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A b s t r a c t . High spa t i a l r eso lu t ion , near - inf ra red imag ing a n d spec t roscopy 

of t h e nuc lea r s t a r c lus te r o b t a i n e d in t h e las t few years have given key new 

ins igh t s a b o u t t h e s t r u c t u r e , evo lu t ion a n d mass d i s t r i bu t ion in t h e Milky 

W a y C e n t e r . T h e cen t r a l pa r sec is powered by a c lus ter of h o t , mass ive s t a r s . 

T h e i r cha rac te r i s t i c s imp ly t h a t t h e r e was an ac t ive p h a s e of s t a r fo rma t ion 

a few mil l ion yea r s ago , p r o b a b l y t r iggered by t h e infall a n d col lapse of a 

very dense gas c loud. O t h e r such s t a r b u r s t ep isodes m a y h a v e t a k e n place 

b e t w e e n 100 a n d 300 mil l ion years ago . M e a s u r e m e n t s of r ad ia l a n d p r o p e r 

m o t i o n s for m o r e t h a n 200 s t a r s show t h a t s te l lar velocit ies increase w i t h a 

Kep le r l aw down to a scale of a l ight week from t h e c o m p a c t r ad io source 

Sgr A*. T h e d a t a m a k e a compel l ing case for t h e presence of a c o m p a c t , 

c e n t r a l d a r k m a s s of a b o u t 2 . 6 x l 0 6 Μ Θ . S imple phys ica l cons ide ra t ions 

show t h a t t h i s da rk m a s s c a n n o t consist of a s t ab l e c lus ter of s t a r s , s te l lar 

r e m n a n t s or subs te l l a r condensa t i ons . Ene rgy equ ipa r t i t i on requi res t h a t 

a t l eas t five p e r c e n t of t h e d a r k m a s s ( > 1 0 5 M©) m u s t b e assoc ia ted w i th 

Sgr A* i tself a n d likely is enclosed wi th in less t h a n 8 l ight m i n u t e s . If one 

a c c e p t s t he se a r g u m e n t s i t is h a r d to escape t h e conclusion t h a t Sgr A* is 

i n d e e d a mass ive b lack hole a t t h e core of t h e Milky Way. 

1. W h a t P o w e r s t h e C e n t r a l P a r s e c ? 

D u r i n g t h e p a s t decade h igh resolut ion near- inf rared obse rva t ions have elu-

c i d a t e d t h e d i s t r i b u t i o n a n d charac te r i s t i c s of t h e nuc lea r s te l lar c lus te r a n d 

p r o v i d e d a fairly u n a m b i g u o u s p i c t u r e of w h a t powers t h e cen t r a l pa r sec 

(e .g. Mezger et al . 1996 for a rev iew) . T h r o u g h t h e a d v e n t of sens i t ive , l a rge 

f o r m a t infrared d e t e c t o r a r r a y s a n d s p e c k l e / a d a p t i v e opt ics i m a g i n g it h a s 
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Figure 1. G r e y s ca l e K - b a n d i m a g e of t h e cen tra l ~ 6 " of t h e G a l a c t i c c e n t e r , o b t a i n e d 
w i t h s p e c k l e i m a g i n g a t 0 .15" r e s o l u t i o n at t h e 3 . 5 m E S O N T T (Eckart e t a l . 1 9 9 5 , Eckart 
a n d G e n z e l 1 9 9 7 ) . T h e r ight i n s e t s h o w s t h e cen tra l Sgr A* c lus ter of fa int s t a r s in t h e 
i m m e d i a t e v i c i n i t y of t h e c o m p a c t radio s o u r c e Sgr A* (cross , p o s i t i o n i n g a n d error bars 
f rom M e n t e n e t al . 1 9 9 7 ) . S te l lar proper m o t i o n s from Eckart and G e n z e l ( 1 9 9 6 , 1 9 9 7 , 
a n d u n p u b l i s h e d ) a n d G e n z e l e t al. 1997 are s h o w n as arrows w i t h l e n g t h s p r o p o r t i o n a l 
t o t h e v e l o c i t i e s . 

b e c o m e poss ib le in t h e las t few years t o image t h e cen t ra l pa r sec a t ~ 0 . 1 " 

reso lu t ion (Ecka r t e t a l . 1993, 1995, R i g a u t et al . 1997, Ghez et al . 1997) . 

