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Abstract. 
After co r rec t ing spher ica l a b e r r a t i o n in t h e H u b b l e Space Telescope in 

1993, t h e cen t r a l masses of galaxies can be m e a s u r e d w i th a reso lu t ion 
5 t o 10 t i m e s b e t t e r t h a n can be achieved a t t h e b e s t t e r r e s t r i a l s i tes . 
T h i s i m p r o v e m e n t in reso lu t ion is decisive for de t ec t i ng t h e g r a v i t a t i o n a l 
s i g n a t u r e of mass ive black holes in ga laxy nuclei . T h e discovery of smal l 
( r ~ 100 — 200 p c ) r o t a t i n g gaseous a n d s te l lar disks in t h e cen te rs of m a n y 
e a r l y - t y p e galaxies p rov ides a new a n d efficient m e a n s for m e a s u r i n g t h e 
c e n t r a l p o t e n t i a l s of ga laxies . C o n c o m i t a n t l y , V L B I obse rva t ions of H2O 
m a s e r s in t h e nuclei of N G C 4258 a n d N G C 1068 revealed exquis i t e K e p -
le r ian r o t a t i o n curves a r o u n d mass ive black holes a t radi i as smal l as 0.1 
p c . Recen t t e r r e s t r i a l Ä ' -band m e a s u r e m e n t s of t h e p r o p e r m o t i o n s of s t a r s 
in t h e c lus te r a t t h e cen te r of t h e ga laxy p rov ide i r re fu tab le ev idence for a 
b lack hole w i t h a m a s s of 2.7 x 1 O 6 M 0 . A t t h e t i m e of th i s s y m p o s i u m , t h e 
p r e sence of c en t r a l mass ive b lack holes ha s b e e n es tab l i shed in 12 ga lax ies . 
T h e ev idence sugges ts t h a t t h e r e a re mass ive b lack holes in t h e cen te r s of 
all A G N s a n d in m o s t , if no t all , nuc l e a t e d galaxies . T h e p resen t d a t a show 
a t b e s t a weak cor re la t ion be tween black hole m a s s a n d bu lge luminos i ty . 
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1 . H S T R e s o l u t i o n o f a B l a c k H o l e ' s S p h e r e o f I n f l u e n c e 

H S T h a s a s t a b l e , diffraction l imi ted po in t sp read funct ion w i th a full w i d t h 

a t hal f m a x i m u m of 0 .048" a t 486 n m . Th i s reso lu t ion is 5 t o 10 t imes b e t t e r 

t h a n t h e reso lu t ion achieved a t t h e bes t t e r res t r i a l s i tes . T o i l l u s t r a t e t h e 

i m p o r t a n c e of h igh spa t i a l reso lu t ion , consider t h e line of s ight ve loci ty 

d i spers ion <TMBH of s t a r s nea r a mass ive black hole ( M B H ) . T h i s d ispers ion 

will b e 

If t h e d i spers ion of s t a r s in t h e bulge of t h e p a r e n t ga laxy is σ 0 , t h e 

b lack hole ' s sphe re of influence will b e 

w h e r e σ 1 0 0 - σ 0 / 1 0 0 k m s " 1 , a n d M 8 = Μ Β Η / 1 0 8 Μ Θ . 

A 1 0 8 M © M B H in a ga laxy like M 3 1 wi th σ 0 ~ 160 k m s " 1 will have 

J ? B H ~ 5 p c . A t t h e d i s t ance of t h e Vi rgo c lus ter , Ä B H ~ 0 .2" . M e a s u r i n g 

t h e rise in t h e veloci ty d ispers ion t o w a r d t h e cen te r is difficult b u t poss ib le 

w i t h H S T , a n d p re sen t ly imposs ib le from t h e g r o u n d . 

1.1. NUCLEAR DISKS 

In a d d i t i o n t o p rov id ing spa t i a l reso lu t ion u n o b t a i n a b l e from t h e g r o u n d , 

u n e x p e c t e d discoveries m a d e w i t h H S T have revealed new ways t o m e a s u r e 

t h e g r a v i t a t i o n a l p o t e n t i a l in t h e cen te rs of galaxies . H S T obse rva t ions of 

e a r l y - t y p e galaxies h a v e shown t h a t smal l disks (r ~ 100 — 200 p c ) of gas 

o r s t a r s res ide in t h e nuclei of m a n y ac t ive galaxies (e.g. , Jaffe e t a l . 1994 

[J94] , 1996) . Because t h e disks a re m u c h la rger t h a n t h e pa r sec scale , h o t , 

i nne r acc re t ion disks , we refer t o t h e m as nuc lea r disks t o avoid confusion. 

