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To the g l o r y 

o f my f r i e n d and L o r d 

J e s u s C h r i s t 

'He i s the image of t h e i n v i s i b l e God, 
t h e f i r s t b o r n o f a l l c r e a t i o n ; f o r i n 
him a l l t h i n g s were c r e a t e d , i n heaven 
and on e a r t h , v i s i b l e and i n v i s i b l e , 
whether t h r o n e s or dominions or 
p r i n c i p a l i t i e s or a u t h o r i t i e s , a l l 
t h i n g s were c r e a t e d t hrough him and f o r 
him„ He i s b e f o r e a l l t h i n g s and i n him 
a l l t h i n g s h o l d t o g e t h e r . He i s the 
head o f t h e body, t h e c h u r c h ? he i s the 
b e g i n n i n g , t h e f i r s t born from the dead, 
t h a t i n e v e r y t h i n g he might be 
p r e - e m i n e n t o F o r i n him a l l the f u l n e s s 
o f God was p l e a s e d t o d w e l l , and through 
him t o r e c o n c i l e t o h i m s e l f a l l t h i n g s , 
whether on e a r t h or i n heaven, making 
peace by t h e blood o f h i s c r o s s . ' 

( C o l o s s i a n s 1:15-20) 



ABSTRACT 

T h i s s t u d y aims t o u n d e r s t a n d t h e key r o l e p l a y e d by 
m o l e c u l a r hydrogen i n the e v o l u t i o n o f g a l a x i e s , w i t h a v i e w 
to c o n s t r a i n i n g i t s r a d i a l d i s t r i b u t i o n i n t h e G a l a x y and 
the CO=oHg c o n v e r s i o n f a c t o r „ 

The s t a r f o r m a t i o n r a t e i s shown t o be c o r r e l a t e d w i t h 
the s u r f a c e d e n s i t y o f H a. A c o r r e l a t i o n between t h e 
m o l e c u l a r hydrogen f r a c t i o n and t h e m e t a l l i c i t y o f a r e g i o n 
a l l o w s t h e time e v o l u t i o n of H% t o be d e s c r i b e d . T h i s l e a d s 
to a m o d i f i e d 'Schmidt Law" o f t h e SFR w h i c h e x p l a i n s q u i t e 
n a t u r a l l y t h e p r o d u c t i o n o f g a l a c t i c m e t a l l i c i t y g r a d i e n t s 
and t h e c o n s t a n c y o f t h e SFR i n t h e a b s e n c e o f i n f a l l . 

A c o n s i s t e n t c l o s e d model o f t h e c h e m i c a l e v o l u t i o n o f 
the G a l a x y i s proposed t o s o l v e t h e G-dwarf problem, t h e 
s t e l l a r a g e - m e t a l l i c i t y r e l a t i o n and t h e m e t a l l i c i t y 
g r a d i e n t , l e a d i n g t o the p r e d i c t i o n o f some i n i t i a l amount 
of p r e - d i s c p r o c e s s i n g of gas i n t o v i s i b l e and d a r k m a t t e r . 
I t i s found t h a t a c o n s t a n t y i e l d o f m e t a l s i s more 
a p p r o p r i a t e t h a n a y i e l d p r o p o r t i o n a l t o m e t a l l i c i t y . 
P o s s i b l e time v a r i a t i o n s o f the r e t u r n e d f r a c t i o n , t h e d a r k 
m a t t e r f r a c t i o n and t h e SFR a r e a l s o s t u d i e d . F o r 
c o n s i s t e n c y , we s u g g e s t t h a t d a r k m a t t e r i n the s o l a r 
neighbourhood c o u l d be t o t a l l y b a r y o n i c p r o v i d e d t h e 
M i l l e r - S c a l o IMF i s m o d i f i e d a t t h e l o w e r end, t h a t i s , t h e 
dark m a t t e r r e s i d e s i n low mass s t a r s o r brown d w a r f s . The 
p r o d u c t i o n of m e t a l l i c i t y g r a d i e n t s i n s p i r a l g a l a x i e s i s 
shown t o be a d i r e c t consequence o f t h e r a d i a l v a r i a t i o n o f 
the t o t a l s u r f a c e d e n s i t y of m a t t e r and t h e age o f t h e d i s c . 

The r o l e o f m o l e c u l a r gas i n t h e e v o l u t i o n o f t h e O o r t 
Cloud o f comets i s examined. I t i s shown t h a t comet showers 
w i t h a mean i n t e r v a l o f m 30My ca n n o t be produced u s i n g 
p e r t u r b a t i o n s o f the Oort Cloud by known s t a r s o r m o l e c u l a r 
c l o u d s . I f t h e r e i s indeed an a p p a r e n t 30My p e r i o d i c i t y i n 
the t e r r e s t r i a l mass e x t i n c t i o n and g e o l o g i c a l r e c o r d s , we 
argue t h a t a s t r o n o m i c a l l y induced p r o c e s s e s a r e u n l i k e l y t o 
be the p r i m a r y c a u s e . 

E v i d e n c e i s p r e s e n t e d t h a t t h e l i f e t i m e o f t h e 
m o l e c u l a r gas phase i s 4 and arguments, p a r t i c u l a r l y 
from CO o b s e r v a t i o n s o f the V i r g o g a l a x y c l u s t e r , f a v o u r i n g 
l o n g e r l i f e t i m e s a r e shown to be n o t w e l l founded. We 
s u g g e s t t h a t t h e ICM i n V i r g o r e d u c e s t h e v a l u e o f sCg© a s 
compared t o i s o l a t e d g a l a x i e s . 

From the above c o n s i d e r a t i o n s , t h e r a d i a l d i s t r i b u t i o n 
of i n t h e G a l a x y i s d e r i v e d and shown t o a g r e e i n t h e 
i n n e r G a l a x y w i t h t h a t d e r i v e d from ¥-ray a n a l y s i s . I n t h e 
s o l a r neighbourhood we f i n d = 2.5+0.5, and p r e s e n t 
e v i d e n c e t h a t v a r i e s as a f u n c t i o n o f G a l a c t o c e n t r i c 
r a d i u s and from g a l a x y t o g a l a x y . 
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CHAPTER ONE 

INTRODUCTION 

1.1 GALACTIC STRUCTURE AND COMPONENTS 

The q u e s t i o n of t he o r i g i n and e v o l u t i o n o f g a l a x i e s i s 

s t i l l one o f t h e i m p o r t a n t and u n s o l v e d problems i n 

contemporary a s t r o p h y s i c s . T i n s l e y (1980) noted t h a t , 

' e s s e n t i a l l y e v e r y t h i n g o f a s t r o n o m i c a l i n t e r e s t i s e i t h e r 

p a r t of a g a l a x y , o r from a g a l a x y , o r o t h e r w i s e r e l e v a n t t o 

the o r i g i n and e v o l u t i o n o f g a l a x i e s ' . T h i s i s p e r h a p s t h e 

main r e a s o n f o r our s t i l l s i m p l e u n d e r s t a n d i n g , t h e f a c t 

t h a t g a l a x i e s a r e the most c o m p l i c a t e d c o n f i g u r a t i o n s o f 

a s t r o n o m i c a l b o d i e s , and t h e i r s t u d y r e q u i r e s knowledge o f 

a l m o s t e v e r y f i e l d o f p h y s i c s and t h e s y n t h e s i s o f u n i v e r s a l 

cosmology w i t h t h e a s t r o p h y s i c s o f i n d i v i d u a l b o d i e s . 

