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A b s t r a c t . 

I rev iew cu r r en t work on t h e Ga lac t i c bu lge , w i th e m p h a s i s on issues 

t h a t m a y connec t t o t h e e n v i r o n m e n t of t h e Ga lac t i c C e n t e r . T h e r e is grow-

ing ev idence t h a t t h e field p o p u l a t i o n of t h e bulge a t RQC > 500pc is as old 

as t h e m e t a l r ich Ga lac t i c center g lobular c lus te rs , a n d t h a t field a n d clus-

t e r s h a v e t h e s a m e spa t i a l a n d meta l l ic i ty d i s t r ibu t ion . W e suggest t h a t by 

ana logy , e x t r a g a l a c t i c m e t a l r ich c lus ter s y s t e m s , which also t e n d t o follow 

t h e sphero id l ight , a re old. O n t h e o t h e r h a n d , t h e r e h a s been long s t a n d i n g 

ev idence for an age g rad i en t t o w a r d t h e Ga lac t i c cen te r , a n d recent obser-

va t ions confirm w i t h o u t d o u b t t h a t t h e r e is ac t ive s t a r f o rma t ion t h e r e . If 

a long-l ived b a r h a s been funneling gas ( a n d induc ing s t a r fo rmt ion) in t h e 

c e n t r a l 100 p c , t h e s t a r fo rma t ion h i s to ry t h e r e will b e compl i ca t ed a n d 

i n t e r e s t i ng . 

1 · I n t r o d u c t i o n 

T h e r e h a s b e e n a long s t a n d i n g d is t inc t ion be tween a s t r o n o m e r s w h o work 

on t h e Ga l ac t i c C e n t e r a t non-op t i ca l wave leng ths a n d focus on t h e non-

t h e r m a l ac t iv i ty , a n d t hose w h o work on t h e Ga lac t i c bulge a t op t i ca l wave-

l e n g t h s a n d h o p e t o cons t r a in t h e bulge ' s fo rma t ion his tory . In jo in ing t h e 

t w o g r o u p s of a s t r o n o m e r s a t th i s m e e t i n g , t h e organizers cor rec t ly sense 

t h a t t h e sub j ec t s a r e closely connec ted . P e r h a p s m o r e i m p o r t a n t l y , infrared 

t echno logy h a s advanced so d r ama t i ca l l y t h a t it is feasible t o u n d e r t a k e 

in t h e s e heavi ly ex t i nc t ed fields t h e k inds of obse rva t ions once re l ega ted 

t o "op t i ca l " m e t h o d s - c rowded field p h o t o m e t r y a n d h igh reso lu t ion spec-

t r o s c o p y for a b u n d a n c e m e a s u r e m e n t . Also of g r ea t i m p o r t a n c e in t h e com-

ing yea r s will b e t h e N I C M O S i n s t r u m e n t on b o a r d H S T , which will i m a g e 
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s te l lar p o p u l a t i o n s in t h e vicini ty of t h e Ga lac t i c Cen t e r . Final ly, t h e r e 

is t h e g rowing awareness t h a t t h e bulge is ac tua l ly o rgan ized in to a b a r 

s t r u c t u r e which m a y he lp t o feed gas i n to t h e nuclear region. 

Ste l lar p o p u l a t i o n s can b e charac te r ized by age , a b u n d a n c e , k i n e m a t i c s , 

a n d s t r u c t u r e . Because of t h e r edden ing a n d spa t i a l d e p t h of t h e dens i ty 

d i s t r i b u t i o n , t h e r e h a s been lively d e b a t e a b o u t t h e age of t h e bu lge field 

p o p u l a t i o n re la t ive t o t h a t of t h e old ha lo . As discussed in §2 below, t h e r e is 

s t r o n g ev idence favoring a n old (g lobular cluster-l ike) age for t h e bu lge . In 

t h e cen t r a l t e n s of p c , t h e r e is m u c h evidence for very recent s t a r f o r m a t i o n 

w i t h ac t iv i ty t r a c e a b l e over t h e las t G y r (cf. Genzel et al . 1994 rev iew) . 