E x a m p l e s of t h e gaseous a n d s te l lar nuc lear disks found in el l ipt ical 

ga lax ies a re s h o w n in F i g u r e 1. Tab le 1 s u m m a r i z e s our e s t i m a t e s of t h e 

disk masses der ived from t h e H a luminos i ty a n d / o r ex t inc t ion m a p s a n d 

t h e a s s u m p t i o n t h a t t h e disks have t h e s ame dus t - to -gas r a t i o as t h e ga laxy . 

T h e f l a t t ened , a p p r o x i m a t e l y c i rcular nuc lear disks a re likely t o b e in 

n e a r c i rcular r o t a t i o n in t h e cen t r a l p o t e n t i a l of t h e ga laxy . T h e a p p r o x i -

m a t e a l i g n m e n t b e t w e e n t h e m i n o r axes of t h e disk in N G C 4261 (ΑΘ = 17°) 

a n d N G C 6251 ( Δ 0 = 25°) a n d t h e la rge scale r ad io axis suggest a causa l 

connec t ion b e t w e e n t h e angu l a r m o m e n t u m in t h e nuc lear disk a n d angu -

la r m o m e n t u m in t h e accre t ion disk. If t h e d isk 's c i rcular m o t i o n pers i s t s 

ins ide of t h e black hole ' s sphere of influence, m e a s u r i n g t h e b lack hole ' s 

m a s s u s ing emiss ion l ines in t h e disk will be m u c h easier t h a n us ing t h e 

^ M B H 2 ~ G M B H / Ä . (1) 

Ä B H ~ GMsn/σο2 = 43 Μ 8 / ( σ ι 0 0 ) 2 p c (2) 
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TABLE 1. Sizes and Estimated Masses of Gaseous Nuclear Disks 

Galaxy Distance Radius Radius Inclination Ty MHI+HII 
(Mpc) Ο (Pc) (Deg) (Μ Θ ) 

NGC 4261 32 0.86 ~ 130 64 - 1 ~ 5 χ 104 

NGC 6251 105 0.78 ~ 400 76 ~ 1.8 ~ 3 χ 106 

M87 15 ~ 1 ~ 7 0 ~ 40 ~ 104 

- 1 0 1 

offset, arcsec 

Figure 1. Examples of nuclear disks in early type galaxies. Two dusty nuclear disks 
are shown in the upper panels - NGC 4261 (left) and NGC 6251 (right). The two lower 
panels show the Hcv disk in M87 (left) and the stellar disk in NGC 4570 (right) after 
subtraction of the host galaxy. 

s te l la r veloci ty d ispers ion . T h i s was d e m o n s t r a t e d by Ford et a l . (1994) 

w h o used t h e newly ins ta l led W F P C 2 t o find a smal l (r ~ 1 , ; ; 70 p c a t 15 

M p c ) disk of ionized gas in t h e nuc leus of M 8 7 , a n d H a r m s et a l . (1994) 

used C O S T A R w i t h t h e Fa in t Ob jec t S p e c t r o g r a p h w i th a 0 .26" a p e r t u r e 
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t o m e a s u r e b lue a n d redshi f ted r o t a t i o n a l velocities of 500 k m s " 1 a t rad i i 

r = 18 p c pa i r ed across t h e nuc leus a long t h e a p p a r e n t m a j o r axis of t h e 

disk . T h e s e m e a s u r e m e n t s yie lded a cen t ra l m a s s of 2.4 ± 0.7 X 1 0 9 M © 

a n d a mass - to - l igh t r a t i o (M/L)v ~ 500. Subsequen t m e a s u r e m e n t s w i t h 

t h e F O S 0 .086" a p e r t u r e ( F o r d et al . 1996) a n d t h e F O C ( M a c c h e t t o et 

a l . 1997) found Kep le r i an r o t a t i o n a r o u n d a ~ 3 Χ 1 0 9 M © . Likewise, F O S 

obs e rva t i ons of t h e nuc lea r disk in N G C 4261 revealed a cen t ra l m a s s of 

4.9 ± 1.0 X 1 0 8 M © a n d (M/L)v ~ 2100 wi th in t h e inner 14.5 pc (Fe r r a r e se , 

Fo rd & Jaffe 1996) . 