G a l a x i e s may be c o n s i d e r e d t o c o n s i s t o f t h r e e b a s i c 

components, a v i s i b l e round s p h e r o i d , a much f l a t t e r d i s c 

and a dark h a l o . The p r o p o r t i o n o f d i s c t o s p h e r o i d 

d e t e r m i n e s a g a l a x y ' s p o s i t i o n a l o n g t h e Hubble sequence, 

e l l i p t i c a l s b e i n g pure s p h e r o i d w h i l e s p i r a l s have both 

s i g n i f i c a n t s p h e r o i d s and d i s c s . S p h e r o i d s a r e e s s e n t i a l l y 

p u r e l y s t e l l a r s y s t e m s , w h i l e s p i r a l d i s c s c o n t a i n t y p i c a l l y 

about 10% o f gas by mass. I n s p i r a l g a l a x i e s , t h e d a r k h a l o 

c o n t a i n s most o f the mass i n t h e g a l a x y i n some i n e r t ( a s 

y e t unknown), c o l l i s i o n l e s s form s u c h a s e l e m e n t a r y 

p a r t i c l e s , v e r y low mass s t a r s o r b l a c k h o l e s . 

I n t h e c o n v e n t i o n a l c o s m o l o g i c a l p i c t u r e , t h e 

p r i m o r d i a l gas emerging from t h e B i g Bang some 15-20 Gy ago 



c o n s i s t e d a l m o s t e n t i r e l y of hydrogen and h e l i u m (Wagoner 

1973) „ D e s p i t e t h e e x p a n s i o n o f t he Universe,, d e n s i t y 

p e r t u r b a t i o n s l e d t o some r e g i o n s becoming l o c a l l y bound and 

c o l l a p s i n g . The d a r k h a l o i s thought t o have undergone a 

n o n - d i s s i p a t i o n a l c o l l a p s e , w i t h t h e d a r k m a t t e r a l r e a d y i n 

i t s p r e s e n t form. The s p h e r o i d and d i s c formed from t h e 

c o l l a p s e of m a t t e r i n i t i a l l y i n gaseous form. The m a t t e r 

t h a t formed s t a r s d u r i n g the c o l l a p s e r e s u l t s i n t h e 

s p h e r o i d as t h e r e i s no d i s s i p a t i o n o f e n e r g y . The m a t t e r 

t h a t remained gaseous r e s u l t s i n a f l a t d i s c , a s c o l l i s i o n s 

between gas c l o u d s d i s s i p a t e energy p a r a l l e l t o t h e n e t 

a n g u l a r momentum v e c t o r . Subsequent s t a r f o r m a t i o n would 

t h e n o c c u r i n t h e gaseous d i s c . The c o l l a p s e o f t he d i s c 

o c c u r s i n a t i m e w h i c h i s s h o r t compared t o t h e age o f the 

g a l a x y , and t h e r e f o r e t h e e v o l u t i o n o f t h e d i s c i s 

r e l a t i v e l y i n d e p e n d e n t of the o t h e r components o f t h e 

g a l a x y . 

T h i s t h e s i s i s co n c e r n e d w i t h the p r o p e r t i e s and 

e v o l u t i o n o f s p i r a l d i s c s a f t e r t h e i n i t i a l c o l l a p s e and i n 

p a r t i c u l a r t h e r o l e o f t h e gas. O b s e r v a t i o n s o f our own 

G a l a c t i c d i s c p r o v i d e i m p o r t a n t i n f o r m a t i o n on t h i s 

( r o u g h l y ) 10% o f i t s t o t a l mass. 

The i n t e r s t e l l a r medium (ISM) has l o n g been r e c o g n i s e d 

as an i m p o r t a n t component of t h e G a l a c t i c d i s c . The t o t a l 

amount o f gas i s composed of & 70% hydrogen, C± 28% h e l i u m 

and S£ 2% e l e m e n t s h e a v i e r than h e l i u m . The gas p r o v i d e s t h e 

s i t e s o f s t a r f o r m a t i o n and c o n t a i n s t h e a s h e s o f 

t h e r m o n u c l e a r b u r n i n g from p r e v i o u s g e n e r a t i o n s of s t a r s . 

F o l l o w i n g t h e work of Cowie e t a l . (1981) and S a n d e r s 

e t a l . ( 1 9 8 5 ) , t h e ISM can be d i v i d e d i n t o f o u r p h a s e s w h i c h 
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can be l a b e l l e d as i n T a b l e 1 on the b a s i s o f d i f f e r e n t mean 

t e m p e r a t u r e s ( T ) . The i o n i s e d hydrogen ( H I I ) i s produced a s 

t h e r e s u l t o f s t a r f o r m a t i o n o r s u p e r n o v a e x p l o s i o n s 

T a b l e 1 Components o f t h e ISM 

T(K) D e n s i t y (cm ) F i l l i n g f a c t o r 

Hot H I I 3„ 10S 1. 6. i d * 3 0. 74 

Warm H I I 8000 0.25 0.23 

C o o l HI 80 40 0.02 

C o l d H 2 10 300 0.008 

i n t h e ISM, but most o f the mass o f gas r e s i d e s i n a t o m i c 

hydrogen (HI) and m o l e c u l a r hydrogen (H 2 ) „ The amount o f 

gas and i t s d i s t r i b u t i o n , both i n s p a c e and between t h e s e 

components c o n s t i t u t e some of t h e most i m p o r t a n t p a r a m e t e r s 

i n u n d e r s t a n d i n g s t a r f o r m a t i o n , t h e c h e m i c a l e v o l u t i o n o f 

t h e G a l a x y and the e v o l u t i o n o f t h e G a l a x y as a whole. 

The d i s t r i b u t i o n and amount o f HI throughout the G a l a x y 

has been known r e l a t i v e l y p r e c i s e l y f o r some y e a r s . I t i s 

r e a d i l y d e t e c t a b l e through i t s 21cm e m i s s i o n l i n e and t h e 

o b s e r v e d l i n e i n t e n s i t i e s can be c o n v e r t e d t o column 

d e n s i t i e s p r o v i d e d a s s u m p t i o n s a r e made c o n c e r n i n g t h e 

v a r i a t i o n s o f s p i n t e m p e r a t u r e and o p t i c a l d e p t h . T h i s h a s 

l e d t o agreement about i t s d i s t r i b u t i o n i n t h e i n n e r G a l a x y 

( i n t h e p r e s e n t work the d i s t a n c e t o t h e G a l a c t i c C e n t r e i s 

t a k e n t o be lOkpc) a l t h o u g h i n t h e o u t e r G a l a x y t h e r e a r e 

some problems c o n c e r n i n g t h e a p p r o p r i a t e r o t a t i o n c u r v e t o 

adopt ( e . g . B u r t o n and Gordon 1978; Henderson e t a l . 1982; 

L i e t a l . 1983; B l i t z e t a l . 1983; K u l k a r n i 1 9 8 7 ) . However, 
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i t has o n l y r e c e n t l y been p o s s i b l e t o e s t i m a t e t h e H g 

d i s t r i b u t i o n . I t i s g e n e r a l l y a g r e e d t h a t a s u b s t a n t i a l 

f r a c t i o n o f i n t e r s t e l l a r gas i s i n t h e form o f H^ bu t t h e 

a c t u a l d i s t r i b u t i o n has become a s u b j e c t o f much d e b a t e . 