T h e r e is now es tab l i shed t h a t t h e bulge is a b a r (Bli tz & Spergel 1991) 

a l t h o u g h t h e exac t s h a p e a n d p a t t e r n speed r e m a i n a m a t t e r of d e b a t e 

( Z h a o 1996; Z h a o , Rich , & Spergel 1996; Binney, G e r h a r d k Spergel 1997) . 

T h e values of B inney et al . (1997) der ived from depro jec t ion of t h e COBE 

a r e a p a t t e r n speed of 60-70 k m s _ 1 k p c _ 1 for t h e b a r , axis r a t ios of 1:0.6:0.4 

w i t h a m a j o r axis of 2kpc , a n d a n angle b e t w e n t h e m a j o r axis a n d Sun-

cen te r l ine of 20° . A r m e d w i t h t h e bulge s h a p e , microlens ing d a t a , a n d 

a d y n a m i c a l m o d e l , one m a y ca lcu la te t h e m a s s . Mos t mode l s give « 1 — 

20 Χ 1 0 2 Μ Θ for t h e t o t a l m a s s enclosed, a l t h o u g h opinion differs as t o 

how it shou ld b e a l loca ted be tween disk a n d bulge (Bissan tz et a l . 1997) . 

T h e self-consistent d y n a m i c a l m o d e l of Z h a o (1996) p red ic t s k i n e m a t i c s 

as a func t ion of pos i t ion . Final ly, in charac te r iz ing t h e bu lge , t h e r e is t h e 

a b u n d a n c e r a n g e a n d chemis t ry . T h e 1 dex r a n g e in [Fe/H] is observed in t h e 

Κ g i an t s (Rich 1990) a n d is reflected in t h e presence of R R Lyrae s t a r s a n d 

M g i a n t s in t h e s a m e vo lume . T h e r e is increas ing evidence for e n h a n c e m e n t 

of M g a n d T i a t h igh spec t r a l reso lu t ion (McWi l l i am & Rich 1994) a n d low 

reso lu t ion (Sad le r , Rich , & T e r n d r u p 1996) . A n e n h a n c e m e n t in M g (as is 

seen in t h e i n t e g r a t e d l ight of ell iptical galaxies) p r o b a b l y expla ins why t h e 

Rich (1988) a b u n d a n c e scale is 0.3 dex h igher in [Fe/H] t h a n t h e M c W i l l i a m 

& Rich (1994) a b u n d a n c e scale: T h e Rich m e a s u r e m e n t s used a s u m of M g 

a n d Fe lines t o get b e t t e r S / N on t h e equivalent w i d t h s . However , t h e m e a n 

[Fe /H] in t h e bu lge is now below Solar . I t is difficult t o u n d e r s t a n d w h y 

t h e r e shou ld b e a n a b u n d a n c e g rad ien t in t h e disk, yet t h e bulge h a s a lower 

[Fe /H] (De ta i l ed discussion of t h e a b u n d a n c e scale is in Rich 1997a ,b) 

O n e o u t s t a n d i n g issue is w h e t h e r t h e r e a re a u n d a n c e / k i n e m a t i c s cor-

r e l a t i ons , pa r t i cu l a r l y in t h e b a r . K i n e m a t i c s tudies in bulge fields m o r e 

d i s t a n t t h a t 1 k p c f rom t h e nucleus suffer from disk c o n t a m i n a t i o n , as t h e 

bu lge l ight declines sha rp ly ( n o t e t h a t t h e s teep cen t ra l dens i ty concen-

t r a t i o n of t h e bu lge is one of i t s defining charac te r i s t i c s ) . C o m b i n i n g low 

reso lu t ion a b u n d a n c e s (Sadler , Rich , & T e r n d r u p 1996) w i th a s t r o m e t r y 

( S p a e n h a u e r , J o n e s , & W h i t f o r d 1992) in B a a d e ' s W i n d o w (/ = 1° , b = - 4 ° ) 

we find a s h a r p b r e a k in a b u n d a n c e be tween t h e b a r r e d a n d n o n - b a r r e d p o p -
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Figure 1 . Evidence that the metal rich bulge population has bar-like kinematics (Rich, 
Terndrup, &; Sadler 1998). Cw measures the vertex deviation of vi vs. vr velocity ellipsoid 
for the subsample with the indicated metallicity (see Zhao et al. 1994 for a full description 
of this statistic). Notice the break at [Fe/H]« —0.5, where bar-like kinematics set in. 

u l a t i o n , b u t F i g u r e 1 a n d o t h e r analys is finds n o s t r o n g a b u n d a n c e t r e n d s 

w i th in t h e b a r (Rich , T e r n d r u p , & Sadler 1998) . 