Fo rd e t a l . (1997) reviewed gaseous nuc lear disks in el l ipt ical ga lax-

ies . T h e y conc luded t h a t smal l , mos t ly dus ty , nuc lea r disks a n d disk l ike 

s t r u c t u r e s a re c o m m o n in ear ly t y p e ga laxies , w i th a f requency ~ 3 0 % . 

J 9 4 a n d v a n den Bosch et a l . (1994) found smal l stellar nuc lea r disks in 

t h r e e T y p e I I Vi rgo ESO ( N G C 4342, N G C 4570, a n d N G C 4623) . T h e s e 

disks h a v e radi i r < 100 p c a n d scale l eng ths < 20 p c . T h e lower r igh t 

p a n e l in F i g u r e 1 shows t h e i sopho ta l m a p of t h e s te l lar disk in N G C 4570 

after s u b t r a c t i o n of t h e ga l axy ' s bu lge . As d e m o n s t r a t e d by v a n den Bosch 

(1997) , m e a s u r i n g t he se d i sks ' r o t a t i o n provides a m e a n s t o m e a s u r e t h e 

c e n t r a l m a s s . 

2 . S u m m a r y o f H S T O b s e r v a t i o n s o f M a s s i v e B l a c k H o l e s 

T a b l e 2 s u m m a r i z e s H S T e s t i m a t e s for d a r k masses in t h e centers of ga laxies 

a t t h e t i m e of th i s wr i t i ng . In add i t i on t o H S T m e a s u r e m e n t s , we have 

i nc luded t h e V L B A m a s s d e t e r m i n a t i o n s because these obse rva t ions have 

a p p r o x i m a t e l y 100 t imes h igher angu la r reso lu t ion t h a n achievable w i t h 

H S T . W e also h a v e inc luded t h e mass d e t e r m i n a t i o n s for t h e cen te r of ou r 

G a l a x y der ived from g r o u n d - b a s e d infrared s p e c t r a a n d p r o p e r m o t i o n s of 

t h e c e n t r a l s t a r c lus te r ( E c k h a r t & Genzel 1997; Ghez et al . 1998; Genze l 

1998) . T h e s e obse rva t ions have 20 t imes h igher spa t i a l reso lu t ion t h a n can 

b e ach ieved w i t h H S T on M 3 1 a n d M32 . 

T h e r ad i a l veloci t ies of t h e m a s i n g disk in N G C 4258 show t h e u n m i s t a k -

ab le s i g n a t u r e of Kep le r i an r o t a t i o n a r o u n d a mass of 3.6 x 1 O 7 M 0 in te r io r 

t o t h e i nne r edge of t h e disk a t a r ad ius of 0.13 pc (Miyoshi et al . 1995) . 

T h e I R obse rva t ions of t h e ga lac t ic cen te r r e p o r t e d in these p roceed ings by 

Genze l a n d b y Ecka r t & Genze l 1998, a n d Ghez et a l . 1998, respec t ive ly 

find 2.7 ± 0.2 χ 1 0 6 M © a n d 2.6 x 1 0 6 M © inside 0.01 pc! Maoz (1998) finds 

t h a t t h e a b s o l u t e m a x i m u m possible lifetimes of cen t ra l d a r k c lus te rs in 

t h e Mi lky W a y a n d N G C 4258 a re respect ive ly ~ 1 0 8 a n d ~ 2 χ 1 0 8 y e a r s . 

B e c a u s e th i s l i fe t ime is m u c h less t h a n t h e ages of ga lax ies , a d a r k c lus te r 

is a h igh ly i m p r o b a b l e source for t h e m a s s . T h e galac t ic cen te r a n d N G C 
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TABLE 2. High Spatial Resolution Observations of Massive Black Holes 

Galaxy Instrument Resolution (mas) References 

NGC 6251 FOS 86 FFJ97 

NGC 4486 FOS k FOC 260, 86, 63 H94; F96; M97 

NGC 4261 FOS 86 FFJ96 

NGC 4594 SIS &FOS 630(FWHM), 210 K96a 

NGC 4374 STIS 200 B97 

NGC 1068 VLBI <0.5 GG97 

NGC 224 FOS 260, 86 P98 

NGC 3115 SIS &FOS 570(FWHM), 210 K96b 

NGC 4258 VLBA 0.6 χ 0.3 M95 

Milky Way N T T and Keck 130 - 150; 50 EG97, Gh98 

NGC 4342 ISIS & FOS lOOO(FWHM), 260 vdB97 

NGC 221 FOS 210,86 vdM97 

4258 a re ve ry s t r o n g cases t h a t t h e cen t ra l da rk masses a re mass ive b lack 

ho les . 

