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T H E C E N T R A L R E G I O N S O F T H E G A L A X Y A N D G A L A X I E S : 

A B R I E F S U M M A R Y 

F. COMBES 

Observatoire de Paris, DEMIRM 

61 Av. de l'Observatoire, F-75 014 Paris, France 

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 h a s revealed cons iderab le new progress on nuclei of ga lax-

ies over t h e las t t h r e e yea r s . In th i s t a lk , I will t r y t o po in t ou t t h e advances 

s ince t h e las t m e e t i n g on exac t ly t h e s a m e subjec t held t h r e e yea r s ago a t 

R i n g b e r g Cas t l e in G e r m a n y (see " T h e Nuclei of N o r m a l Galax ies : Lessons 

from t h e Ga l ac t i c C e n t e r " , ed . R. Genzel & A. Har r i s , K l u w e r ) . 

It was pa r t i cu l a r ly t imely t o organize th is s y m p o s i u m on ga lac t ic nucle i , 

n o w in K y o t o , for several i m p o r t a n t new po in t s have come a b o u t : 

— New s t eps in spa t i a l reso lu t ion , d u e t o t h e Hubb l e Space Telescope , 

t h e a d a p t i v e opt ics now o p e r a t i o n a l , a n d also rad io mi l l imeter in ter -

f e romete r s , t h a t o p e r a t e a t 1 m m wi th subarcsec b e a m s , 

— Near - in f ra red r ap id progress in cameras a n d s p e c t r o g r a p h i c ins t ru -

m e n t s 

— New resu l t s from sa te l l i tes , e i ther in X- rays , 7 - r a y s , or far- infrared 

( I S O ) 

— P r o p e r m o t i o n s b r e a k t h r o u g h ( E S O , Keck, H2O mase r s ) 

It is w o r t h e m p h a s i z i n g t h a t ou r Ga lac t i c Cen te r is a u n i q u e l abo ra -

to ry , s ince we can p r o b e a ga lac t ic nucleus w i t h unr iva led spa t ia l reso lu t ion 

( 1 " = 0.04 pc ; l m a s = 8 A U for V L B I ) . However , our pos i t ion ins ide t h e 

ga lac t i c p l a n e , whe re we see t h e nuc lear disk a lmos t edge-on , is no t favor-

ab le , a n d m u t u a l compar i sons be tween t h e Milky W a y a n d e x t e r n a l galaxies 

a r e necessa ry for a b e t t e r u n d e r s t a n d i n g of t h e morpho logy a n d d y n a m i c a l 

n rocesses . 

D u r i n g all t h i s c a p t i v a t i n g week, it ha s been obvious a n d clear why it 

is so i n t e r e s t i ng a n d r e w a r d i n g to s t u d y ga laxy nuclei : t hey are 

495 

Y. Sofue (ed.), The Central Regions of the Galaxy and Galaxies, 495-499. 
© 1998 IAU Printed in the Netherlands. 

https://doi.org/10.1017/S0074180900085739 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900085739


496 F. COMBES 

— F a s c i n a t i n g s ince t r e m e n d o u s a m o u n t s of energy a re re leased, e i the r 

t h r o u g h A G N - t y p e of ac t iv i ty , or t h r o u g h s t a r b u r s t s 

— S i n g u l a r In m a n y cases , black holes a re suspec t ed t o exist in nuclei be-

cause of t h e k i n e m a t i c a l m e a s u r e m e n t s ; t h e dens i ty profiles a re cuspy, 

h a v i n g or no t a well-defined core , 

— U n i q u e T h e cen te r of ou r Ga laxy is t h e un ique place of large-scale 

i n t e n s e m a g n e t i c p h e n o m e n a . Also, for t h e d y n a m i c s of a ga laxy, t h e 

cen t e r is t h e e n d - p o i n t of recurs ive d y n a m i c a l p h e n o m e n a , t r aced by 

ne s t ed s t r u c t u r e s like ba r s or sp i ra ls . T h e s e s t r u c t u r e s t a k e over t o 

d r ive t h e gas of t h e ga laxy disk t owards t h e un ique cen te r . 