The n e x t s e c t i o n d e s c r i b e s t h a t d e b a t e and t h e p r i n c i p a l 

methods used p r e v i o u s l y t o d e t e r m i n e t h e d i s t r i b u t i o n o f „ 

1.2 THE MASS AND RADIAL DISTRIBUTION OF H3 IN THE GALAXY 

The r e a s o n f o r t h e c o n t r o v e r s y s u r r o u n d i n g the 

d i s t r i b u t i o n o f % , i s t h a t t h e m o l e c u l e i t s e l f i s n o t 

g e n e r a l l y d i r e c t l y d e t e c t a b l e . The l o w e s t r o t a t i o n a l 

t r a n s i t i o n s a r e f a r g r e a t e r t h a n t h e t y p i c a l k i n e t i c 

t e m p e r a t u r e s found i n m o l e c u l a r c l o u d s , i n a d d i t i o n t o w h i c h 

t h e r o t a t i o n a l t r a n s i t i o n p r o b a b i l i t i e s a r e v e r y s m a l l s i n c e 

the m o l e c u l e has no permanent d i p o l e moment. I t c a n o n l y be 

o b s e r v e d d i r e c t l y i n some s p e c i a l l i m i t e d s i t u a t i o n s , e i t h e r 

by a b s o r p t i o n i n the UV Lyman bands i f t h e e x t i n c t i o n i s n o t 

too h i g h ( B o h l i n e t a l . 1978) o r by e m i s s i o n from shock 

h e a t e d o r UV pumped gas ( B e c k w i t h e t a l . 1978; S h u l l and 

B e c k w i t h 1982) . The f i r s t method i s r e s t r i c t e d t o t h e l o c a l 

ISM, d e n s e r and more d i s t a n t r e g i o n s c o n t a i n i n g H^ c a n n o t be 

o b s e r v e d i n t h i s way s i n c e the e x t i n c t i o n becomes 

overwhelming. Shock h e a t e d e m i s s i o n g i v e s a u s e f u l probe o f 

d e n s e r r e g i o n s where v i o l e n t e v e n t s a r e o c c u r r i n g but an 

o b s e r v a t i o n o f an u n b i a s e d sample o f c l o u d s i s n o t p o s s i b l e . 

As t h e b u l k o f t h e gas i s b e l i e v e d t o be i n dense c o l d 

c l o u d s , w h i c h a r e not a c c e s s i b l e t o t h e s e t e c h n i q u e s , any 

g l o b a l s u r v e y o f H^ i n t h e G a l a x y must use i n d i r e c t 

t e c h n i q u e s . 
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1.2 o 1 D e t e r m i n a t i o n from CO 

The most w i d e s p r e a d i n d i r e c t method i s t o u s e t h e 2 „ 6mm 

J = 1—5>0 t r a n s i t i o n o f the CO m o l e c u l e as a t r a c e r o f H a . 

CO i s the most abundant i n t e r s t e l l a r m o l e c u l e w i t h a 

permanent d i p o l e moment and i s r e a d i l y e x c i t e d by c o l l i s i o n s 

w i t h Hg, f o r Hg d e n s i t i e s ^ 100 cm^ , even i n c l o u d s w i t h 

low k i n e t i c t e m p e r a t u r e s (e.g. S c o v i l l e and Solomon 1974; 

G o l d r e i c h and Kwan 1974; van D i s h o e c k and B l a c k 1 9 8 7 ) . The 

f i r s t mm o b s e r v a t i o n s o f CO ( W i l s o n e t a l . 1970) were 

f o l l o w e d by e a r l y s t u d i e s e s t a b l i s h i n g a q u a l i t a t i v e 

r e l a t i o n s h i p between CO e m i s s i o n and t h e p r e s e n c e o f H a i n a 

v a r i e t y o f s t r u c t u r e s ( L i s z t 1973; Dickman 1975; Knapp and 

J u r a 1 9 7 6 ) . The p r e s e n c e of H g i s r e q u i r e d f o r e f f i c i e n t 

f o r m a t i o n o f CO i n most c h e m i c a l schemes ( W i l l i a m s 1985) and 

CO has become a t r a c e m o l e c u l e f o r d e t e r m i n i n g t h e H 2 

d i s t r i b u t i o n . 

The f i r s t l a r g e - s c a l e s u r v e y s o f CO i n t h e i n n e r G a l a x y 

( S c o v i l l e and Solomon 1975; B u r t o n e t a l . 1975; Gordon and 

Burton 1976) showed t h e e x i s t e n c e o f a ' m o l e c u l a r r i n g ' a t 

a p p r o x i m a t e l y 6 kpc from the G a l a c t i c C e n t r e , and t h a t most 

of the e m i s s i o n was c o n f i n e d t o d i s c r e t e c l o u d s , w h i c h 

c o n t r a s t e d t o t h e HI d i s t r i b u t i o n w h i c h was r a t h e r f l a t as a 

f u n c t i o n o f r a d i u s w i t h l i t t l e t e n d e n c y t o be clumped. More 

r e c e n t s u r v e y s o f CO have b r o a d l y c o n f i r m e d t h e s e r e s u l t s 

(e.g. S a n d e r s e t a l . 1984; Sanders e t a l . 1986a; Bronfman e t 

a l . 1987), a s w e l l a s o b s e r v a t i o n s o f t h e J = 1-r-cO l i n e o f 
1 3 CO ( L i s z t e t a l . 1981; D e s p o i s and Baudrey 1983; L i s z t e t 

a l . 1984) . 

The problem however, i s an o b v i o u s one: how t o 

t r a n s f o r m t h e o b s e r v e d q u a n t i t y , the v e l o c i t y - i n t e g r a t e d 
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CO l i n e t e m p e r a t u r e a l o n g a g i v e n l i n e o f s i g h t 

( S T( ! 2 C O ) d v ) , t o N ( H a ) , the column d e n s i t y o f i n 

m o l e c u l e s cm ? T h e o r e t i c a l arguments a r e not c o n c l u s i v e 

( e . g . van D i s h o e c k and B l a c k 1987) and so i t has become 

f a s h i o n a b l e t o d e t e r m i n e the c o n v e r s i o n f a c t o r 

e m p i r i c a l l y , where 

® £ w ( l O ^ a t o m s c m ° 2 f ' km°' s ) = 2M (H^ ) (1.1) 

f T ( » &CO)dv 

( I t i s t o be n o ted t h a t some o t h e r a u t h o r s d e f i n e t h e i r 

c o n v e r s i o n f a c t o r i n terms of m o l e c u l e s r a t h e r t h a n atoms 

and t h e r e f o r e w i l l s t a t e ^a©/ 2 " o f t e n denoted 'X')° I t i s 

hoped t h a t i f a l a r g e enough a r e a i s sampled, w i l l be 

more or l e s s i n s e n s i t i v e t o c l o u d p r o p e r t i e s and s t r u c t u r e s 

and c o n s e q u e n t l y a g l o b a l v a l u e can be u s e d f o r t h i s and 

o t h e r g a l a x i e s . 

The e a r l y s u r v e y s ( S c o v i l l e and Solomon 1975; Solomon, 

Sanders and S c o v i l l e 1979) adopted > 10, g i v i n g r i s e t o 

t he c o n c l u s i o n t h a t was the dominant component i n t h e 

i n n e r G a l a x y . Much of the c o n t r o v e r s y c o n c e r n i n g t h e mass 

of has a r i s e n b e c a u s e of d i f f e r e n t e s t i m a t e s o f ^2,9, but 

b e f o r e t h e s e e s t i m a t e s a r e d e s c r i b e d , i t i s i m p o r t a n t t o 

p o i n t o u t t h a t t h e major CO s u r v e y s t h e m s e l v e s have r e s u l t e d 

i n c o n s i d e r a b l e d i s a g r e e m e n t about the q u a n t i t y and 

d i s t r i b u t i o n o f t h e CO. I n p a r t i c u l a r , F i g u r e 1.1 shows t h e 

d i s t r i b u t i o n o f CO e m i s s i v i t y i n t h e G a l a c t i c p l a n e a s a 

f u n c t i o n o f G a l a c t o c e n t r i c r a d i u s (R^) from t h e work of t h e 

M a s s a c h u s e t t s - S t o n y Brook group ( S a n d e r s e t a l . 1984, 

h e r e a f t e r r e f e r r e d t o as SSS) and t h e Columbia group (Dame 

1984 ) . T h i s q u a n t i t y i s o b t a i n e d from o b s e r v a t i o n s o f t h e 

antenna t e m p e r a t u r e T ^ ( l , b , v ) by an u n f o l d i n g p r o c e d u r e 

based on an adopted r o t a t i o n c u r v e f o r t h e G a l a x y and a 
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model f o r t h e v e r t i c a l d i s t r i b u t i o n o f the CO. The 

d i f f e r e n c e between t h e two c u r v e s i s p r i m a r i l y due t o a 

1 i 

25 

S S s 20 

15 

D -S2 

10 

J 1 I I I 

2 4 6 8 12 
R Q(kpe) 