T h e b e s t c u r r e n t images resolve t h e near - inf rared emission of t h e cen t r a l 

pa r s ec i n t o a b o u t 700 s t a r s w i th K - b a n d m a g n i t u d e s < 1 6 ( F i g . l ) . T h u s all 

r ed a n d m o s t b lue s u p e r g i a n t s , all red g ian t s ( inc luding b r igh t , a s y m p t o t i c 

g i an t b r a n c h ( A G B ) s t a r s ) of spec t r a l t y p e l a t e r t h a n K 5 , a n d all m a i n 

sequence s t a r s ear l ier t h a n BO or Β1 should b e visible in F i g . l . F u r t h e r 

p rogress can b e e x p e c t e d from deepe r near - inf rared images t a k e n wi th t h e 

N I C M O S c a m e r a o n b o a r d t h e H S T . 

T h e c e n t r a l 1RS 16 complex loca ted wi th in Γ 1" of t h e c o m p a c t r a d i o source 

Sgr A* consis ts of a b o u t two dozen single (or p e r h a p s mu l t i p l e ) b r igh t s t a r s . 

T h e core r a d i u s of t h e m ( K ) < 1 5 s tel lar surface n u m b e r dens i ty d i s t r i b u t i o n 

is b e t w e e n 0.2 a n d 0.4 p c (Ecka r t et al . 1993, Genzel et a l . 1996). A la rger 

core r a d i u s of a b o u t 0.5 t o 0.8 p c has been der ived from t h e surface b r igh t -

ness d i s t r i b u t i o n of t h e l a t e t y p e s t a r s (Allen 1994, Rieke a n d Rieke 1994) . 

If t h e s t a r s w i t h m ( K ) < 1 5 a re r ep re sen ta t ive of t h e overall m a s s d i s t r ibu -

t ion of t h e c lus te r a ~ 0 . 4 pc core r ad ius t oge the r wi th t h e mass of s t a r s 

e s t i m a t e d t o lie w i th in a few parsecs ind ica tes t h a t t h e s te l lar dens i ty in 
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t h e core is a b o u t 4 x l 0 6 M©pc 3 . T h e h igh resolu t ion images also i nd i ca t e 

a n a d d i t i o n a l e n h a n c e m e n t of fa in ter s t a r s cen te red wi th in 0.1 of Sgr A* 

( E c k a r t e t a l . 1995, G h e z et al . 1997). Th i s so called Sgr A* c lus ter ( F i g . l ) 

is p a r t i c u l a r l y s t r ik ing on a very r ecen t , 0 .05" resolu t ion 2μτα i m a g e t a k e n 

b y G h e z et a l . (1997) w i th t h e 10 m Keck te lescope (see also Ghez et a l . in 

t h e s e p r o c e e d i n g s ) . T h e Sgr A* c lus ter m a y r ep resen t a cen t r a l s te l lar cusp 

a s soc i a t ed w i t h t h e r ad io source . I t p lays a key role in t h e con tex t of t h e 

s te l la r p r o p e r m o t i o n s d iscussed be low. 

I m a g i n g spec t ro scopy w i t h t h e M P E 3D field imag ing s p e c t r o m e t e r show 

t h a t w i t h i n t h e core r ad ius b r igh t l a t e t y p e s t a r s ( s u p e r g i a n t s a n d t h e 

b r i g h t e s t A G B s t a r s ) a re ab sen t b u t t h a t t h e core is s u r r o u n d e d by a r ing 

of red s u p e r g i a n t s / A G B s t a r s (Genze l et al . 1996). T h i s confirms ear l ier 

ob s e rva t i ons of Sellgren et a l . (1990) a n d Hal ler et a l . (1996) a n d sugges ts 

t h a t t h e b r i g h t e s t ( a n d hence la rges t ) l a t e t y p e g i an t s t a r s a re des t royed in 

t h e ve ry dense c lus te r core , p laus ib ly by collisions wi th m a i n sequence s t a r s 