2 . C e n t r a l G l o b u l a r c l u s t e r s 

Unt i l recent ly , t h e G a l a x y ' s g lobular c lus ters were b road ly divided i n t o a 

cen t ra l ly c o n c e n t r a t e d , f l a t t ened , a n d m e t a l rich p o p u l a t i o n of disk glob-

u la r c lus te r s , a n d a m e t a l p o o r , m u c h m o r e e x t e n d e d p o p u l a t i o n of ha lo 

g lobu la r c lus te rs (e .g . Armandro f f 1993) . I t h a d been sugges ted by Minn i t i 

(1996) t h a t t h e m e t a l r ich disk g lobular c lus ters h a d t h e k inema t i c s cha rac -

te r i s t i c of t h e bu lge , b u t Rich (1993) po in t ed o u t t h a t t h e 1000 p c ver t i ca l 

sca leheight of t h e disk g lobular c lus ters was a p o o r m a t c h t o t h e 350 p c 

sca leheight of t h e very cent ra l ly c o n c e n t r a t e d l ight of t h e bu lge . F u r t h e r , 

t h e meta l l i c i ty d i s t r i bu t i on of t h e bulge a p p e a r e d t o e x t e n d a full 1 dex 

m o r e m e t a l r ich t h a n t h e disk g lobular c lus te rs , which a p p e a r e d t o p e a k a t 

[Fe /H]=—0.5 ( a fact also emphas i zed by W y s e et al . (1997) in the i r r ev iew) . 

T h e p i c t u r e of t h e bulge g lobular c lus ters h a s changed w i th t h e p a i n s t a k -

ing survey of co lo r -magn i tude d i a g r a m s t o yield r edden ing a n d d i s t ance 

m e a s u r e m e n t , u n d e r t a k e n by B a r b u y , Bica , Sz O r to l an i (1998) w h o find 17 

c lus te rs wi t in \z\ < 500pc. Consequent ly , t h e ζ d i s t r i bu t ion of t h e bu lge 

c lus te rs now follows t h e sphero id l ight , a crucial deve lopmen t . Discovery of 

n e w m e t a l r ich c lus te rs a n d t h e lower McWi l l i am & Rich a b u n d a n c e scale 

n o w conspi re t o b r ing t h e a b u n d a n c e d i s t r i bu t ion of t h e c lus ters ( F i g u r e 2) 

i n t o a g r e e m e n t w i t h t h a t of t h e bulge field s t a r s . 

H a v i n g es tab l i shed t h a t t h e r e a re m e t a l r ich g lobular c lus te rs in t h e 

bu lge , we nex t w a n t t o know the i r age re la t ive t o t h e ha lo . H S T i m a g i n g 
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-2.5 - 2 

Figure 2. Abundance distribution of Galactic bulge globular clusters from Barbuy et 
al. (1998). The mean and range of the metallicity distribution of the clusters now agrees 
with that of the field star population. 

( O r t o l a n i e t a l . 1995) overcomes t h e c rowding , field c o n t a m i n a t i o n , a n d 

e x t i n c t i o n for some of t h e less obscured c lus ters such as N G C 6553 a n d 

6528 , b o t h of which have [Fe /H] « - 0 . 5 . T h e m e a n line of 47 T u e over-

lays precisely t h e m e a n lines of t hese t w o bulge c lus ters (F igu re 3 be low) . 