12, 
F i g u r e L I : The d i s t r i b u t i o n o f CO e m i s s i v i t y f o r t h e 

No r t h e r n Hemisphere as a f u n c t i o n o f 
G a l a c t o c e n t r i c r a d i u s from the work of Dame 
(1984) and Sa n d e r s e t a l . ( 1 9 8 4 ) . The 
e m i s s i v i t y p l o t t e d i s t h e peak v a l u e , t h a t i s 
a l l o w i n g f o r t he warp i n t h e CO d i s k (from 
Mayer 19 8 6 ) . 

d i f f e r e n t w e i g h t i n g used t o o b t a i n t h e r a d i a l e m i s s i v i t y and 

to a 20% lower CO i n t e n s i t y c a l i b r a t i o n (Bhat e t a l . 1986; 

Solomon and R i v o l o 1987; Bronfman e t a l . 1 9 87). Even i f t h e 

same was used, each c u r v e would l e a d t o d i f f e r e n t r a d i a l 

d i s t r i b u t i o n s of Hg. T h e r e f o r e i n any comparison of 

d e t e r m i n a t i o n s from d i f f e r e n t groups, r e f e r e n c e needs t o be 

made t o t h e o r i g i n a l CO d a t a . 

N e v e r t h e l e s s , e s t i m a t e s o f have been made i n a 

number o f d i f f e r e n t ways both l o c a l l y and throughout t h e 

G a l a c t i c d i s c . 

L o c a l l y , t h e i n t e g r a t e d CO e m i s s i o n has been measured 

f o r a number o f r e g i o n s w i t h h i g h v i s u a l e x t i n c t i o n , and 

N(H^) e s t i m a t e d from measures o f v i s u a l e x t i n c t i o n and t h e 
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e x t r a p o l a t i o n o f a ' s t a n d a r d ' g a s - t o - e x t i n c t i o n r a t i o . The 

v i s u a l e x t i n c t i o n Av ( d e f i n e d a s r e f e r r i n g t o 0 o55^iin) i s 

d e r i v e d from s t a r c o u n t s (Dickman 1978) or i n f r a - r e d 

e x t i n c t i o n ( F r e r k i n g e t a l . 1 9 8 2 ) . T h i s i n v o l v e s major 

u n c e r t a i n t i e s , i n p a r t i c u l a r s t a r c o u n t e s t i m a t e s a r e 

u s u a l l y v e r y i n a c c u r a t e and t h e e x t r a p o l a t i o n o f the 

g a s - t o - e x t i n c t i o n r a t i o d e t e r m i n e d from UV measurements o f 

l i g h t l y reddened s t a r s , N(H)/A^ = 1.59.10 cm mag (Savage 

e t a l . 1977) has been q u e s t i o n e d (Rouan and L e g e r 1 9 8 4 ) . 

T h i s method c a n a l s o be compared w i t h a CO column d e n s i t y 
\% 

i n r e g i o n s where t h e CO i s o p t i c a l l y t h i c k (and t h e r e f o r e 

the o b s e r v a b l e l i n e i n t e n s i t y i s not l i n e a r l y r e l a t e d t o t h e 

number o f CO m o l e c u l e s ) w h i l e t h e CO i s o p t i c a l l y t h i n . 

T h i s r e q u i r e s however, a c o n v e n t i o n a l LTE a n a l y s i s w h i c h i s 

u n c e r t a i n due t o t h e o r e t i c a l arguments (van D i s h o e c k and 

B l a c k 1987; Maloney 1987) and u n c e r t a i n i s o t o p i c r a t i o s 

( L a n g e r 1977; B a l l y and Langer 1 9 8 2 ) . A l t e r n a t i v e l y , SSS 

argue t h a t LTE a s s u m p t i o n s a r e u n n e c e s s a r y and propose t h a t 

t h e CO i n t e g r a t e d i n t e n s i t y b e a r s a s i m p l e r e l a t i o n t o A v 

and t h e r e f o r e N ( H a ) . Problems w i t h a p p l y i n g t h i s method t o 

a G a l a c t i c s u r v e y have been d i s c u s s e d e x t e n s i v e l y by 

W i l l i a m s (1985) and B h a t e t a l . ( 1 9 8 6 ) . I t i s s u f f i c i e n t 

h e r e s i m p l y t o s t a t e t h a t the d e t e r m i n a t i o n s o f by 

d i f f e r e n t groups u s i n g t h i s method range from 2.2 ( L e b r u n 

and Huang 1984) t o 15 ( B l i t z 1 9 7 8 ) , and a r e l i s t e d i n T a b l e 

A.1.1 ( A p p e n d i x ) . 

An a l t e r n a t i v e method, u s e d p r i m a r i l y on c l o u d s i n t h e 

6 kpc m o l e c u l a r r i n g , i s t o e s t i m a t e t h e mass o f m o l e c u l a r 

c l o u d s by a p p l i c a t i o n o f the v i r i a l theorem. The s i m p l i c i t y 

of t h i s method i s t h a t t h e o b s e r v e d l i n e w i d t h c a n be 
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r e l a t e d with the cloud s i z e to the cloud mass, which can be 

compared to the CO i n t e g r a t e d emission and @t%s> derived. 

There i s s u b s t a n t i a l o b s e r v a t i o n a l evidence for assuming the 

clouds s a t i s f y the v i r i a l theorem (Larson 1981; Sanders e t 

a l . 1985; Myers 1985), and Solomon e t a h (1987a) using t h i s 

method show an impressive e m p i r i c a l r e l a t i o n between the 

v i r i a l mass and the i n t e g r a t e d CO emission for 200 clouds 

i n the 6kpc molecular r i n g , g i v i n g ©3%® = 6.0. However there 

i s much controversy concerning the p h y s i c a l i n t e r p r e t a t i o n 

of the l i n e widths (e.g. Kutner and Leung 1985; van Dishoeck 

and Black 1987) and Bhat e t a l . (1986) have argued that the 

v i r i a l theorem using the more appropriate o p t i c a l l y t h i n n e r 

l i n e s g i v e s ^.3.0 l o c a l l y , with some evidence of even 

s m a l l e r values i n the inner Galaxy. 

I t i s i n view of these problems that S-rays have been 

used r e c e n t l y to c o n s t r a i n ©$a@, and as t h i s had led to 

important r e s u l t s i t w i l l be d i s c u s s e d i n more d e t a i l . 

1.2.2 The &-ray method 

D i f f u s e ^ - r a d i a t i o n , with energy 'vlOOMeV - 5GeV, i n the 

G a l a c t i c plane i s produced by cosmic ray i n t e r a c t i o n s with 

the ambient hydrogen n u c l e i . The &-ray f l u x can thus be 

used to measure the t o t a l gas concentration (HI + H a) 

provided the cosmic ray f l u x and i t s v a r i a t i o n s are known 

(e.g. Black and F a z i o 1973; L i et a l . 1982, 1983; 

Mayer-Hasselwander 1983; Lebrun e t a l . 1983; R i l e y e t a l . 

1984; Bhat et a l . 1984, 1985; B l i t z e t a l . 1985). Outside 

the s o l a r c i r c l e , CO i s weak, and therefore HI i s presumed 

to be r a t h e r more abundant than H^. The 21cm l i n e i n t e n s i t y 

can t h e r e f o r e be used to f i x the zero point i n the $~ray 

e m i s s i v i t y . The method of course i s i n d i r e c t s i n c e ¥-rays 
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are formed by the cosmic ray i n t e r a c t i o n s , thus the 

p r e r e q u i s i t e of determining the mass of gas i s to know how 

the cosmic ray i n t e n s i t y v a r i e s on a small s c a l e ( i . e . 

whether they penetrate molecular clouds) and on a g a l a c t i c 

s c a l e ( i . e . i s there a G a l a c t o c e n t r i c gradient i n cosmic ray 

intensity?)„ 

There seems to be no evidence e i t h e r t h e o r e t i c a l 

(Cesarsky and Volk 1978) or o b s e r v a t i o n a l (Houston and 

Wolfendale 1985) t h a t cosmic r a y s of energy s u f f i c i e n t to 

generate $-rays above 35MeV do not penetrate clouds and 

th e r e f o r e 'see' a l l the gas. Studies of Orion and other 

l o c a l clouds by the Durham group ( I s s a and Wolfendale 1981; 

L i e t a l . 1983; Houston and Wolfendale 1985; Bhat e t a l . 