A l t h o u g h ou r ga laxy is ne i the r an A G N nor a s t a r b u r s t ( a n d does no t 

fall in t h e first c a t e g o r y ) , we can t a k e lessons app l icab le t o ex t e rna l nucle i , 

s ince it has t h e two o t h e r cha rac te r i s t i c s . 

2 . E x i s t e n c e o f M a s s i v e B l a c k - h o l e s ( M B H ) 

M a y b e t h e m o s t i m p o r t a n t resu l t s t h a t we have h e a r d of th is m e e t i n g a re 

t h o s e conf i rming t h r o u g h p r o p e r m o t i o n s t h e la rge velocit ies in a t leas t 

t w o ga lac t i c nuclei (Milky W a y a n d N G C 4258) . In t h e Milky Way, t h e 

p r o p e r m o t i o n s a re s te l lar , seen a t near- inf rared wave leng ths , a n d have 

b e e n o b t a i n e d over 6 yea r s a t E S O - N T T (Eckart, Genzel) a n d only one yea r 

a t Keck (Ghez). T h e s e es tab l i sh t h a t t h e h igh velocit ies m e a s u r e d in t h e 

r ad i a l d i rec t ion by spec t roscopy also exist in t h e p l ane of t h e sky, a n d t h a t 

t h e veloci ty d i spers ion is i so t rop ic . T h e large velocit ies found a r o u n d t h e 

N G C 4258 nuc leus t h r o u g h H2O mase r s seen a t V L B I reso lu t ion , a re also 

conf i rmed t h r o u g h p r o p e r m o t i o n s t o be compa t ib l e wi th r o t a t i o n (Nakai, 

Hernstein). I t a p p e a r s now m o r e a n d m o r e ce r ta in t h a t a black hole of « 2.5 

Ι Ο 6 Μ Θ exis ts in t h e cen te r of ou r Ga laxy . Mass ive black-holes have s t o p p e d 

t o p lay t h e " A r l e s i a n " , th i s ac to r of t h e play t h a t never shows u p , b u t t h a t 

every peop le is t a l k ing a b o u t . Of course M B H were suspec t ed long before 

(Richstone). Cou ld c o m p a c t s te l lar c lus ters still be an a l t e rna t i ve so lu t ion 

t o t h e M B H ? N o , ce r t a in ly n o for t h e Milky W a y a n d N G C 4258 (Maoz), 

a l t h o u g h a d i rec t proof will come from m e a s u r i n g re la t ivis t ic velocit ies a t 

a few Schwarzshi ld rad i i . M a n y o t h e r c and ida t e s (10-20) for M B H were 

p r e s e n t e d (Ford, Richstone), b u t those are no t so t igh t ly conf i rmed. 

W i t h t h e inc reased spa t i a l reso lu t ion of t h e H S T , t h e new discovery 

is t h e ex i s tence of nuc lea r d isks , a lmos t omni -p resen t a t very smal l scale 

a r o u n d these ac t ive nucle i : example s a re gaseous , N G C 4 2 6 1 , M 8 1 , M87 

(Ford), a n d s te l lar , N G C 4342, ... (van den Bosch), t he i r sizes a re of t h e 

o r d e r of 100-300 p c . 

In exp lor ing t h e d y n a m i c s of nucle i , t o deduce t h e possible ex is tence of 

M B H , t h e m a i n p r o b l e m is t h e veloci ty an i so t ropy a n d exis tence of r ad i a l 

https://doi.org/10.1017/S0074180900085739 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900085739


SUMMARY TALK 497 

o r b i t s . A lot of p rogress h a s been r e p o r t e d in t h e analys is of d i s t r i bu t ion 

func t ions : t h r ee - in t eg ra l mode l s a re deve lopped , 2D fields a n d fine de ta i l s 

in L O S V D (line of sight veloci ty d i s t r i bu t i on ) a re e x a m i n e d (van der Marel, 

van den Bosch). E v e n in el l ipt icals a n d ea r ly - type galaxies , l inks w i t h b a r s 

a n d r e s o n a n t r ings can b e m a d e (Emsellem). 