T h e age - re l a t ed p a r a m e t e r AV^Jf = 3.6 for t hese c lus te rs , a typ ica l old 

ha lo va lue . Final ly , O r t o l a n i e t a l . (1995) show t h a t w h e n t h e hor izon-

t a l b r a n c h e s of t h e c lus ter a n d field luminos i ty funct ions a re forced t o al ign 

( a u t o m a t i c a l l y r emov ing r edden ing a n d d i s t ance differences) t h e bu lge field 

a n d t h e c lus te rs agree in age t o wi th in 5 % . W e conclude t h a t bu lge field, 

m e t a l r ich c lus te r s , a n d t h e well k n o w n clus ter 47 Tue m u s t have t h e s a m e 

age . 

2.1. IMPLICATIONS FOR EXTRAGALACTIC GLOBULAR CLUSTER 
SYSTEMS 

G l o b u l a r c lus te r s y s t e m s in el l iptical galaxies f requent ly have a d i s t inc t bi-

m o d a l color d i s t r i bu t i on which is i n t e r p r e t e d as due t o two peaks in m e t a l -

l icity (e .g . F o r b e s , Brod ie , & Gr i l lmai r 1997) . A n i m p o r t a n t b r e a k t h r o u g h 

was achieved by Geisler , Lee, & K i m (1996) in the i r s t u d y of N G C 4472 . 

T h e r ed c lus te rs follow t h e sphero id l ight , while t h e b lue ( m e t a l p o o r ) clus-

t e r s a r e spa t ia l ly e x t e n d e d . T h e t h e o r y of A s h m a n k Zepf (1992) h a s been 

p r o p o s e d t o exp la in t h e s e b i m o d a l d i s t r i bu t ions . T h e Milky W a y m a y now 

b e cons idered t o h a v e a b i m o d a l c lus ter d i s t r ibu t ion in th i s sense , w i t h a 

r ed c lus te r s y s t e m following t h e sphero id l ight , a n d a n e x t e n d e d m e t a l p o o r 

c lus te r s y s t e m l inked w i t h t h e p o p II ha lo . As we have shown t h a t a t leas t 

s o m e of t h e Milky W a y ' s m e t a l r ich c lus ters a re old, t h e merge r h y p o t h -

esis does n o t work well for t h e bu lge . Whi l e it is t r u e t h a t t h e Sgr dwar f 

g a l a x y is d i s in t ig ra t ing ( I b a t a et al . 1997) wide scale surveys of t h e bu lge 
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Figure 3. The color-magnitude diagram for the metal rich bulge globular cluster NGC 
6553, from F555W (V) and F814W (I) images obtained using the Planetary Camera 
on board HST (Ortolani et al. 1995). The locus of NGC 6528 (derived using the same 
setup) has been shifted to overlay the data of NGC 6553. In the panel below, notice the 
agreement between 47 Tue and the two cluster loci. We conclude that these bulge clusters 
have the same age (within observational uncertainties) as 47 Tue. 

by A z z o p a r d i a n d B lanco have found only low-luminosi ty R - t y p e c a r b o n 

s t a r s , a n d t h e meta l l ic i ty of t h e Sgr field is still t o o low t o m a t c h t h e bu lge . 

[As a n as ide , t h e a u t h o r s t rong ly disagrees w i th t h e view of Ng (1997) t h a t 

t h e bu lge c a r b o n s t a r s ( W e s t e r l u n d et al . 1991) be long t o t h e Sgr dwar f 

ga laxy . T h e bu lge C s t a r s have t h e spec t r a l charac te r i s t i cs a n d luminos i t ies 

of ear ly R s t a r s a n d t h e y have t h e k inemat i c s a n d a b u n d a n c e g r a d i e n t s 

cha rac t e r i s t i c of t h e bulge ( T y s o n & Rich 1991).] 
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T h e l a rge ages of t h e bu lge m e t a l rich c lus ters a n d t h e p roven s imi lar i ty 

of t h e c lus te r a b u n d a n c e a n d spa t i a l d i s t r ibu t ion w i th t hose of t h e sphero id 