1985) have y i e l d e d v a l u e s for <̂ &9 of 2,3-3.7, lower than the 

value of the COS B c o l l a b o r a t i o n (Bloemen e t a l . 1984) of 

®*a® = 5.2 for the same region. This i s due to the use of a 

lower l o c a l ^ - r a y e m i s s i v i t y value i n the l a t t e r work. 

However, a l l these v a l u e s are lower than the = 6 quoted 

r e c e n t l y by Solomon e t a l . (1987a,b) and S c o v i l l e and 

Sanders (1987) and much lower than the e a r l y estimates of 

The evidence for l a r g e s c a l e gradients i n the proton 

component of the cosmic rays has been somewhat ambiguous 

(Bloemen e t a l . 1984; Bloemen 1985; Bhat e t a l . 1985) but 

re c e n t work seems to confirm i t s e x i s t e n c e (Strong e t a l . 

1987; Bloemen 1987; Mayer et a l . 1987). The ¥-ray, 

e m i s s i v i t y i s the product of gas den s i t y and cosmic ray 

i n t e n s i t y ; thus n e g l e c t i n g an i n c r e a s e of cosmic ray 

i n t e n s i t y with d e c r e a s i n g Rg w i l l lead to an overestimate of 

@£„ 2a ° 



Arguing i n favour of a cosmic ray gradient, Bhat e t a l . 

(1985) derived ©£^^1.5 for the SSS C O - d i s t r i b u t i o n a t 

R & = 6kpc, t h a t i s a decrease by a f a c t o r of two from the 

l o c a l value. T h i s decrease was a t t r i b u t e d , following B l i t z 

and Shu (1980) to the i n c r e a s e i n m e t a l l i c i t y observed i n 

the inner Galaxy (Pagel and Edmunds 1981)„ S p e c i f i c a l l y 

e€ f p / H J gave good agreement with the ' ̂ -ray' Hg 

d i s t r i b u t i o n . However, there are arguments, both 

t h e o r e t i c a l (Kutner and Leung 1985) and o b s e r v a t i o n a l (Young 

e t a l . 1985b) t h a t m e t a l l i c i t y cannot be a major i n f l u e n c e 

on . The t r u e s i t u a t i o n w i l l be very complex s i n c e the 

gas phase abundances are l i k e l y to be c o n t r o l l e d by a 

balance between a c c r e t i o n and shock d i s r u p t i o n of dust g r a i n 

s u r f a c e s (Williams and H a r t q u i s t 19 84)„ More rece n t work on 

e x t e r n a l g a l a x i e s (Bhat et a l . 1986 and r e f e r e n c e s t h e r e i n ) 

points s t r o n g l y toward l a r g e - s c a l e v a r i a t i o n s i n but 

f a c t o r s other than m e t a l l i c i t y could be causing these 

changes. I n p a r t i c u l a r , the d e t a i l e d t h e o r e t i c a l models of 

Kutner and Leung (1985) suggest t h a t temperature i s the 

dominant f a c t o r i n determining such t h a t 

CC^** I " " * (1.2) 

(see a l s o Maloney and Black 1987) . I f the clouds i n the 

inner Galaxy are h o t t e r than the clouds i n the outer Galaxy, 

as claimed by Kutner and Mead (1981), then should f a l l 

with Rg. 

I t should be noted, that the COS B c o l l a b o r a t i o n (e.g. 

Lebrun e t a l . 1983; Bloemen e t a l . 1986) f i n d 5.6, 

constant with G a l a c t o c e n t r i c r a d i u s . However, t h i s uses the 

Columbia CO survey (curve D i n F i g u r e 1.1), so t h a t when the 

mass of H a i s c a l c u l a t e d for the inner Galaxy (shown 



e x p l i c i t l y i n Table A„l„2 (Appendix)) the r e s u l t s from the 

Durham group and the COS B/Columbia group are very s i m i l a r . 

* .hlQss-Sfwiy Brook V 

Durham 
Columbia 

0 TD 

B2 B3 

1978 1986 1982 1984 

YEAR 

Figure 1.2: The time h i s t o r y of estimates of the mass of 
gas i n the Galaxy, shown by the r a t i o of the 
estimated mass of to that of HI i n the 
G a l a c t o c e n t r i c d i s t a n c e range Rg = 4-8kpc (from 
Bronfman e t a l . 1987; Osborne e t a l . 1987). 

Mass-Stony Brook S: 

Sa: 
SSS: 
SR: 

Columbia 

Solomon, Sanders & S c o v i l l e 
(1979); Solomon, S c o v i l l e 
& Sanders (1979); Solomon 
& Sanders (1980). 
Sanders (1981) 
SSS (1984) 
Solomon & Rivolo (1987) 

(1980) 

Durham 

C:Cohen et a l . 
D:Dame (1983) 

TD:Thaddeus & Dame (1984) 
B:Bronfman e t a l . (1987) 

ST : SW* e-V al. (^T^ 
Bl,B2,B3:Bhat e t al.(1984,1985,1986) 

OsOsborne e t a l . (1987) 

Figure 1.2, i l l u s t r a t e s the s i t u a t i o n , showing the mass 

r a t i o of Hg to HI between Rg = 4=8 kpc as a functi o n of 

time! I t can be seen t h a t the Columbia group, r e c e n t l y 
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using an tsĈ g, from COS B, are s i m i l a r to the Durham group, 

c o n s i s t e n t l y below the estimates of Solomon and h i s 

c o l l a b o r a t o r s o The massive amounts of claimed by the 

e a r l y surveys have been c o n s i d e r a b l y reduced, although there 

i s s t i l l s i g n i f i c a n t disagreement, 

1.2.3 Other methods 

Apart from the main methods, des c r i b e d above, to 

determine eS&§ and for the Galaxy, there are a number of 

other p o s s i b l e avenues. 

Arguments from t h e o r e t i c a l chemical models of the ISM 

(Duley and Williams 1984) together with observations of 

d i f f e r e n t molecules i n molecular clouds are unable at 

present to be used for surveying the ISM on a l a r g e s c a l e . 

However, c u r r e n t models of i n t e r s t e l l a r chemistry provide no 

support f o r the use of a c a n o n i c a l CO:Ha r a t i o i n dark 

clouds and the r a t i o may vary from p o i n t - t o - p o i n t i n a 

cloud, and between clouds r e f l e c t i n g a number of d i f f e r e n t 

f a c t o r s (Williams 1985). 

O p t i c a l e x t i n c t i o n methods to determine ei^g l o c a l l y are 

not a v a i l a b l e i n the inner Galaxy. Bhat e t a l . (1986) have 

summarised other techniques to c a l i b r a t e i n the inner 

Galaxy. Most of the G a l a c t i c X-ray sources e x h i b i t a low 

energy c u t - o f f i n t h e i r s p e c t r a because of absorption of 

s o f t X-rays through p h o t o e l e c t r i c i n t e r a c t i o n s with c h i e f l y 

atoms of oxygen, carbon, nitrogen and hydrogen (Adams 1980). 

Therefore by comparing the observed X-ray spectrum with the 

production spectrum an estimate of the t o t a l gas can be 

made. There are major u n c e r t a i n t i e s i n the production 

spectrum, but Bhat et a l . (1986) d e r i v e =3.8 l o c a l l y , 

decreasing towards the inner Galaxy. 
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Unlike the o p t i c a l region, the e x t i n c t i o n by 

i n t e r s t e l l a r dust a t near i n f r a - r e d wavelengths i s 

s u f f i c i e n t l y s mall to enable the inner Galaxy to be seen. 