For t h e fu tu re , now t h a t M B H have been proven t o exis t , m a n y ex-

c i t ing ques t ions should be cons idered: M B H d e m o g r a p h y (Ho), t h e M B H 

f o r m a t i o n , me rge r s of M B H , the i r influence on t h e d y n a m i c s of t h e ga laxy , 

e t c . . . T h e re l a t ion be tween t h e mass of t h e M B H a n d t h e m a s s of t h e hos t -

ga laxy , m o r e exac t ly t h e mass of t h e sphero id hos t ( t h e t o t a l mass for an 

e l l ip t ica l , t h e bu lge m a s s for a spira l ) has been advanced (Richstone), b u t 

is ques t i onab l e : t h e s ca t t e r is a b o u t a factor 100, a n d obse rva t iona l b iases 

a r e obv ious . It is of p r i m e i m p o r t a n c e t o inves t iga te such re la t ions fu r the r 

t o u n d e r s t a n d t h e fo rmat ion scenar ios of M B H . 

T h e r e h a s been also cons iderab le progress in t h e t h e o r y : t h e m a i n puz-

zle of t h e confirmed M B H is t h a t t hey a re no t violent A G N , in p a r t i c u l a r 

t h e ac t i v i t y of ou r o w n ga lac t ic cen te r is several o rde rs of m a g n i t u d e lower 

t h a n e x p e c t e d , from t h e gas p resen t (avai lable fuel). W e have l ea rned t h a t 

t h e r e ex is t s a mag ic so lu t ion , called A D A F (Advec t ion D o m i n a t e d Accre-

t ion F l o w ) , t h a t satisfies all obse rva t iona l cons t r a in t s (Narayan). In brief, 

t h e gas is swal lowed by t h e black hole before it has t i m e t o r a d i a t e away 

i ts g r a v i t a t i o n a l l y acqu i red energy. T h e cons t r a in t s on th ickness ( H / R ) , or 

disk m a s s , or u p p e r l imit on p e r t u r b a t i o n s of kepler ian velocit ies a re m e t 

(Hernstein), a n d m a y b e t h e j e t in N G C 4258 ? (Falcke). T h e s p e c t r u m 

of SgrA* h a s b e e n successfully fit in t h e f rame of t h e s te l lar wind accre-

t ion m o d e l (Melia); th i s m o d e l has been shown t o impeed accre t ion r a t e 

a n d t h u s solve t h e SgrA* puzzle (Coker). T h e s p e c t r u m can be i n t e r p r e t e d 

as opt ica l ly t h i n s y n c h r o t r o n emission from mono-energe t i c e lec t rons in a 

co re / she l l s t r u c t u r e (Duschl), or m a y b e t h r e e s t r u c t u r e s (Falcke). 

3 . S t a r b u r s t s a n d s t e l l a r p o p u l a t i o n s 

A l t h o u g h ou r G a l a x y is no t a s t a r b u r s t , t h e r e is ev idence of recent s t a r for-

m a t i o n in t h e Ga lac t i c cen te r , even t h o u g h high ex t inc t ion m a k e s all resu l t s 

u n c e r t a i n . In t h e cen t r a l few h u n d r e d parsecs , a con t inuous low-level s t a r 

f o rma t ion has fo rmed a flattened s te l lar c lus ter , of a b o u t a mill ion solar 

m a s s e s , wh ich is no t t o be confused wi th t h e cen te r of t h e bulge (Serabyn). 

T h e r e is ev idence of mass ive s t a r fo rma t ion , for i n s t ance in t h e Q u i n t u p l e t 

c lus te r (Nagata), t h a t i l l umina tes t h e p i s to l - shaped HII regions (Figer), a n d 

ho t d u s t h a s been m a p p e d wi th I S O C A M . T h e clues given by t h e va r ious 

s te l la r p o p u l a t i o n s on t h e age a n d chemical evolu t ion of t h e Milky W a y 

bu lge a r e h a r d t o r ead (Rich). Long-per iod mi ras ( P > 300 d a y s , i .e. t h e 
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y o u n g p o p u l a t i o n ) a re t r a c i n g t h e bar ; b u t t h e r e exist also me ta l - r i ch old 

s t a r s , a n d t h e r e does no t a p p e a r any corre la t ion be tween a b u n d a n c e s a n d 

k i n e m a t i c s . T h e r e h a s been cer ta in ly recycl ing of s t a r s , so t h a t t h e bu lge 

fo rmed r ap id ly b u t no t w i t h a s t a r b u r s t . M a n y con t r ad i c t i ons r e m a i n . A 

