenomenon, cases o f high r o t a t i o n and 
d i s p e r s i o n in the n u c l e u s , not always a l i g n e d with the major a x i s o f 
the host g a l a x y , are proving s u r p r i s i n g l y easy to f ind (Jedrzejewski 
and Schechter 1 9 8 8 , Bender 1 9 8 8 ) . A popular i n t e r p r e t a t i o n o f such 
d i s c r e t e subsystems i s t h a t they are merger p r o d u c t s , but i t i s 
p o s s i b l e t h a t some may reveal the e x i s t e n c e o f supermassive b l a c k 
h o l e s . The key datum in t h i s r e s p e c t i s whether the kinematic 
s t r u c t u r e has been s p a t i a l l y r e s o l v e d , f o r example, whether the 
r o t a t i o n curve reaches i t s maximum o u t s i d e the see ing d i s k . In 
r e s o l v e d c a s e s l i k e IC 1459 the merger remnant i n t e r p r e t a t i o n i s 
p a r t i c u l a r l y appea l ing s i n c e cons tant M/L models can e a s i l y be 
f a s h i o n e d . Some o f the cases may not be s p a t i a l l y r e s o l v e d , so h igher 
r e s o l u t i o n s p e c t r a are v i t a l l y needed in order to look f o r the 
s i g n a t u r e s o f supermassive b lack h o l e s . 

There i s q u i t e a b i t o f c i r c u m s t a n t i a l ev idence t h a t our own 
Galaxy harbors a supermassive b l a c k h o l e , much o f i t having to do with 
prov id ing an energy source f o r the a c t i v i t y seen in the G a l a c t i c 
c e n t e r . However, there i s some kinematic ev idence as well t h a t 1 -4 χ 
1 0 6 M0 are concentra ted wi th in the centra l few p a r s e c s , as reviewed 
by Genzel and Townes ( 1 9 8 7 ) . Serabyn and Lacy ( 1 9 8 5 ) t r a c e the l o c i o f 
s evera l i o n i z e d gas s treamers and model these as o r b i t s around 3 . 3 χ 
1 0 6 M0 conta ined wi th in R < 0 . 5 p c . I f t r u e , t h i s i s a c o n s t r a i n t on 
d e n s i t y much l i k e t h a t f o r M31 and M32. The u n c e r t a i n t y in t h e s e kinds 
o f a n a l y s e s i s the assumption t h a t the vi r i a l theorem can be a p p l i e d 
o r t h a t the gas i s moving in s imple o r b i t s . For example, G e b a l l e e t 
a l . ( 1 9 8 4 ) have d i s c u s s e d the p o s s i b i l i t y t h a t the gas i s o u t f l o w i n g . 
Motions o f s t a r s are s t i l l the b e s t way o f uncovering a b l a c k h o l e , 
but such measurements are s t i l l i n c o n c l u s i v e f o r the G a l a c t i c c e n t e r 
( e . g . , S e l l g r e n e t al_^ 1 9 8 7 ) . The case f o r a supermassive b l a c k ho le 
in our own Galaxy i s t a n t a l i z i n g , but the ev idence i s wel l s h o r t o f a 
p r o o f . Perhaps the most i n t e r e s t i n g conc lus ion so f a r i s t h a t the 
p u t a t i v e b l a c k ho le i s a t l e a s t an order -o f -magn i tude l e s s mass ive 
than the one in M31. 

S ince the work by Young, Sargent , and c o l l a b o r a t o r s , i t has 
become i n c r e a s i n g l y apparent t h a t t h e r e are many o t h e r g a l a x i e s l i k e 
M87 f o r which King models f a i l t o d e s c r i b e the core s t r u c t u r e , as 
d i s c u s s e d by Lauer ( 1 9 8 5 ) and Kormendy ( 1 9 8 5 ) . For some o f t h e s e 
systems the unusual l i g h t d i s t r i b u t i o n s could s igna l the presence o f 
supermass ive b l a c k h o l e s , but t h e r e are few kinematic data and, in 
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g e n e r a l , t h e i r g r e a t e r d i s t a n c e s make d e t e c t i o n o f b lack ho l e s more 
d i f f i c u l t . HST o b s e r v a t i o n s w i l l make a c r u c i a l c o n t r i b u t i o n by 
prov id ing high r e s o l u t i o n spec troscopy f o r these sys t ems . 