( B a r b u y et a l . 1998) agree b e t t e r w i th t h e ear ly fo rma t ion scenar io of Forbes 

et a l . In t h e case of t h e Milky Way, we suggest t h a t t h e e x t e n d e d ha lo 

m a y have fo rmed d u r i n g a n ear ly per iod of f ru s t r a t ed s t a r f o rma t ion , w i t h 

meta l l i c i ty insufficient t o cool t h e gas quickly. As m e t a l s bui l t u p , cooling 

finally b e c a m e efficient a n d t h e gas cooled t o t h e m u c h denser conf igura t ion 

of t h e p r o t o - b u l g e , w i t h a significant s t a r b u r s t . A disklike conf igura t ion 

m i g h t h a v e been u n s t a b l e t o b a r fo rma t ion , a l t h o u g h th i s would requ i re a 

very long-l ived b a r ( a n issue t h a t is cu r ren t ly a m a t t e r of m u c h d e b a t e ) . 

W h i l e it is ear ly t o d r a w vast conclus ions , I believe t h a t t h e work of B a r b u y 

e t a l . (1997) a n d O r t o l a n i et al . (1995) now securely place t h e m e t a l r ich 

d i s k / b u l g e s y s t e m of g lobula r c lus ters in a secure ex t r aga l ac t i c c o n t e x t . 

3 · I m p o r t a n c e o f t h e C e n t r a l S t a r F o r m a t i o n H i s t o r y 

T h e c e n t r a l p o p u l a t i o n which is t h e focus of th i s m e e t i n g was once t h o u g h t 

t o b e old a n d quiescent , like t h a t of t h e M 3 1 nucleus (Becklin & N e u g e b a u e r 

1968) . I t is now k n o w n t h a t mass ive s t a r fo rma t ion is in p rogress on scales 

f rom 0.1 t o 100 p c , fueled by 1 O 8 M 0 of molecular gas (Morr i s & Se rabyn 

1996; rev iew) w i t h a t leas t 12 h o t , he l ium emission line s t a r s in t h e infrared 

c lus te r itself ( K r a b b e e t al . 1991 , Eckar t e t al . 1995) . A n e x t e n d e d A G B 

p o p u l a t i o n p re sen t in t h e cen t ra l pc is evidence for a n o t h e r b u r s t some 1 0 8 

yr a g o (Hal ler & Rieke 1989; B l u m et al . 1996) a n d now t h e r e also a p p e a r 

t o b e a n u m b e r of SiO m a s e r s in t h e cen t ra l c lus ter ( I z u m i u r a et al . 1997) . 

T h e s t a r f o r m a t i o n on la rge scales includes several in t e res t ing s t a r c lus ters 

a n d t h e e x t r e m e l y l u m i n o u s "P i s to l S t a r " (F iger , M c L e a n , & Morr i s 1995; 

F iger et a l . 1998) . 

T h e precise s t a r f o r m a t i o n h i s to ry of t h e cen t ra l 200 pc r e m a i n s a n im-

p o r t a n t unso lved p r o b l e m , because of t h e m a r k e d cen t ra l c o n c e n t r a t i o n (on 

100 p c scales) of b r igh t g i an t s ( C a t c h p o l e et al . 1990) , l uminous O H / I R w i t h 

r a p i d r o t a t i o n k inema t i c s (Lindqvis t e t al . 1992) , a n d long pe r iod Mi ra s 

(G la s s et a l . 1995) . T h e s e m a y be s t r o n g ind ica t ions of an i n t e r m e d i a t e - a g e 

p o p u l a t i o n , or t h e y m a y reflect A G B evolut ion of very old, m e t a l r ich s t a r s 

(Frogel k W h i t e l o c k 1998) . I R A S Miras (Whi te lock et al . 1991) a n d SiO 

m a s e r s ( I z u m i u r a et al . 1994) > 1 k p c from t h e nucleus a re l uminous e n o u g h 

t o b e cons idered i n t e r m e d i a t e - a g e progeny, yet t h e r e is no evidence for a 

co r r e spond ing ly y o u n g turnoff p o p u l a t i o n . Infrared p h o t o m e t r y of o u r old 

c lus te r N G C 6553 ( G u a r n i e r i , Renzini , & Or to l an i 1997) finds A G B s t a r s 

as l u m i n o u s as M^i « —5. Metal l ic i ty r a t h e r t h a n age migh t m a k e such 

b r igh t A G B s t a r s , con t inu ing t h e t r e n d es tab l i shed for lower meta l l ic i ty by 