ques t ion f requent ly asked: a re t h e bulge a n d b a r t h e same? T h e r e is n o con-

census (Ng). T h e s i t ua t i on is qu i t e different in M 3 1 , which a p p e a r s no t t o 

h a v e h a d t h e s a m e h i s to ry : t h e r e is a supe r meta l - r i ch p o p u l a t i o n of globu-

lar c lus t e r s , en l igh ted by recent H S T s tud ies (Jablonka). Very en thus i a s t i c 

t a lk s h a v e d r a w n ou r a t t e n t i o n on t h e large n u m b e r of shells d iscovered in 

n e u t r a l ISM surveys (Tsuboi, Hasegawa). T h e r e could be as m a n y as 500-

1000 s u p e r n o v a e or s te l lar winds dr iven shells , a t t e s t i n g of a p a s t s t a r b u r s t . 

As for s t a r b u r s t s in e x t e r n a l galaxies , a l ong- s t and ing p rob l em has b e e n 

t o d i s e n t a n g l e b o t h t y p e s of ac t iv i t i es , from an A G N or a nuc lea r s t a r b u r s t . 

T h e p r e d o m i n a n c e of one or t h e o t h e r is now s tud ied wi th ISO S W S / L W S 

o b s e r v a t i o n s , t h r o u g h l ine ra t ios of highly ionized species ( A G N ) like Ο I V , 

a n d low ionised ( N E U ) or " P A H " fea tures a t 7μ or molecu la r H2 l ines 

(Lutz, Egami). A n in t e r e s t i ng s t u d y was r e p o r t e d a b o u t c o m p a r e d s te l lar 

p o p u l a t i o n s in s t a r b u r s t s , seyferts a n d l iners (Joly): t h e m e a n age of t h e 

p o p u l a t i o n s a p p e a r s t o increase from t h e s t a r b u r s t s (logically t h e y o u n g e s t ) , 

t o seyfert 2, t h e n seyfert 1, t h a n l iners . T h e exis tence of t h e two ca tegor ies 

of seyferts wou ld no t b e reducib le t o p ro jec t ion effects. 

4 . S i n g u l a r i t i e s 

T h e h igh spa t i a l reso lu t ion of t h e H S T has recent ly discovered t h a t some 

sphe ro ids possess resolved cores , while o the r s do n o t . T h e first ca t egory 

c o r r e s p o n d s t o t h e large a n d l u m i n o u s el l ipt icals , t h a t a re also p r e d o m i -

n a n t l y boxy a n d t r i ax ia l , while t h e second ca tegory is t h e p r e r o g a t i v e of 

t h e smal le r ones , p r e d o m i n a n t l y disky a n d ob la t e . T h e unde r ly ing in te r -

p r e t a t i o n is t h a t t h e smal ler ones , m o r e ro ta t iona l ly s u p p o r t e d , m a k e t h e 

t r a n s i t i o n w i th spi ra ls ; t h r o u g h o u t coalescence be tween smal ler s y s t e m s , 

t h e b igges t s y s t e m s lose the i r r o t a t i o n , s h a p e , a n d b i n a r y black holes can 

c r e a t e t h e cores in t h e merg ing (Makino poster). However , we l ea rned t h a t 

in t h e C o m a c lus te r , t h e r e was no effect of t h e e n v i r o n m e n t on t h e s e two 

classes , a n d even t h a t t h e b i m o d a l i t y c h a r a c t e r was no t recovered (de Jong). 

5. M a g n e t i c P h e n o m e n a 

T h e o rde r of m a g n i t u d e of t h e m a g n e t i c field in t he ga lac t ic cen te r is « 

