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

T h i s s y m p o s i u m - only t h e s ix th m a j o r i n t e r n a t i o n a l conference on t h e 

G a l a c t i c C e n t e r or o t h e r n o r m a l ga lac t ic nuc le i 1 - is a t imely o p p o r t u n i t y 

t o review t h e r a p i d progress ion of research which has t a k e n p lace recen t ly 

in th i s a r e a . T h e pace has been dr iven by b o t h i n s t r u m e n t a l advances a n d 

by t h e recogni t ion t h a t ga lac t ic nuclei d isp lay some of t h e m o r e fasc ina t ing 

e x t r e m e s of n a t u r e : h igh s te l lar dens i t ies , supe rmass ive black holes , u n p a r -

allelled gas c o n c e n t r a t i o n s , s t r o n g m a g n e t i c fields, u n u s u a l p o p u l a t i o n s of 

s t a r s , e t c . I t is also ev iden t t h a t n o r m a l galac t ic nuclei p r o b a b l y hold im-

p o r t a n t clues for u n d e r s t a n d i n g ga laxy evolu t ion a n d ac t ive ga lac t ic nucle i . 

M u c h of t h i s sub jec t ( a n d m u c h of th i s m e e t i n g ) is focussed on t h e 

Mi lky W a y ' s Ga lac t i c cen te r because of t h e t r e m e n d o u s reso lu t ion a d v a n -

t a g e we h a v e t h e r e ( t h e n e x t nea res t disk ga laxy nuc leus , t h a t of M 3 1 , is 90 

t i m e s fu r the r a w a y ) . O n e expec t s t h a t t h e phenomeno logy of t h e Ga lac t i c 

cen t e r is largely genera l izable t o ga lac t ic nuclei e lsewhere . However , we a r e 

also seeing t h a t i n s t r u m e n t s such as t h e H u b b l e Space Telescope , V L B I 

t e l e scopes , mi l l imete r a r r a y s , a n d t h e la rges t o p t i c a l / I R te lescopes used a t 

t h e i r diffraction l imi t , a re now capab le of reach ing ou t t o o t h e r ga laxies , 

a n d i l l u m i n a t i n g p h e n o m e n a t h a t were previous ly accessible only in ou r 

Ga l axy . 

T h e defini t ion of a "ga l ac t i c cen te r" or " c e n t r a l region" is no t well for-

m u l a t e d . F r o m a s te l lar pe r spec t ive , it can inc lude t h e bulge a n d a cen t r a l 

s te l la r b a r (for galaxies which have o n e ) , so t h e cen t ra l region can e x t e n d 

o u t t o severa l k i loparsecs . T h e pe r spec t ive of t hose w h o s t u d y t h e in te r s te l -

la r m e d i u m , however , is usual ly o r i en ted t o t h e smal ler scales of t h e gaseous 

^ h e literature on previous meetings includes: Riegler h Blandford 1982, Backer 1987, 
Morris 1989, Genzel & Harris 1994, and Gredel 1996. 
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reservoi rs often found in t h e cen t r a l 500 pc or so of a spiral ga laxy. Some-

t i m e s , i t is t r a i n e d on t h e 0.5 t o 100-pc scales of well-defined c i r cumnuc lea r 

gas disks wh ich a re n o w be ing found in a n u m b e r of ga laxies . A n d t h e m o s t 

i n t e r e s t i n g p a r t of a cen t r a l region is often r ega rded as t h e cen t ra l pa r sec , 

w h e r e s u p e r m a s s i v e b lack holes lurk nea r t h e s te l lar dens i ty m a x i m a . 

2 . O u t s t a n d i n g Q u e s t i o n s i n R e s e a r c h o n G a l a c t i c N u c l e i 

Deta i l ed s u m m a r i e s of p a s t research on t h e cen t ra l regions of our ga laxy 

have a p p e a r e d in severa l r ecen t review ar t ic les (Genzel et a l . 1994; Mor r i s 

& S e r a b y n 1996; Mezger et al . 1996). R a t h e r t h a n revis i t ing t h e rich b o d y 

of l i t e r a t u r e aga in he re , I offer a list of cu r r en t issues which define t h e 

f ront iers of research in t h e subjec t of n o r m a l ga lac t ic nucle i . T h e s e issues 

have m o t i v a t e d m u c h of t h e work descr ibed in th i s vo lume , a n d I bel ieve 

t h e y will c o n t i n u e t o b e dr ivers for research in years t o come . 