(Lacy et a l .1982, P h i n n e y 1989). Forres t et al . (1987) , Allen e t a l . (1990) , 

a n d K r a b b e et al . (1991) have discovered t h a t a b o u t 25 of t h e b r igh t near -

inf rared s t a r s cen te red on t h e I R S 1 6 / I R S 1 3 complex show in the i r s p e c t r a 

p r o m i n e n t b r o a d H e l a n d HI r e c o m b i n a t i o n lines in emiss ion . Recen t < 1 " 

r e so lu t ion l ine imag ing (Ecka r t et al . 1995, T a m b l y n et al . 1996) a n d 3D 

i m a g i n g spec t roscopy ( K r a b b e et al . 1995, Genzel et al . 1996) now u n a m -

b iguous ly show t h a t several of t h e b r igh tes t m e m b e r s of t h e 1RS 16 complex 

a r e H e l - s t a r s , as is t h e n e a r b y b r igh t source 1RS 13 (see also L i b o n a t e et 

a l . 1995, B l u m et a l . 1995a ,b , T a m b l y n et al . 1996). F r o m n o n - L T E , s te l lar 

a t m o s p h e r e m o d e l i n g of t h e observed emission charac te r i s t i c s of several of 

t h e H e l - s t a r s N a j a r r o et al . (1994, 1997) h a v e inferred t h a t these ob jec t s 

a r e m o d e r a t e l y ho t (17,000 t o 30,000 K ) , very l uminous (1 t o 3 0 x l 0 5 L 0 

) mass ive s t a r s whose he l ium rich surface layers a re e x p a n d i n g as powerful 

s te l la r w inds w i t h velocit ies of 200 t o 800 k m / s a n d mass loss r a t e s of 1 t o 

7 0 x l 0 " 5 M ® / y e a r . 

F ig .2 shows t h e loca t ion of these s t a r s in a He r t z sp rung-Russe l l dia-

g r a m , a long w i t h s te l lar evo lu t iona ry t r a c k s ( M e y n e t et a l . 1994) for twice 

solar me ta l l i c i ty e l emen t a b u n d a n c e s (Lacy et al . 1980, Shields a n d Fe r l and 

1994, b u t see Sellgren et al . in t he se p roceed ings ) . T h e H e l s t a r s t h u s ap -

p e a r t o b e b lue s u p e r g i a n t s t a r s of in i t ia l m a s s 40 t o > 1 0 0 M 0 t h a t h a v e 

left t h e m a i n sequence . T h e y a re on the i r way t o becoming ho t Wolf-Rayet 

s t a r s a n d t h e n t o exp lod ing as supe rnovae . Empi r i ca l ly t h e y are s imi lar t o 

l a t e W N s t a r s , L u m i n o u s Blue Var iables a n d Of (pe) s u p e r g i a n t s (Allen 

et a l . 1990, K r a b b e et al . 1991 , N a j a r r o et al . 1994, L i b o n a t e et a l . 1995, 

B l u m et al . 1995a ,b , T a m b l y n et a l . 1996). T h e He l - s t a r c lus ter can p lau-

sibly a c c o u n t for essent ia l ly all of t h e bo lome t r i c a n d L y m a n - c o n t i n u u m 

https://doi.org/10.1017/S0074180900085466 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900085466


4 2 4 R. GENZEL AND A. ECKART 

HR-Dlagram G.C. nuclear cluster (central pc) 
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Figure 2. Hertzsprung-Russell diagram of ~10 2 stars with m(K)<13 in the central 
parsec. Each star is marked as a filled circle. Temperatures and luminosities of the late 
type stars are derived from K-band spectroscopy and K-magnitudes (Genzel unpublished, 
Blum et al. 1996a). Temperatures and luminosities of the early type stars (He I stars) 
are derived from the non-LTE modelling of Najarro et al. (1994,1997). Identifications 
of a few He I-stars and thered supergiant 1RS 7 are given. Several very cold objects 
have featureless K-band spectra (see Krabbe et al. 1995) with strong long-wavelength 
dust excess, indicating that they may be dust enshrouded young stellar objects, or dusty 
massive stars. Heavy and dashed lines denote the main sequence and giant branches for 
solar and twice solar metallicity, respectively, with masses marked. Stellar tracks for twice 
solar metallicity from the work of Meynet et al. 1994 are plotted for 4 different masses. 

luminos i t i e s of t h e cen t r a l parsec ( K r a b b e et al . 1995, N a j a r r o et al . 1997) . 

As ye t u n o b s e r v e d h o t t e r Wolf-Rayet a n d 0 s t a r s are requ i red , however , t o 

a c c o u n t for t h e he l i um ioniz ing luminos i ty of Sgr A Wes t . 