By examining the degree of reddening s u f f e r e d a t these 

wavelengths, an estimate can be made of the gas column 

de n s i t y along v a r i o u s d i r e c t i o n s under the assumption of a 

la r g e s c a l e uniformity i n the G a l a c t i c dust-to-gas r a t i o . 

Again there e x i s t s considerable u n c e r t a i n t y i n t h i s method, 

G 

6 

• V '1 V " "" "IT 1 

• 
• - SSS{19&>) 

Sfrortg eiai (1987) 

i n 
— 

• [ I 1 o n H - ray 

I } > s virial theorem 
- t 0 Bhatetal • y - r a y s 

(1986) • A v 

i • o infra-red 

7 L 3 1 . 1 

Figure 1.3; Summary of estimates of <̂ &o as a function of 
G a l a c t o c e n t r i c r a d i u s . The points shown are 
taken from the va r i o u s methods of Bhat e t a l . 
(1986), suggesting a gradient i n . Also 
shown f o r comparison are the constant values of 
«&a© claimed by SSS (1984), the COS B/Columbia 
c o l l a b o r a t i o n (Bloemen e t a l . 1986) and the 
recen t paper of Strong e t a l . (1987). 

but Bhat e t a l . (1986) have argued from t h i s method for a 

low value of at R & 6kpc. 

The s i t u a t i o n can be summarised by Figure 1.3, taken 

from Bhat e t a l . (1986), showing estimates of <̂ 2@ as a 

function of Rg. I n the inner Galaxy, the s c a t t e r i s l a r g e , 

but taken with r e s u l t s for the G a l a c t i c centre (Bhat e t a l . 

1984, 1985; B l i t z e t a l . 1985), the data are compatible with 
-14= 



the argument t h a t v a r i e s from p l a c e to place i n the 

Galaxy. 

These r e s u l t s f o r a "low 1 and low have been 

f u r t h e r strengthened by a study of IR emission i n the inner 

Galaxy and G a l a c t i c centre (Parkinson e t a l . 1987; Osborne 

et a l . 1987) „ This method uses f l u x e s a t 150/ym, 250>wmi, 

300̂ am and IRAS wavelengths to determine the mass of dust and 

then uses an assumed dust-to-gas r a t i o to determine the 

t o t a l gas. 

I t must be s t r e s s e d t h a t a l l of the above methods 

contain assumptions and u n c e r t a i n t i e s , and although Bhat e t 

a l . (1986) c l a i m c o n s i s t e n t r e s u l t s on the value of ®%gi, 

these r e s u l t s are s t i l l the s u b j e c t of much debate (e.g. 

Solomon and Rivolo 1987; S c o v i l l e and Sanders 1987). 

1.3 THE ROLE OF MOLECULAR HYDROGEN IN THE GALAXY 

From the d i s c u s s i o n above, i t i s c l e a r t h a t the 

controversy concerning the mass and r a d i a l d i s t r i b u t i o n of 

H^, and the CO-oH2 conversion f a c t o r ê a© i s not y e t 

concluded. I n an e x t e n s i v e review, van Dishoeck and Black 

(1987) conclude t h a t ' t h e o r e t i c a l j u s t i f i c a t i o n s of the 

e m p i r i c a l r e l a t i o n s are s t i l l s c a r c e and the range of 

v a l i d i t y of the conversion f a c t o r s i s s t i l l poorly 

understood'. Further work i s i n progress on the e m p i r i c a l 

determination of (e.g. Solomon e t a l . 1987a; Strong e t 

a l . 1987; Richardson and Wolfendale 1987) as w e l l as 

observations and study of molecular cloud chemistry (e.g. 

van Dishoeck and Black 1986; Maloney 1987). However, there 

i s an a l t e r n a t i v e way of c o n s t r a i n i n g the mass of i n 
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g a l a x i e s . This i n v o l v e s attempting to understand the g l o b a l 

p h y s i c s of H 2 and i t s r o l e i n the many processes i n 

g a l a x i e s . This study should not only be h e l p f u l i n 

understanding the g l o b a l evolution of g a l a x i e s , but could 

shed l i g h t on H a and t h e r e f o r e (Si^jQ-

Figure 1.4 shows the surface d e n s i t y of hydrogen as a 

f u n c t i o n of G a l a c t o c e n t r i c r a d i u s . Following the d i s c u s s i o n 

20 

I 

(M e pc"2) 

10 

0 
0 5 10 15 

R G (kpc) 

F i g u r e 1.4: Surface d e n s i t y of Hg. and HI as a function of 
r a d i u s from the centre of the Galaxy. HI i s 
the average of the determinations of Burton & 
Gordon (1978) and L i e t a l . (1983), while two 
c o n t r a s t i n g H a d i s t r i b u t i o n s are shown. 

of S e c t i o n 1.2 the H^ d i s t r i b u t i o n s of SSS (1984) and Bhat 

e t a l . (1985) are shown i n comparison with HI. Bhat e t a l . 

(1984, 1985, 1986) pointed out that such a dramatic decrease 

i n the estimate of H g would have i m p l i c a t i o n s f o r s t a r 

formation, G a l a c t i c chemical e v o l u t i o n and even 
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p e r t u r bations of the Sun's Oort Cloud of comets. I t i s the 

i n t e n t i o n of t h i s work to study i n d e t a i l those i n i t i a l 

remarks, to understand the processes involved and to 

c o n s t r a i n the Hg d i s t r i b u t i o n . 

I n the Galaxy, v i r t u a l l y a l l known regions of s t a r 

formation a c t i v i t y are a s s o c i a t e d with molecular clouds 

(e.g. Shu 1985? S c o v i l l e and Sanders 1987). I n Chapter 2, 

the r e l a t i o n s h i p of the s t a r formation r a t e to the mass of 

i s i n v e s t i g a t e d and an e m p i r i c a l law of s t a r formation i s 

suggested. Evidence from e x t e r n a l s p i r a l g a l a x i e s from IR 

and CO f l u x e s i s used to f u r t h e r examine t h i s r e l a t i o n s h i p . 

The dust-to-gas r a t i o i n s p i r a l g a l a x i e s i s then used to 

c o n s t r a i n 

The chemical e v o l u t i o n of g a l a x i e s s t u d i e s the 

processing of hydrogen through s t a r s i n t o h e a v i e r elements 

and t h e i r d i s t r i b u t i o n i n g a l a x i e s . I t i s a s u b j e c t of 

great contemporary i n t e r e s t p a r t i c u l a r l y with r e s p e c t to 

m e t a l l i c i t y g r a d i e n t s observed i n s p i r a l g a l a x i e s (Pagel and 

Edmunds 1981). Bhat e t a l . (1984, 1985) suggested t h a t 

lower masses of would provide b e t t e r f i t s to m e t a l l i c i t y 

gradients i n the Galaxy and other s p i r a l s . T o s i and Diaz 

(1985) did show t h a t i n t h e i r models, ' m e t a l l i c i t y 

c o r r e c t e d ' d i s t r i b u t i o n s did give b e t t e r agreement w i t h 

observations of s p i r a l g a l a x i e s , while Glisten and Mezger 

(1982) i n f a c t , chose a d i s t r i b u t i o n s i m i l a r to t h a t 

proposed by Bhat e t a l . (1985) i n t h e i r model of the 

chemical e v o l u t i o n of the Galaxy. However, these authors 

did not take i n t o account the very important r o l e of H a i n 

s t a r formation. 