F i n a l l y , there i s a good deal o f c i r c u m s t a n t i a l ev idence t h a t 
mass ive b lack ho les are present in lower l u m i n o s i t y AGNs, as reviewed 
by F i l ippenko ( 1 9 8 8 ) . This i s ev idence o f a q u i t e d i f f e r e n t s o r t than 
the s t e l l a r dynamical data I have been p r e s e n t i n g , so I w i l l omit a 
review o f i t h e r e . 

5 . IMPLICATIONS 

In my o p i n i o n , the o b s e r v a t i o n a l ev idence f o r supermassive b l a c k ho l e s 
i s as f o l l o w s . M31 and M32 are two cases f o r which d e t e c t i o n o f a 
b l a c k ho le i s p r o b a b l e . Models without a dark, c en tra l mass 
c o n c e n t r a t i o n are c o n t r i v e d , and the a l t e r n a t i v e to a supermass ive 
b l a c k h o l e , a dense c l u s t e r o f c o l l a p s e d s t a r s , i s c e r t a i n l y no l e s s 
e x o t i c . HST o b s e r v a t i o n s w i l l be d e c i s i v e in these c a s e s . M87, N4594, 
N3115, and the Milky Way are cases f o r which d e t e c t i o n o f a mass ive 
b l a c k ho le i s p o s s i b l e , but f o r each case there i s an a c c e p t a b l e model 
wi thout a b l a c k h o l e . Excluding our own Galaxy , HST o b s e r v a t i o n s could 
promote these cases from the p o s s i b l e to the p r o b a b l e . (Of c o u r s e , 
"probable" examples w i l l be a l l the more important i f some c a s e s are 
cons idered c e r t a i n . ) Photometric and kinematic data f o r some 
h a l f - a - d o z e n o t h e r cases i s s u g g e s t i v e , but i n s u f f i c i e n t f o r s e r i o u s 
model ing . We are making progres s towards proving our favored 
hypothes i s t h a t a supermassive b lack ho le i s , indeed, the core o f an 
AGN e n g i n e . 

From the most c o n s e r v a t i v e p o i n t o f v iew, there i s no 
o b s e r v a t i o n a l ev idence a g a i n s t supermassive b lack h o l e s ! Goodman and 
Lee ( 1 9 8 8 ) and Rees ( 1 9 8 8 ) have sugges ted t h a t i f these mass ive b l a c k 
ho l e s are p r e s e n t , very luminous f l a r e s should be observed when the 
o c c a s i o n a l s t a r i s swal lowed. However, such an event might on ly be 
o b s e r v a b l e f o r a few y e a r s every 1000 y e a r s or s o , thus the 
o b s e r v a t i o n a l c o n s t r a i n t may be q u i t e weak. 

My c o n c l u s i o n s , i f c o r r e c t , have f u r t h e r i m p l i c a t i o n s : 

(1 ) I t would appear t h a t supermassive b lack ho le s are r e l a t i v e l y 
common in g a l a x i e s , sugges t ing t h a t most g a l a x i e s went through an AGN 
per iod (or are f a i l e d AGNs). This argues a g a i n s t the model in which 
rare g a l a x i e s are a c t i v e f o r a s i g n i f i c a n t f r a c t i o n o f t h e i r l i f e t i m e s 
and s u g g e s t s i n s t e a d t h a t most g a l a x i e s exper ienced a b r i e f p e r i o d o f 
a c t i v i t y . C a v a l i è r e e t aJL (1988) d i s c u s s t h i s i s s u e in d e t a i l . 