K r a b b e et a l . (1995) have fitted t h e p rope r t i e s of t h e mass ive ear ly t y p e 

s t a r s in t h e cen t r a l pa r sec by a m o d e l of a s t a r fo rmat ion bu r s t b e t w e e n 2 

a n d 9 mil l ion yea r s ago in which a few h u n d r e d O B s ta r s a n d p e r h a p s a few 

t h o u s a n d s t a r s in t o t a l were formed, s u p p o r t i n g earl ier p roposa l s b y Rieke 

a n d Lebofsky (1982) , Lacy, Townes a n d Hol lenbach (1982) a n d Allen a n d 

S a n d e r s (1986) . In t h e m o d e l of K r a b b e et al . t h e He i s t a r s a re t h e m o s t 

mass ive c lus te r m e m b e r s t h a t have a l ready evolved off t h e m a i n sequence . 

In th i s scenar io t h e cen t r a l pa r sec is now in t h e l a t e , w i n d - d o m i n a t e d p h a s e 

of t h e b u r s t . T h e s t a r b u r s t m o d e l a ccoun t s n a t u r a l l y for t h e low exc i t a t i on 

of t h e Sg rA ( W e s t ) H I I region . A l t h o u g h t h e r e is also evidence for a few 
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very y o u n g , e m b e d d e d O B s t a r s t h e p resen t s t a r f o n d a t i o n ac t iv i ty a p p e a r s 

t o b e s ignif icantly less t h a n d u r i n g t h e p e a k of t h e b u r s t . Likewise t h e smal l 

n u m b e r of red s u p e r g i a n t s (2 t o 3 in t h e cen t ra l pa r sec , B l u m et a l . 1996a) 

shows t h a t t h e s t a r fo rma t ion r a t e pr ior t o 10 or m o r e mil l ion years ago 

also w a s s u b s t a n t i a l l y smal le r . T h e re la t ively la rge n u m b e r ( ~ 3 0 in cen t r a l 

p a r s e c , Genze l et al . 1996) of very cool ( < 3 0 0 0 K, B l u m et al . 1996a) a n d 

very b r i g h t red g ian t s w i th luminos i t ies 1 0 3 t o 1 0 4 L @ ( A G B s t a r s , a p p a r -

en t in F ig .2 as a g r o u p t o t h e r ight from t h e t o p of t h e g ian t b r a n c h ) m a y 

signify o t h e r such s t a r b u r s t ep isodes t h a t p robab ly have h a p p e n e d b e t w e e n 

100 a n d 300 mil l ion yea r s ago (Hal ler a n d Rieke 1989, K r a b b e e t a l . 1995, 

B l u m et al . 1996b) . T h e p resen t gas dens i ty in t h e cen t ra l pa r sec is t o o 

low for g r a v i t a t i o n a l col lapse of gas clouds to s t a r s in t h e p resence of t h e 

s t r o n g t i da l forces (Morr i s 1993) . P e r h a p s t h e m o s t recent ep isode of s t a r 

f o r m a t i o n was t r iggered by infall of a pa r t i cu la r ly dense a n d compressed 

gets c loud less t h a n 10 mil l ion yea r s ago . T h i s scenar io is also s u p p o r t e d b y 

a n overal l c o u n t e r - r o t a t i o n (in t h e sense of Ga lac t i c r o t a t i o n ) of t h e H e l 

s t a r c lus te r (Genze l et a l . 1996). A l t e r n a t i v e e x p l a n a t i o n s of t h e He I s t a r s 

as t h e resu l t of s te l lar collisions in t h e very dense nuc lea r c lus ter ( E c k a r t 

e t a l . 1993, Mor r i s 1993) now a p p e a r very unl ikely (Lee 1994) , especial ly 

s ince a n u m b e r of s t a r s s imi lar t o t h e SgrA He l s t a r s h a v e now been found 

in severa l c lus te r s 2 ' t o 13 ' away from t h e cen t r a l , h igh dens i ty SgrA region 

( C o t e r a et a l . 1996, F iger et al . 1995) . 

2 . I s S g r A * a M a s s i v e B l a c k H o l e ? 