Frogel & Elias (1988) . W i t h i n t h e cen t ra l 200 p c , t h e cen t ra l c o n c e n t r a t i o n 
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of t h e s e A G B s t a r s s u p p o r t s t h e no t ion of a n i n t e r m e d i a t e age p o p u l a t i o n , 

yet in t h e o u t e r bu lge s imilar A G B s t a r s a p p e a r t o b e old. T h i s confus-

ing p r o b l e m will f r u s t r a t e a t t e m p t s t o der ive ages based on A G B s t a r s for 

d i s t a n t resolved p o p u l a t i o n s . 

In view of t h e ongo ing s t a r fo rma t ion ( s o m e t h i n g no t observed in M 3 1 , 

for e x a m p l e ) , t h e s t r ik ing cen t ra l c o n c e n t r a t i o n m a p p e d by C a t c h p o l e et 

al . 1990, a n d t h e nuc lear cusp (Se rabyn & Morr i s 1995) , t h e r e is clear 

m o t i v a t i o n t o exp lore in d e p t h t h e s t a r fo rma t ion h i s to ry of t h e cen t r a l 100 

p c . T h e nuc lea r cusp in t h e cen t r a l 5 = 10 pc is a s te l lar p o p u l a t i o n d is t inc t 

f rom t h e nuc lea r s t a r c lus te r , a n d is deserves precision age m e a s u r e m e n t 

f rom turnoff p h o t o m e t r y . T h e r e is s t r o n g evidence t h a t t h e b a r is long-

lived, a n d there fore gas h a s been channe led t o t h e cen te r for m a n y G y r , 

a n d we would expec t a m o r e or less con t inuous s t a r f o rma t ion h i s to ry (or 

b u r s t s p e r h a p s ) over t h a t t i m e . T h e e x t e n t a n d a m o u n t of mass ive s t a r 

f o r m a t i o n in t h e Ga lac t i c center region is s t r ik ing , a n d se ts t h e G a l a x y 

a p a r t f rom o t h e r Local G r o u p m e m b e r s . 

4 . C o n c l u s i o n 

H S T i m a g i n g of U V - d r o p o u t galaxies finds a p o p u l a t i o n of s t a r - fo rming 

nuc l e a t e d galaxies a t ζ ~ 3 (Giaval isco et al . 1996) O n e po in t in favor 

of a m u c h h igher f o r m a t i o n redshift is t h e cor re la t ion be tween black hole 

m a s s a n d l u m i n o u s sphero id m a s s in n e a r b y galaxies w i th n o n - A G N black 

holes ( K o r m e n d y & Richs tone 1995) . Th i s connec t ion h in t s a t bu lge forma-

t ion be ing e x t r e m e l y early. T h e cor re la t ion of inner disk a n d bulge colors 

(Balcells & Pele t ie r 1994) h in t s a n even la rger p r o p o r t i o n of t h e typ ica l 

g a l a x y ' s m a s s fo rmed early. W e t h i n k t h e m e t a l rich c lus ters also fo rmed 

early. T h e r e a r e d iss ipat ive merge r scenar ios w i t h s t a r b u r s t s t h a t could do 

t h i s , a n d also deliver gas t o t h e nuclear regions reach ing very h igh densi t ies 

- w i t h f o r m a t i o n of a bu lge , a n d p e r h a p s a black hole , resu l t ing f rom t h e 

m e r g e r or infall even t . B u t cons t r a in t s a re now push ing t h a t h y p o t h e t i c a l 

m e r g e r back t o a t i m e so ear ly t h a t it m u s t b e considered p a r t of t h e bu lge 

f o r m a t i o n p rocess . W e m a y yet h o p e t h a t t h e ancient p o p u l a t i o n s of t h e 

g lobu la r c lus te rs ( a n d bulge field s t a r s ) po in t t o w a r d a yet t o b e observed 

p o p u l a t i o n of p ro to -mass ive galaxies a t very h igh redshif t . 
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