(2 ) The l a r g e s t b l a c k ho les might have masses l e s s than 1 0 9 M 0 . A 
mass ive b lack ho le could be the o f f s p r i n g o f the sphero ida l component 
o f a g a l a x y , thus l a t e - t y p e s p i r a l s and i r r e g u l a r s , about h a l f o f a l l 
g a l a x i e s , may not have one . There may be a rough s c a l i n g o f b l a c k ho le 
mass with the mass o f the spheroidal component, as sugges ted by the 
sequence M87, N4594, M31, M32, and the Milky Way. M32 does not now 
have a l a r g e r sphero idal mass than the Milky Way, but i t i s thought 
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t h a t M32 has been t i d a l l y s t r i p p e d t o a s i g n i f i c a n t e x t e n t . 

(3 ) I f g a l a x i e s l i k e M31 and M32 with l i t t l e or no a c t i v i t y in t h e i r 
nuc le i harbor supermassive b lack h o l e s , an e f f i c i e n t c l e a n i n g 
mechanism must be a t work to prevent capture by the b lack ho le o f gas 
l o s t from e v o l v i n g s t a r s . The energy requirements f o r a g a l a c t i c wind, 
f o r example, are modest . 

6 . CONCLUSION 

Though we have not taken the f i n a l s t ep in proving the e x i s t e n c e o f 
supermass ive b l a c k h o l e s , the pas t decade has been an extremely 
p r o d u c t i v e one towards t h a t end. We have Improved our o b s e r v a t i o n a l 
s k i l l s and have honed t h e o r e t i c a l t o o l s on promising c a s e s . As we wai t 
f o r the s u c c e s s f u l launch o f the Hubble Space T e l e s c o p e , we are wel l 
p laced t o make o b s e r v a t i o n s t h a t should demonstrate the r e a l i t y and 
preva l ence o f t h i s remarkable phenomenon. 
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DISCUSSION 

DIAZ Regarding the dilution of the visible absorption lines by a non-thermal 
continuum that you mentioned for M87, I would like to point out that a featureless 
continuum in the visible does not necessarily have to be of non-thermal origin. Indeed, 
the spectrum of a very young star cluster is also featureless in the visible but shows no 
dilution in the Ca II triplet lines if they come from the red supergiants associated with 
the cluster. Have you looked at the Ca II triplet in M 87? 

DRESSLER I do have some Ca II triplet data, but have not yet looked at 
the line dilution. Your point is a good one, and I do not think that any of my present 
data on M 87 can rule out the possibility that some of the featureless continuum might 
come from young stars. 

DE ROBERTIS In your nuclear spectrum of M 87, there was substantial, 
broad [Ν I] Λ5200 emission. Proper subtraction is crucial to your Mg velocity dispersion. 
Can you comment on how you did this? 

DRESSLER I made certain that the continuum fitting program was not 
fooled by the emission-line features, including [Ν I]. I also tested the procedure by adding 
an artificially broadened spectrum to the non-thermal component, and verified that the 
Fourier program got the right answer, in spite of the contamination. 

GASKELL What about M 33? There is evidence for quasar activity in it 
(e.g., a compact strong variable X-ray source). Also, earlier in the week we heard about 
a number of Sc/Sd galaxies with quasar activity. 

DRESSLER Late-type spirals have been little studied. I know of no kinematic 
data suggestive of supermassive black holes in any. Velocity dispersions, by the way, are 
not readily obtained in spectra with young stars, but rotation curves are tractable. Galaxy 
classification is difficult at high redshift, so ascribing late-types to host galaxies may be 
questionable. 

MARSHALL It is certainly important to constrain the masses of black holes 
because as physical interpretations of pure luminosity evolution argue for large M 

( > Ι Ο 1 0 - 1 1 MQ) in AGNs at or near the present epoch. I suggest that the kinematic 
data cannot yet rule out this possibility for AGNs because it is expected that the galaxy 
would still be active, making the observation very difficult. 

DRESSLER You make a good point, that we could be selecting against 
extremely massive black holes because of their continuing activity. Also, they could be 
quite rare, and obviously we have not sampled very deeply. 

SIMKIN Can you constrain your results in M 31 by using the gas velocity 
information in Rubin's échelle spectra which show that the Ha in the minor axis breaks 
up into discrete velocity filaments? 

DRESSLER I am only aware of the paper in A.J. this year that shows a 
complex system of ionized gas in the bulge of M 31. These data, however, refer to a 
larger scale of 10" - 100" . 
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