T a b l e 3 s u m m a r i z e s t h e cen t ra l masses , a s s u m e d t o res ide in mass ive 

b lack ho les , der ived from H S T , V L B A , a n d I R obse rva t ions . For each ga l axy 

t h e t a b l e l ists t h e t o t a l b lue luminos i ty ( B T o ) , t h e r a t i o of t h e b u l g e / t o t a l 

l uminos i t y , t h e bu lge l uminos i t y a n d t h e a s s u m e d d i s t ance . T h e las t col-

u m n is t h e reference for t h e m a s s d e t e r m i n a t i o n m e t h o d — G D = gaseous 

d isk , S D = s te l lar d y n a m i c s . 

T h e Ä ' -band luminos i ty of ou r G a l a x y ' s bu lge , LK = 1.2 Χ Ι Ο 1 0 X© 
( K e n t et a l . 1991) , w a s conver ted t o a i ? -band luminos i ty by a s s u m i n g t h a t 
t h e ga lac t i c bu lge h a s t h e s a m e color as M31 ' s bu lge a t 1 k p c , (B — K)o = 4 
( B a t t e n e r e t a l . 1986) . 

O n e o u t s t a n d i n g ques t ion is w h e t h e r or no t t he r e is a mass ive b lack 

hole in t h e cen te r of every nuc lea t ed ga laxy . A l t h o u g h t h e p re sen t census is 

t o o b iased a n d i n c o m p l e t e t o answer th i s ques t ion , t h e p resence of M B H s 

in t h r e e local g r o u p galaxies m a k e it clear t h a t mass ive black holes a r e 

m o r e likely t o b e t h e rule t h a n t h e excep t ion . A m o r e res t r i c t ed ques t ion 

is w h e t h e r or n o t every ac t ive ga laxy hos t s a M B H . All eight of t h e A G N s 

in T a b l e 3 h a v e la rge cen t r a l d a r k masses . As a l ready n o t e d , t h e ac t ive 

nucle i in N G C 4258 a n d t h e Milky W a y a re t h e t w o s t ronges t cases for 

M B H s . T h e s e facts l end powerful s u p p o r t t o t h e suppos i t ion t h a t all A G N s 

a r e p o w e r e d by accre t ion o n t o mass ive black holes . H o (1997, 1998) finds 

t h a t 4 0 % t o 5 0 % of all n e a r b y galaxies have ac t ive nucle i , sugges t ing t h a t 

t h e r e is low t o m o d e r a t e levels of accre t ion o n t o a M B H in rough ly half 

of all n e a r b y galaxies . T a k i n g i n t o accoun t t h e s t rong evo lu t ion of ga laxy 
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TABLE 3. High Spatial Resolution Measurements of Black Hole Masses 

Galaxy Type Dist. BTo Bulge/ AFFIULGE MBH Method 
RSA Mpc RC3 Total 1 O 8 M 0 

NGC 6251 (EO) 98 13.22 1.0 - 2 1 . 7 4 7.50 GD 
NGC 4486 EO 16 9.49 1.0 - 2 1 . 5 3 26.12 GD 

NGC 4261 E3 32 11.36 1.0 - 2 1 . 1 7 4.27 GD 
NGC 4594 S a + / S b - 8.9 8.38 0.93 - 2 1 . 1 3 9.67 SD 

NGC 4374 E l 16 10.01 1.0 - 2 1 . 0 1 3.00 GD 
NGC 1068 Sb(rs)II 16.2 9.47 0.23 - 1 9 . 9 8 0.16 H2O Masers 