E v e r s ince t h e or ig inal discovery of t h e n o n t h e r m a l c o m p a c t r ad io source 

Sgr A* a t t h e core of t h e nuc lea r s t a r c lus ter (Balick a n d B r o w n 1974) t h a t 

source h a s b e e n t h e p r i m a r y c a n d i d a t e for a poss ib le mass ive b lack hole a t 

t h e G a l a c t i c C e n t e r , in ana logy t o c o m p a c t nuc lea r r ad io sources in o t h e r 

n e a r b y n o r m a l galaxies (Lynden-Be l l a n d Rees 1971). In fact ever m o r e 

de ta i l ed r ad io obse rva t ions h a v e confirmed t h e u n i q u e n a t u r e of Sgr A* in 

t h e Ga laxy . Recen t very long basel ine r ad io in t e r f e romet ry ( V L B I ) obser-

va t ions b e t w e e n 1.3cm a n d 1.3 m m show i ts size t o b e less t h a n a b o u t 2 

A U (Backe r 1996, K r i c h b a u m et al . 1994, Dusch l these p roceed ings ) , Shen 

et a l . these p roceed ings ) .Ye t observa t ions a t shor t e r wave leng ths i nd ica t e 

n o t h i n g pa r t i cu l a r l y impress ive t o w a r d t h e r ad io pos i t ion of Sgr A*. Us ing 

severa l severa l b r i g h t s t a r s t h a t a re p resen t on b o t h r ad io a n d near - inf rared 

m a p s M e n t e n et al . (1997) have been able t o regis ter Sgr A* on near - inf rared 

m a p s w i t h an u n c e r t a i n t y of ± 3 0 mill i-arsec (cross in F i g . l ) . As m e n t i o n e d 

a b o v e Sgr A* is l oca t ed nea r t h e cen t ro id of t h e Sgr A* c lus ter of > 2 0 

faint s t a r s w i t h m ( K ) > 1 3 . 5 ( F i g . l ) , yet it is no t coincident wi th a n y s t e a d y 

source of m ( K ) < 1 6 (Genze l et al . 1997, Ghez et al . 1997). On t h e J u n e 1996 
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a n d J u l y 1997 N T T images (Genze l et al .1997 a n d u n p u b l i s h e d ) t h e r e is a 

m ( K ) ~ 1 5 . 5 source a t t h e n o m i n a l pos i t ion of Sgr A*, possibly imp ly ing a 

t i m e va r i ab l e source assoc ia ted w i t h Sgr A*. However , m o r e m e a s u r e m e n t s 

a r e n e e d e d t o dec ide w h e t h e r t h i s i n t e r p r e t a t i o n is correct or w h e t h e r one of 

t h e n e a r b y fa int s t a r s (S3) h a s moved t h e r e . T h e r e p r o b a b l y is also a faint 

10/ im source l o c a t e d a t or nea r Sgr A* (Sto lovy et al . 1996, Beckl in et a l . 

t h e s e p roceed ings ) . Never the less it is fairly clear t h a t Sgr A* h a s been fairly 

in f ra red-qu ie t d u r i n g t h e p a s t one or two decades . T h i s l imi ts i t s infrared 

l u m i n o s i t y t o less t h a n a t h o u s a n d solar luminos i t ies or so. Likewise, t h e 1 

t o 30 keV X - r a y l uminos i t y of Sgr A ( W e s t ) a n d Sgr A* is less t h a n a a few 

h u n d r e d L @ ( G o l d w u r m et al . 1994). Recen t obse rva t ions w i th A S C A a n d 

G R A N A T sugges t s t h a t Sgr A*s X- ray luminos i ty m a y have been la rger 

in t h e p a s t few h u n d r e d years ( a few 1 0 5 L© , K o y a m a et al . 1996) b u t 

stil l o rde r s of m a g n i t u d e smal ler t h a n t h e E d d i n g t o n r a t e of a mill ion solar 

m a s s b lack hole ( S u n y a e v e t a l . 1993). 

T h e ev idence for a ( d a r k ) cen t ra l m a s s c o n c e n t r a t i o n in t h e Ga lac t i c C e n t e r 

t h u s is ba sed ent i re ly on t h e gas a n d s te l lar d y n a m i c s . Whi l e t h e velocit ies 

of gas c louds a n d of s t a r s a re a p p r o x i m a t e l y c o n s t a n t ou t s ide of a few pa r -

sec - as e x p e c t e d if t h e m a s s is d o m i n a t e d by t h e dense , n e a r - i s o t h e r m a l 

nuc l ea r s t a r c lus te r - velocit ies are observed t o increase wi th in t h e inne r 

core (e .g. Genze l a n d Townes 1987). T h e first ev idence for th i s inc rease 

in gas veloci t ies c a m e from mid- inf ra red spec t roscopy of 12 .8mm [Nell] b y 