1. What is the non-axisymmetric mass distribution, from the central black 

hole (in those apparently numerous galaxies which have one) out to several 

parsecs, where the strength of any existing bar may decline? Us ing s te l lar 

o rb i t s a n d veloci ty d i spers ions t o infer m a s s d i s t r i bu t ions is s t r a igh t fo rward 

in a spher ica l p o t e n t i a l , b u t w h e n t h e p o t e n t i a l has h igher o rde r mu l t i po l e 

m o m e n t s (such as t h e m = 2 ba r s a n d spiral a r m s or t h e m = l offset, or 

" s losh ing m o d e " ) , as mos t galaxies indeed a p p e a r t o h a v e when closely 

e x a m i n e d , t h e n d e t e r m i n a t i o n of t h e mass d i s t r i bu t ion from obse rva t ions 

is a cha l l eng ing en te rp r i se . A n i m p o r t a n t r e la ted ques t ion is how t h e var ious 

m u l t i p o l e m o m e n t s in t h e m a s s d i s t r i bu t ion couple t o each o the r , t h e r e b y 

e x c h a n g i n g energy a n d foster ing t h e g r o w t h of p a r t i c u l a r m o d e s . 

2 . How does gas react to the gravitational potential? T h a t is, how can 

we u n d e r s t a n d t h e d y n a m i c s a n d d i s t r ibu t ion of molecu la r c louds nea r a 

ga lac t i c nuc leus? No t only m u s t one deal w i th o rb i t a l t h e o r y a n d , given t h e 

finite sizes of in t e r s t e l l a r c louds , w i th t ida l forces t h a t can d i s rup t or deform 

c louds , b u t m u c h of t h e behav io r of gas clouds nea r a ga lac t ic nuc leus is 

d e t e r m i n e d by t h e shocks t h e y suffer. T h i s is i n t i m a t e l y l inked to t h e n e x t 

ques t i on : 

3 . What is the dominant mode of star formation in a galactic nucleus, 

and what is the consequent initial mass function? T h e t ida l forces, l a rge 

t u r b u l e n t velocit ies a n d p r e s u m e d large m a g n e t i c field s t r e n g t h s in t h e 

molecu la r m e d i u m of ga lac t ic nuclei m i g h t well favor mass ive s t a r s , r e l a t ive 

t o gas in t h e disk. In p a r t i c u l a r how did s t a r s form in t h e cen t r a l pa r sec 

of ou r Ga l axy , whe re these processes inh ib i t ing s t a r fo rmat ion m i g h t b e 

e x p e c t e d t o h a v e the i r g rea t e s t effect? If mass ive s t a r s a re favored, w h a t 

h a p p e n s t o the i r c o m p a c t r e m n a n t s , or , g iven the i r unusua l ly powerful a n d 
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p ro longed w inds , do mass ive s t a r s even form such r e m n a n t s ? 

4 . What is the nature of the relatively abundant helium emission-line stars 

in the central region of our Galaxy? T h e s e l u m i n o u s , w indy ob jec t s resem-

ble Wolf -Raye t s t a r s , Ofpe s t a r s , or L B V ' s , b u t t h e y a re far m o r e a b u n d a n t 

t h a n one m i g h t e x p e c t from a n y o r d i n a r y m i x of recent ly- formed s t a r s . C a n 

the i r p r o p e r t i e s b e asc r ibed t o an e levated meta l l ic i ty , re la t ive t o solar? T o 

w h a t e x t e n t a re such s t a r s p re sen t in o t h e r galaxies? In p a r t i c u l a r , can 

such s t a r s be cal led u p o n t o accoun t for t h e nuc lea r s p e c t r a of t h e so-called 

"Wolf -Raye t ga lax ies"? 

5. What produces the extremely hot, x-ray emitting coronal gas in our 

Galaxy, and does it imply a galactic wind emerging from the central few 

hundred parsecs? C a n such a coronal gets c o m p o n e n t b e found in o t h e r 

ga lax ies w i t h t h e n e x t gene ra t i on of h igh-energy observa tor ies? 

6. As gas migrates into a galactic nucleus, what are the branching ratios 

for its various possible fates? W h a t fract ion of t h e e n t e r i n g gas m a s s 

is channe l ed t o s t a r fo rma t ion , t o a ga lac t ic w ind , or t o accre t ion o n t o a 

c o m p a c t cen t r a l ob jec t? C u r r e n t ev idence sugges ts t h a t t h e res idence t i m e 

of gas in a ga lac t ic nuc leus is only a few χ 1 0 8 y ea r s , so i t is i m p o r t a n t t o 

resolve t h i s ques t ion of t h e m a s s b u d g e t . 