NGC 224 Sbl-II 0.72 3.28 0.24 - 1 9 . 4 6 0.75 SD 

NGC 3115 S01(7) 6.5 9.74 0.94 - 1 9 . 2 6 14.07 SD 
NGC 4258 Sb(s)II 6.4 8.53 0.23 - 1 8 . 9 1 0.36 H2O Masers 

Milky Way (Sc) 0.008 - - - 1 7 . 7 9 0.027 SD 

NGC 4342 E7 16 13.37 1.0 - 1 7 . 6 5 3.20 SD 

NGC 221 E2 0.72 8.72 1.0 - 1 5 . 5 7 0.03 SD 

10 μ 

Θ 

J 8 

00 
ο 

π 1 1 r 

• M87 

• N4594 . ^ H 
j»N62S1 

3 4 2 ' 
>R*4261 

, ' • N 4 3 7 4 

/ · M31 

• N4258 

9*1068 

J i MW 

8 11 9 10 

LogCLsuige/Lo) 
Figure 2. Black hole mass versus B-band bulge luminosity. The dashed lines are the 
locii of constant ratios of MBH/^BUIGE. 

a c t i v i t y w i t h redshi f t , we a r e aga in led t o t h e conclusion t h a t m o s t , if n o t 

al l , ga laxies hos t a M B H . R ichs tone (1998) comes t o t h e s a m e conclus ion . 

Us ing mos t l y g r o u n d - b a s e d d a t a , K o r m e n d y a n d R ichs tone (1995) m a d e 

t h e i n t e r e s t i n g sugges t ion t h a t t h e r e m a y be a s t r o n g re la t ionsh ip b e t w e e n 
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t h e m a s s of a ga l axy ' s cen t ra l b lack hole a n d t h e luminos i ty of t h e ga l axy ' s 

bu lge . If t r u e , such a re la t ionsh ip would p rov ide i m p o r t a n t clues as t o how 

M B H s form a n d g row. T o tes t t he i r sugges t ion w i th m o r e recen t d a t a , 

in F i g u r e 2 we show log(MßH/'Μ·)) versus log^Bulge /X©)- T h e e r rors in 

t h e m a s s e s of t h e b lack holes a re no t yet well u n d e r s t o o d . In m o s t cases 

we t h i n k t h e e r rors a r e likely larger t h a n t h e formal e r rors given by t h e 

a u t h o r s . However , t h e masses a p p e a r t o be good t o a factor of t w o or 

b e t t e r . T h e luminos i t i e s of t h e bulges in N G C 4258 (Sb(s ) I I ) a n d N G C 

1068 ( S b ( r s ) I I ) a re der ived from Simien a n d de Vaucou leur s (1986) f rac t ion 

of bu lge l ight ve r sus R C 3 t y p e , r a t h e r t h a n from direct m e a s u r e m e n t s . 

However , t h e b u l g e / t o t a l va lue of 0.23 is very cons is ten t w i t h K e n t ' s (1987) 

va lue of 0.24 for M 3 1 ( S b M I ) . 

F i g u r e 2 does n o t s u p p o r t t h e suppos i t ion t h a t t h e r e is a s t r ong re la t ion-

sh ip b e t w e e n b lack hole m a s s a n d bulge luminos i ty . T h e t w o galaxies w i t h 

t h e b e s t m a s s d e t e r m i n a t i o n s , N G C 4258 a n d t h e ga laxy, a re s e p a r a t e d by 

n e a r l y a fac tor of 10 in th i s d i a g r a m . W e fur ther n o t e t h a t b e c a u s e i t is 

difficult t o m e a s u r e t h e m a s s of a " smal l " b lack hole in a g ian t e l l ipt ical 

w i t h low cen t r a l surface b r igh tnes s , t h e lower r igh t h a n d corner of F i g u r e 

3 a lways will b e difficult t o p o p u l a t e . 

In t h e n e x t few yea r s we can an t i c i pa t e t h a t t h e n u m b e r of galaxies w i t h 

H S T m e a s u r e m e n t s of cen t ra l masses will increase by factors of severa l . T h i s 

c o n t i n u i n g census should p rov ide definitive answers t o ques t ions a b o u t t h e 

f requency a n d r anges of b lack hole masses in ga laxies . 

A c k n o w l e d g m e n t s — T h i s research was s u p p o r t e d b y N A S A g r a n t 

N A G 5 - 1 6 3 0 t o t h e J o h n s Hopk ins Univers i ty . 
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