W o l l m a n et a l . (1977) a n d Lacy et a l . (1980) . T h e s e a u t h o r s a n d o t h e r s 

following i n t e r p r e t e d t h e > 2 5 0 k m / s gas velocities as s ignal l ing a concen-

t r a t i o n of non-s te l l a r m a s s in t h e Ga lac t i c Cen t e r , possibly caused b y a 

few mil l ion solar m a s s b lack hole a t t h e d y n a m i c cen te r (Lacy et a l . 1982, 

S e r a b y n a n d Lacy 1985) . However , gas is affected by m a g n e t i c , f r ict ional 

a n d w i n d forces, in a d d i t i o n t o gravi ty , so t h a t s te l lar velocit ies a re re-

qu i r ed t o u n a m b i g u o u s l y d e t e r m i n e t h e m a s s d i s t r i bu t ion . Beg inn ing w i t h 

t h e p ionee r ing work of Rieke a n d Rieke (1988) , M c G i n n et a l . (1989) a n d 

Sellgren et a l . (1990) ever b e t t e r s te l lar velocit ies from Dopp le r shifts of 

s te l la r a b s o r p t i o n a n d emiss ion lines have become avai lable d u r i n g t h e p a s t 

d e c a d e , fully s u p p o r t i n g t h e ear l ier m e a s u r e m e n t s of gas velocit ies a n d very 

s u b s t a n t i a l l y s t r e n g t h e n i n g t h e evidence for a c o m p a c t cen t r a l d a r k m a s s 

in t h e Ga l ac t i c cen te r . T h e mos t recen t d e t e r m i n a t i o n s by Sellgren et al . 

(1990) , K r a b b e e t a l . (1995) , Haller et a l . (1996) a n d Genzel et a l . (1996) a re 

all in a g r e e m e n t a n d show a significant increase of s te l lar r ad ia l veloci ty 

d i spers ion from a b o u t 55 k m / s a t 5 pc t o a b o u t 180 k m / s a t 0.15 p c . 

Very r ecen t ly t w o g r o u p s h a v e m a d e t h e first m e a s u r e m e n t s of p r o p e r mo-

t ions for m o r e t h a n 50 s t a r s be tween ~ 5 " (0.2 pc) a n d ~ 0 . 1 " (0.004 p c ) 
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from Sgr A* (Ecka r t a n d Genze l 1996, 1997, a n d u n p u b l i s h e d , Genze l et 
al . 1997, Ghez et a l . 1997). T h e M P E g roup der ived the i r r esu l t s from an 8 
e p o c h set of 0 .15" speckle images o b t a i n e d be tween 1992 a n d 1997 on t h e 
N T T . T h e U C L A g r o u p d e t e r m i n e d the i r resu l t s from a 0 .05" reso lu t ion , 
3 e p o c h d a t a set b e t w e e n 1995 a n d 1997. For m o r e de ta i led desc r ip t ions 
of t h e m e t h o d s a n d specific resu l t s of these crucial e x p e r i m e n t s we refer 
t o t h e or ig ina l l i t e r a t u r e , as well as t o Ghez et al . in these p roceed ings . 
T h e p r o p e r m o t i o n s deduced i n d e p e n d e n t l y by t h e t w o g roups a r e in excel-
l en t a g r e e m e n t . In t h e r ange l " < p < 5 " from Sgr A* where b o t h r ad ia l a n d 
p r o p e r m o t i o n s a re avai lable , t h e deduced veloci ty d ispers ions in t h e t h r e e 
s p a t i a l d i rec t ions also agree very well (for an a d o p t e d 8 kpc d i s t a n c e ) . T h i s 
i n d i c a t e s t h a t l a rge scale an i so t ropy of t h e veloci ty field does no t p lay a 
role . T h e r e is also n o ev idence for s t r o n g an i so t ropy in ind iv idua l o r b i t s , as 
infer red from t h e r ad ia l a n d p r o p e r m o t i o n s of a dozen s t a r s for which t he se 
a r e ava i lab le s imul taneous ly . W i t h o u t d o u b t t h e mos t i m p o r t a n t a spec t of 
t h e n e w p r o p e r m o t i o n d a t a is t h e fact t h a t t h e y p rov ide m e a s u r e m e n t s of 
s te l la r velocit ies in t h e Sgr A* c lus ter , a t d i s tances as smal l as 0 . 1 " ( ~ 8 0 0 
A U or 0.7 l ight weeks) from Sgr A*. T h e key finding is t h a t several faint 
s t a r s in t h e Sgr A* c lus ter h a v e p r o p e r m o t i o n s in excess of 1000 k m / s , 
t h e fas tes t one ( S I ) w i th ~ 1 4 0 0 k m / s be ing also t h e closest t o Sgr A*. 
T h e c o m b i n e d rad ia l a n d p r o p e r mo t ion d a t a t h u s u n a m b i g u o u s l y show 
t h a t s te l la r veloci t ies increase w i t h a Kepler l aw ( v ~ R - 1 / 2 ) t o a scale of 
< 0 . 0 1 p c . 