7. How does the gas inflow rate to a galactic nucleus and the size of the 

central mass concentration that results from it (be it in the form of gas or 

stars) depend on the strength of the bar? 

8. What is the origin of the strong magnetic field in the Galactic center 

region? Is such a field typ ica l of all galaxies? How does th i s field affect 

c loud d y n a m i c s a n d s t a r fo rma t ion? A re la t ive ly s t r a igh t fo rward p red ic t ion 

is t h a t r ecen t ly formed s t a r s in t h e Ga lac t i c cen te r a re re la t ive ly highly 

m a g n e t i z e d . 

9. How do central black holes form, and once formed, how do they evolve 

as they interact with stars and gas? How soon can we find i r re fu tab le 

ev idence for t h e a p p a r e n t l y inev i t ab le occurence of violent t i da l d i s rup t ion 

of s t a r s by s u p e r m a s s i v e black holes? If t h e energy re leased by such even ts 

is a n y w h e r e nea r 1 0 5 3 e rgs , a n d if t h e t i m e in te rva l for such events is only ~ 

1 0 4 y e a r s , as ha s been sugges ted , t h e n we should p r o b a b l y see t h e " s m o k i n g 

g u n " in a few n e a r b y galaxies , if no t in our own Ga lac t i c cen te r . 

10. What are the mechanisms responsible for the nonthermal emission from 

compact objects in normal and moderately active galactic nuclei, and how 

do their luminosities and spectral energy distributions relate to the accretion 

rate? T h e s e ques t ions will b e well cons t r a ined by t h e rap id ly i m p r o v i n g 

p i c t u r e of t h e s p e c t r u m of t h e c a n d i d a t e supe rmass ive b lack hole in t h e 

Milky Way , Sag i t t a r i u s A*. 
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11 . Is the last step in the mass accretion process onto a galactic nucleus 

mediated by coherent circumnuclear gas disks of 1 to 100~pc scales? T h e 

c i r c u m n u c l e a r disk in our Ga laxy , t h e disk revealed by H2O m e g a m a s e r s 

in N G C 4 2 5 8 , a n d several o the r s observed recent ly by t h e H S T or by V L B I 

n e t w o r k s all sugges t t h a t t h e cen t r a lmos t gas has been d r a w n i n t o a m o r e or 

less c o n t i n u o u s disk conf igura t ion . Does th is process usua l ly occur by quas i -

s t e a d y - s t a t e acc re t ion , or do such disks form w h e n ind iv idua l c louds w a n d e r 

close e n o u g h t o t h e center t o b e t idal ly d i s rup t ed a n d quickly r e a r r a n g e d 

i n t o a disk by shear a n d d iss ipa t ive shocks? 

12. Is activity in a galactic nucleus cyclical or repetitive, with starbursts 

and accretion events occuring on time scales of 1Ö7 to 1Φ years? T h i s 

begs t h e r e l a t ed ques t ion of w h a t d i s t inguishes ac t ive a n d inac t ive ga laxies . 

T h e r eac t i ve m i x of a large q u a n t i t y of gas a n d a mass ive c o m p a c t cen t r a l 

ob jec t is a p p a r e n t l y p re sen t in a large fract ion of galaxies , w h e t h e r t h e y 

a r e ac t ive or no t . Is t h e process which in i t i a tes the i r violent i n t e r ac t i on an 

i nev i t ab l e a n d r ecu r r ing one? 

13. Is there any evidence that dark matter is present in galactic nuclei, 

apart from central black holes? T h e answer a t p resen t a p p e a r s t o b e " n o , " 

b u t a t a t i m e w h e n d a r k m a t t e r is recognized as t h e d o m i n a n t c o n s t i t u e n t 

of t h e un ive r se , a n d is ev idenced on a lmost all larger scales t h a n we are 

conce rned w i t h he re , we should be mindful of t h e possibi l i ty t h a t it m i g h t 

mani fes t itself in ga lac t ic nuclei as well. 

T h i s list obv ious ly does no t inc lude all of t h e i m p o r t a n t ques t ions , b u t 

w h e n t h e s e 13 ques t ions h a v e been answered , t h e sub jec t of " n o r m a l ga lac-

t ic nuc le i " will t h e n h a v e m a t u r e d . I c o n g r a t u l a t e t h e p r i m a r y conference 

o rgan ize r , Dr . Yoshiaki Sofue, for his cons iderable success in a s sembl ing a 

g r o u p of ac t ive researchers w h o can bes t inform us on t h e progress which 

h a s b e e n m a d e in answer ing such ques t ions . 
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