Chapters 3 and 4 present a s e l f - c o n s i s t e n t model of the 
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chemical e v o l u t i o n of the Galaxy, u s i n g the s t a r formation 

r a t e as d e r i v e d i n Chapter 2„ Chapter 3 presents the model 

and compares i t s p r e d i c t i o n s with the o b s e r v a t i o n a l problems 

of G a l a c t i c chemical e v o l u t i o n . The production of a 

m e t a l l i c i t y g r a d i e n t i s shown to depend q u i t e s e n s i t i v e l y on 

the d i s t r i b u t i o n of H^. Chapter 4 examines the c o n s i s t e n c y 

of the model with r e s p e c t to the y i e l d of metals from s t a r s , 

and the nature of the dark matter i n the s o l a r 

neighbourhood. I n add i t i o n , model p r e d i c t i o n s for 

m e t a l l i c i t y g r a d i e n t s i n e x t e r n a l s p i r a l s are presented. 

F i n a l l y the d i s t r i b u t i o n of H a i s d e r i v e d from the observed 

m e t a l l i c i t y g r a d i e n t and i t s time e v o l u t i o n i s explained. 

One of the r e s u l t s of the e a r l y s t u d i e s of CO, was the 

r e a l i s a t i o n t h a t the majority of Hg was contained i n Giant 

Molecular Clouds (GMCs) with mass as 10 - 3.10 M@ (Sanders e t 

a l . 1985), which are therefore the most massive o b j e c t s i n 

the Galaxy. Dynamical arguments a l s o suggested massive GMCs 

(Stark and B l i t z 1978), and the observed mass spectrum means 

that most of the mass i n the ISM i s contained i n the l a r g e s t 

clouds (e.g. Sanders 1981; Tereby e t a l . 1986). GMCs 

therefore become important i n dynamical processes i n the 

d i s c , for example the d i s r u p t i o n of open c l u s t e r s ( S p i t z e r 

1958; van den Bergh and McClure 1980; Lynga 1982; Wielen 

1985; T e r l e v i c h 1987) and globular c l u s t e r s (Grindlay and 

Hertz 1984), the d i s r u p t i o n of wide b i n a r i e s i n the s o l a r 

neighbourhood (Weinberg e t a l . 1987) and the ev o l u t i o n of 

the v e l o c i t y d i s t r i b u t i o n of s t a r s i n the G a l a c t i c d i s c 

(Lacey 1984; Villumsen 1985; C a r l b e r g 1987). Of c u r r e n t 

i n t e r e s t i s the c l a i m (Clube and Napier 1984a,b; Rampino and 

Stothers 1984a) t h a t perturbations of the Oort Cloud of 
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comets by GMCs are the cause of the claimed 30My p e r i o d i c i t y 

in the record of t e r r e s t r i a l mass e x t i n c t i o n s . Chapter 5 

reviews the c l a i m s of p e r i o d i c i t y and shows t h a t 

perturbations by GMC (or any other known astronomical 

bodies) cannot be the cause of a 30My p e r i o d i c i t y , Bhat e t 

a l . (1986) suggested f u r t h e r , t h a t reduced GMC masses would 

not t o t a l l y d i s r u p t the Oort Cloud i n the way t h a t had been 

understood p r e v i o u s l y (e.g. Clube and Napier 1982a; Napier 

and Staniucha 1982) . This suggestion i s re-examined with 

p a r t i c u l a r r e f e r e n c e to the masses of GMC, 

The f i n a l p a r t of t h i s work examines the question of 

GMC l i f e t i m e s and Hg i n other s p i r a l g a l a x i e s , S c o v i l l e and 

Hersh (1979) claimed GMC l i f e t i m e s > 10 y and l i n k e d t h i s to 

large masses i n the inner Galaxy. Chapter 6 examines 

these claims and the l i n k to masses. 

At present there e x i s t s i n g l e d i s h CO measurements i n 

over 100 s p i r a l g a l a x i e s and w e l l sampled r a d i a l 

d i s t r i b u t i o n s e x i s t f o r 23 Sc and 19 Sb/Sbc g a l a x i e s (Young 

1986; S c o v i l l e and Sanders 1987). The conventional approach 

has been to assume t h a t the value of O<2Q determined l o c a l l y , 

a p p l i e s u n i v e r s a l l y (Young and S c o v i l l e 1982a; Dickman e t 

a l . 1986). Thus a l l r a d i a l v a r i a t i o n s of CO w i t h i n a galaxy 

and o v e r a l l d i f f e r e n c e s between g a l a x i e s have been 

a t t r i b u t e d s o l e l y to v a r i a t i o n s i n the amount of H^. Apart 

from the controversy concerning the value of l o c a l l y , 

Maloney and Black (1987) have r e c e n t l y used s o p h i s t i c a t e d 

modelling techniques to show t h a t t h i s assumption could l e a d 

to an order of magnitude e r r o r i n the estimated H a mass due 

to d i f f e r e n c e s i n temperature, mean cloud d e n s i t y and metal 

abundance. 
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A l t e r n a t i v e l y , Thronson e t al„ (1987b) have suggested 

the use of IR data to c a l c u l a t e the mass of dust i n a 

galaxy. Then, assuming a constant dust-to-gas r a t i o (taken 

as the s o l a r neighbourhood v a l u e ) , the mass of can be 

determined i f the HI mass i s known. The weakness of t h i s 

method i s the assumption of a constant dust-to-gas r a t i o and 

whether a l l the dust i n a galaxy i s sampled. Nevertheless, 

i f t h i s IR method could be used to c a l i b r a t e i n e x t e r n a l 

g a l a x i e s there would be great advantages. 

Using the assumption of a constant , there have been 

claims about H^ content and l i f e t i m e i n g a l a x i e s i n the 

Virgo c l u s t e r (Kenney and Young 1986; Stark e t a l . 1986; 

Knapp et a l . 1987). Chapter 6 reviews these c l a i m s , and 

then examines the e f f e c t on of the c l u s t e r environment 

using data from other wavelengths. I n a d d i t i o n , the 

constancy of the dust-to-gas r a t i o between g a l a x i e s i s 

i n v e s t i g a t e d . (A s i m i l a r i n v e s t i g a t i o n i s a l s o c a r r i e d out 

i n the context of the s t a r formation r a t e i n Chapter 2 ) . 

Chapter 7 summarises the main conclusions and g i v e s an 

o u t l i n e for f u t u r e work. 

-20-



CHAPTER TWO 

THE STAR FORMATION RATE 

2.1 INTRODUCTION 

Our poor understanding of s t a r formation i s one of the 

main o b s t a c l e s preventing us q u a n t i f y i n g how g a l a x i e s 

e v o l v e c There are two functions r e l a t e d to the process of 

s t a r formation which are of fundamental importance and 

a p p l i c a t i o n to many f i e l d s of c u r r e n t r e s e a r c h , the 

frequency d i s t r i b u t i o n of s t e l l a r masses a t b i r t h and the 

s p a t i a l l y averaged s t a r formation r a t e (SFR) i n a galaxy. 

Despite extensive o b s e r v a t i o n a l and t h e o r e t i c a l 

i n v e s t i g a t i o n s , the question of the p h y s i c a l mechanisms 

involved i n s t a r formation and t h e i r r e l a t i o n s h i p to these 

two functions remain conspicuously obscure. I t has been 

recognised for a long time that the d i f f u s e component of the 

i n t e r s t e l l a r gas had to be i n i t i a l l y compressed i n some way 

before g r a v i t a t i o n a l f o r c e s could take over, s t a r formation 

o c c u r r i n g by the fragmentation of these s e l f g r a v i t a t i n g 

clouds (Goldreich and Lynden-Bell 1965). Although there 

have been many attempts to r e l a t e c l o u d - s c a l e processes to 

the galaxy s c a l e (e.g. Seiden and Gerola 1982; Comins 1984; 

Freedman and Madore 1984; Struck-Marcell and Scal o 1987), 

the problem s t i l l remains of a general theory or 

parameterisation of the SFR i n d i s c g a l a x i e s . T h i s i s v i t a l 

i n understanding or p r e d i c t i n g the gross p h y s i c a l , chemical 

and photometric p r o p e r t i e s of g a l a x i e s ( T i n s l e y 1980). 