F ig .3 shows t h e p resen t bes t m a s s d i s t r ibu t ion (from Genzel et al . 1997), 
de r ived f rom a J e a n s e q u a t i o n analys is as well as from p ro jec t ed m a s s es-
t i m a t o r s for b o t h r ad i a l a n d p r o p e r mo t ions of t h e s t a r s . Masses e s t i m a t e d 
from t h e gas d y n a m i c s ( t r i ang les , Se rabyn a n d Lacy 1985, G ü s t e n et al . 
1987, Lacy et al . 1991) a re fully cons is ten t w i th t h e s te l lar d a t a . T h e mea -
s u r e m e n t s a r e f i t ted very well w i th t h e combina t i on of a cen t ra l p o i n t m a s s 
(2 .61 ±Q.l5stat, ±0Mstat+sysXl06 M©(Genze l et al . 1997), 2.7 ± 0 . 2 s i a * x l 0 6 

( G h e z et a l . 1997)) , p lus an e x t e n d e d , nea r - i so the rma l s te l lar c lus ter w i t h 
core r a d i u s ~ 0 . 3 8 pc a n d core m a s s dens i ty of 4 x l O 6 M 0 / p c 3 . If t h e cen-
t r a l p o i n t m a s s is rep laced by a c o m p a c t d a r k c lus ter i t s core dens i ty m u s t 
exceed 2 x l 0 1 2 M Q / P C 3 , a t leas t 500,000 t imes denser t h a n t h e visible stel-
l a r c lus te r or t h e denses t g lobu la r c lus ters . In t e r m s of a P l u m m e r m o d e l 
i t s dens i ty d i s t r i b u t i o n ou t s ide of t h e core r ad ius ( < 6 . 5 mil l i -parsec) m u s t 
h a v e a very s t eep falloff ( p ~ R ~ 5 ) , very different from a n i s o t h e r m a l dis t r i -
b u t i o n . T h e m a s s t o bo lome t r i c l uminos i ty r a t i o of th i s cen t ra l d a r k m a s s 
is g r e a t e r t h a n a few h u n d r e d . S imple physica l cons idera t ions show t h a t 
c lus te r s of low m a s s s t a r s (e.g. wh i t e dwar fs ) , n e u t r o n s t a r s , s te l lar b lack 
holes or sub-s te l l a r en t i t i e s (e.g. b r o w n dwarfs , rocks) w i th t h e obse rved 
p r o p e r t i e s of t h e d a r k m a s s all c a n n o t b e s t ab le for a n y longer t h a n 1 0 5 
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Figure 3. Mass modelling of the stellar proper and radial motions. Shown as filled 
and crossed rectangles with \σ error bars are the Jeans equation and projected mass 
estimator, mass estimates obtained from proper motions and radial motions, respectively, 
assuming a Sun-Galactic Center distance of 8 kpc (Genzel et al. 1997). Mass estimates 
from the proper motion data of Ghez et al. 1997 are in excellent agreement with these 
values. The thick dashed curve represents the mass model for the (visible) stellar cluster 
( M / L ( 2 ^ m ) = 2 , R C o r e = 0 . 3 8 pc, ? ( R = 0 ) = 4 x l 0 6 M 0 p c " 3 , Genzel et al. 1996). The thin 
continuous curve is the sum of this stellar cluster, plus a point mass of 2.61 X 1 0 6 M Q . The 
thin dotted curve is the sum of the visible stellar cluster, plus a a = 5 Plummer model of 
a dark cluster of central density 2 .2χ 1 0 1 2 M 0 p c ~ 3 and R o =0 .0065 pc. It provides a χ 2 

fit \σ worse than the best fit (Genzel et al. 1997). 