1 m G , a t h o u s a n d t imes h igher t h a n in t h e disk ( « 1/xG). T h e m a g n e t i c 

p r e s su re (ex B 2 ) is therefore cons iderab le . However t h e g r a v i t a t i o n a l force 

is d o m i n a n t in molecu la r c louds (Morris, Novak). 
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T h e ga lac t i c cen te r is un ique for t h e fan tas t ic morpho logy of n o n - t h e r m a l 

f i l aments ( N T F ) ; t h e r e a re phys ica l l inks be tween N T F , t h e r m a l f i l aments , 

mo lecu l a r c louds a n d HI I regions . T h e o r i en ta t ion of t h e field is comple te ly 

different in t h e c louds a n d in t h e in te rc loud , a n d field lines r econnec t ion a t 

c loud surfaces could b e t h e m e c h a n i s m to acce lera te re la t iv is t ic e lec t rons 

t o p r o d u c e t h e s y n c h r o t r o n emission of t h e N T F . T h e origin of th i s s t r o n g 

m a g n e t i c field could be a p ro to -ga lac t i c p r imord ia l field, t h a t is amplif ied 

t h r o u g h gas r ad ia l inflow (Morris). In th i s d o m a i n , fu ture progress is cer-

t a i n l y e x p e c t e d in t heo ry deve lopmen t , which has a wea l th of obse rva t ions 

t o c o m p a r e w i t h . 

6 . D y n a m i c s a n d F u e l l i n g 

B a r s a n d e m b e d d e d nuc lea r b a r s have been k n o w n for a long t i m e . In t h e o r y , 
s ince g r av i t y is s ca l e - independen t , a n d because these s t r u c t u r e s a re g rav i ty -
d r iven , t h e r e is n o reason no t t o e x t r a p o l a t e t o even smal ler s t r u c t u r e s , 
ne s t ed ins ide nuc lea r b a r s . W e have h e a r d of significant progress in spa t i a l 
r e so lu t ion , e i the r from mi l l imeter in te r fe romete r s (Tacconi, Scoville), o r 
a d a p t i v e op t i c s (Rouan poster, Knapen), a n d it a p p e a r s t h a t t h e th i rd- leve l 
b a r s t r u c t u r e m i g h t h a v e been discovered a l ready in N G C 1068. W e h a v e 
n o w i m p r o v e d s ta t i s t i c s in d y n a m i c a l morphologies : r ings , b a r s , sp i ra l s , 
t w i n p e a k s , e t c . . (Kenney, Sakamoto). Since t he se nuc lea r s t r u c t u r e s a re 
usua l ly very r ich in molecu la r gas , i t is of p r ime i m p o r t a n c e t o se t t l e t h e 
ques t ion of i t s exc i t a t i on , or meta l l ic i ty , which b o t h are involved in t h e still 
u n c e r t a i n CO /H2 r a t i o (Sofue, Turner, Downes). 

O n t h e theore t i ca l s ide, nes ted ba rs have been mode l i sed , a n d m u c h 
m o r e de ta i l s of t h e d y n a m i c a l m e c h a n i s m s are u n d e r s t o o d (Friedli, Wada), 

a n d mode l s a re confronted successfully t o obse rva t ions (Garcia-Burillo). 

W e h a v e h e a r d t h a t m = 1 p e r t u r b a t i o n s are ub iqu i tous (Blitz), a n d new 
m e c h a n i s m s based on non- l inear wave coupl ing have been p r o p o s e d (Mas-

set). More s tud ies should be devo ted t o m = 1 p e r t u r b a t i o n m e c h a n i s m s 
in ga lax ies , t h a t a r e m u c h less well known t h a n t h e m = 2 ana logs . Fu-
t u r e p rogress in th i s d o m a i n requires m o r e spa t ia l reso lu t ion t o p r o b e t h e 
m i c r o - s t r u c t u r e s e m b e d d e d i n t o nuc lear s t r u c t u r e s . T h i s will clarify t h e 
connec t ion b e t w e e n t h e d y n a m i c s a n d t h e A G N act iv i ty , since only micro-
s t r u c t u r e s a re r e l evan t . T h e r e m a y b e different p rocessus of accre t ion a n d 
d u t y cycles , acco rd ing t o t h e abso lu te luminos i ty of t h e A G N (Ulrich). 

I wou ld l ike, on behal f of all p a r t i c i p a n t s , t o w a r m l y t h a n k our c h a i r m a n , 

Prof. Yoshiaki Sofue, for t h e o rgan i sa t ion of such a fruitful m e e t i n g . W e a re 

also i n d e b t e d to t h e co -cha i rmen , R e i n h a r d Genzel a n d M a r k Mor r i s , a n d 

very gra tefu l t o t he i r co-organisor , M a s a t o T s u b o i , for very efficient t i m e 

schedu l ing . 
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