t o 1 0 7 yea r s (Maoz 1995, Genze l e t a l . 1997, Maoz these p roceed ings ) . It 

is a lso no t poss ib le t h a t t h e da rk m a s s c o n c e n t r a t i o n is t h e core-col lapsed 

s t a t e of a dynamica l l y evolv ing c luster of such ob jec t s . In t h a t case t h e 

d i s t r i b u t i o n - whi le very dense in a t i n y core - would have a soft, quas i -

i s o t h e r m a l enve lope , unl ike w h a t is observed in t h e Ga lac t i c C e n t e r (Lee 

1995, Genze l et a l . 1997). Final ly , if t h e da rk m a s s is con jec tured t o consis t 

of Fe rmion ic e l e m e n t a r y par t ic les s u p p o r t e d by 'Pau l i p r inc ip le ' p r e s su re , 

t h e m " 2 d e p e n d e n c e of t h e C h a n d r a s e k a r mass on t h e m a s s of t h e pa r t i c les 

r equ i res t h a t t h e m a s s of t h e Fe rmions canno t b e m u c h la rger t h a n t h e 

e lec t ron m a s s . T h e only real is t ic conf igurat ion w i t h o u t ne t e lectr ic cha rge 

wou ld t h e n b e a pos i t ron -e l ec t ron gas which would , however , r ap id ly decay 

t h r o u g h ann ih i l a t i on r a d i a t i o n . 

T w o fu r the r a r g u m e n t s subs t an t i a l l y s t r e n g t h e n t h e conclusion t h a t t h e 

d a r k m a s s in t h e Ga lac t i c cen te r in fact m u s t b e a mass ive black hole . T h e 

first comes from t h e fact t h a t Sgr A* itself is k n o w n from V L B I m e a s u r e -

m e n t s t o h a v e a p r o p e r m o t i o n less t h a n a b o u t 16 k m / s (Backer 1996) . In 
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t h e very dense Ga lac t i c cen te r core t h e fast mo v in g s t a r s nea r Sgr A* a n d 

Sgr A* shou ld h a v e a p p r o x i m a t e l y t h e s a m e kinet ic energy. Hence t h e l a rge 

( fac tor 100) difference in observed m o t i o n s m e a n s t h a t Sgr A* m u s t b e a t 

leas t 1 0 4 t imes m o r e mass ive t h a n t h e n e a r b y s t a r s , or > 1 0 5 M©, unless i t s 

t r u e m o t i o n is exac t ly a long t h e l ine of s ight (Genze l e t a l . 1997) . If one 

fu r the r a s s u m e s t h a t t h e m a s s of Sgr A* m u s t b e a t least as c o n c e n t r a t e d as 

i t s r a d i o emiss ion (1 A U co r re sponds t o 15 Schwarzschi ld radi i of a 2 mil l ion 

solar m a s s b lack ho le ) , t h e inferred dens i ty of Sgr A* is 1 0 2 0 · 5 M 0 / p c 3 . T h e 

second a r g u m e n t is an invers ion of t h e well k n o w n d i l e m m a t h a t if Sgr A* 

is a 2 . 6 Χ 1 0 6 Μ Θ b lack hole it is cu r ren t ly r a d i a t i n g a t a res t m a s s energy t o 

r a d i a t i o n , convers ion efficiency of 1 0 " 5 t o 1 0 ~ 6 , cons ider ing t h e acc re t ion 

of s te l lar w i n d gas from i ts e n v i r o n m e n t (Mel ia 1992, Genzel et al . 1994) . 

T h e only poss ible way ou t (o the r t h a n very la rge t i m e var iabi l i ty of t h e 

acc re t i on ) is t h e a r g u m e n t t h a t in pure ly r ad ia l (Bond i -Hoyle ) or in low 

dens i ty , n o n - r a d i a l flows m o s t of t h e rest m a s s energy of t h e acc re t ion flow 

can b e a d v e c t e d i n t o t h e hole , r a t h e r t h a n r a d i a t e d away (Rees 1982, Rees 

et a l . 1982, Mel ia 1992, 1994, N a r a y a n et a l . 1995, 1997, t hese p roceed ings ) . 

T h i s e x p l a n a t i o n , however , requi res t h e exis tence of an event hor izon a n d 

does n o t work w i th any conf igurat ion b u t a black hole ( N a r a y a n et a l . 1997 

a n d t h e s e p roceed ings ) . 

T a k i n g all t h e s e a r g u m e n t s t oge the r i t is h a r d t o e scape t h e conclus ion t h a t 

t h e core of t h e Milky W a y in fact h a r b o r s a mill ion solar m a s s , cen t r a l b lack 

ho le . 
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