I n t h i s Chapter, previous g l o b a l formulations of the 
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SFR are reviewed, followed by an attempt to r e l a t e 

e m p i r i c a l l y the SFR to gas d e n s i t y and m e t a l l i c i t y i n the 

Galaxy* The p r o p e r t i e s of t h i s new formulation are 

q u a l i t a t i v e l y d i s c u s s e d and evidence f o r i t s a p p l i c a t i o n i s 

sought from other s p i r a l g a l a x i e s . F i n a l l y the e f f e c t of 

the gas-to-dust r a t i o i s d i s c u s s e d i n r e l a t i o n to the SFR 

and the amount of i n g a l a x i e s . 

2.2 PREVIOUS FORMULATIONS 

The s t a r formation r a t e has g e n e r a l l y been thought to 

be r e l a t e d to the s u r f a c e or volume d e n s i t y of the t o t a l 

i n t e r s t e l l a r gas. However, there i s no prima f a c i e reason 

why i t should be r e l a t e d to the d e n s i t y of gas r a t h e r than 

the magnitude of the i n i t i a l d e n s i t y c o n t r a s t and the s c a l e 

s i z e of the s p a t i a l inhomogeneity. I t i s a l s o not c l e a r 

whether the SFR should be p h y s i c a l l y more r e l a t e d to the 

volume d e n s i t y of gas than the s u r f a c e d e n s i t y of gas 

(Sg) for a t h i n but non-uniform d i s c such as the Galaxy. 

The conventional wisdom has, however, been to look f o r an 

em p i r i c a l power-law r e l a t i o n s h i p between the SFR (*{L or ̂ y ) 

Schmidt (1959, 1963) made an a n a l y s i s of the v a r i a t i o n 

of s t a r formation with height above the G a l a c t i c midplane 

it % ) or 
and the corresponding d e n s i t y of gas, t h a t i s 

k 
S % 

where Tg i s the SFR i n M@pc* Gy = , H© i s the s u r f a c e d e n s i t y 
2 »P« i s the of the t o t a l gas (atomic and molecular) i n M^pc 

M@pc Gy ,yS|g i s the volume d e n s i t y of the t o t a l gas SFR i n 
3 and k and a are the corresponding exponents m M@pc 
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and proposed the r e l a t i o n s h i p (2.2) with a s 2 (see a l s o 

Mathis 1959; Sa l p e t e r 1959). T h i s "law 1 was supported on 

the b a s i s of a t h e o r e t i c a l treatment of fragmentation by 

F i e l d and Saslaw (1965). Sanduleak (1969) proposed t h a t i n 

the case of a t h i n d i s c , W> could be used to represent^© , and 

there then followed many o b s e r v a t i o n a l t e s t s of the law i n 

l o c a l g a l a x i e s (van Hoerner 1960; van Genderen 1969; 

Hartwick 1971; E i n s a t o 1972; Emerson 1974; Madore e t a L 

1974; Hamajima and Tosa 1975; Azzopardi and Vigneau 1977; 

Smith e t al„ 1978; Bruck 1980). The c o r r e l a t i o n s obtained 

were not good, and the value of k had a wide range, 0.5 -

3.5 for d i f f e r e n t determinations and g a l a x i e s . 

There are a number of o b j e c t i o n s to the above 'Schmidt 

law' of the SFR. F i r s t l y , Madore (1977) pointed out t h a t i n 

many o b s e r v a t i o n a l t e s t s the observed quantity i s the number 

of s t a r s formed, not the SFR, and showed t h a t t h i s l e d to an 

overestimate of k. Secondly, the f a c t t h at k appears to 

vary w i t h i n and among g a l a x i e s i n d i c a t e s t h a t the t o t a l gas 

d e n s i t y i s not the only r e l e v a n t quantity (Larson 1977; 

T i n s l e y 1980). More r e c e n t l y , Donas and Deharveng (1984) 

and Donas et a l . (1987), although f i n d i n g some evidence f o r 

a c o r r e l a t i o n between t o t a l SFR and t o t a l HI mass, f i n d only 

a very weak c o r r e l a t i o n i n terms of s u r f a c e d e n s i t i e s . I n 

p a r t i c u l a r the Small Magellanic Cloud (SMC) i s exceedingly 

gas r i c h and yet produces only about 20% of the mass of 

s t a r s per u n i t mass of gas that the Large Magellanic Cloud 

does (Lequeux 1984). I t must be pointed out t h a t a l l of the 

above determinations have simply used HI as the t o t a l gas, 

n e g l e c t i n g Hg, a point that w i l l be d i s c u s s e d s h o r t l y . 

The f i n a l reason f o r r e j e c t i n g the Schmidt law concerns 
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the apparent constancy of the SFR with time i n t h i s and 

other s p i r a l g a l a x i e s . M i l l e r and Scalo (1979), from a 

d e t a i l e d study of the mass spec t r a of s t a r s i n the s o l a r 

neighbourhood, i n order to f u l f i l l the c o n s t r a i n t t h a t the 

i n i t i a l mass fu n c t i o n (IMF) be continuous, required to be 

roughly constant over the age of the Galaxy, Although 

subsequent s t u d i e s of the IMF have weakened t h i s c o n t i n u i t y 

c o n s t r a i n t (Scalo 1986; Larson 1986; Rana 1987a and Chapter 

4), the constancy of ^ with time i n the s o l a r neighbourhood 

has been supported by the luminosity f u n c t i o n of white 

dwarfs ( L i e b e r t e t a l . 1979; Rana 1987b), the d i s t r i b u t i o n 

of i n i t i a l masses of planetary nebulae ( T i n s l e y 1978), the 

m e t a l l i c i t y d i s t r i b u t i o n and v e l o c i t y d i s t r i b u t i o n of nearby 

F and G s t a r s (Twarog 1980; Vader and de Jong 1981; 

Meusinger 1985; Fuchs and Wielen 1987) and data on s t e l l a r 

l i t h i u m abundances and calcium emission l i n e strengths 

(Scalo 1986). I t a l s o seems t h a t s t a r formation has 

proceeded a t a r e l a t i v e l y constant r a t e over the l i f e t i m e of 

most l a t e - t y p e d i s k g a l a x i e s ( S e a r l e e t a l . 1973; Mayor and 

Martinet 1977; Rocca-Volmerange et a l . 1981; Kennicutt 

1983b; Gallagher e t a l . 1984; Sandage 1986; Hunter and 

Gallagher 1986), while T i n s l e y and Danly (1980) argued f o r a 

constant H'g from the point of view of s t a r formation i n the 

Universe. Now comparing the t o t a l mass of the G a l a c t i c d i s c 

to the present mass of the gas, i t i s seen t h a t the mass of 

gas (assuming t h a t a t the time of the formation, of the d i s c , 

the m a jority of the mass was i n the form of gas) has been 

depleted by a f a c t o r of ^ 1 0 . R e l a t i o n s h i p (2.1) with k ^ 1 

therefore p r e d i c t s a very sharp decrease of the SFR with 

time which c o n t r a d i c t s the above r e s u l t s . 
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I n the l i g h t of these o b j e c t i o n s , a number of d i f f e r e n t 

a l t e r n a t i v e s have been explored„ Some workers have ignored 

the f i r s t two o b j e c t i o n s and have continued using r e l a t i o n s 

(2.1) and (2.2) (e.g. Smith e t a l . 1978? Glisten and Mezger 

1982; Caimmi and D a l l a p o r t a 1982; C h i o s i and Matteucci 1982, 
CO 

1984; Gusten 1986; Matteucci and Greggio 1986; Arimoto and 

Y o s h i i 1986, 1987). With t h i s form f o r % , i n f a l l of gas 

from the halo to the d i s c has been invoked to keep ^ and 

therefore % roughly constant with time (e.g. Lacey and F a l l 

1983, 1985; Clayton 1984, 1985a,b, 1986, 1987). 

Other workers have suggested t h a t the s t a r formation 

r a t e depends not only on gas d e n s i t y , but the gas d e n s i t y 

m u l t i p l i e d by some other quantity such as the frequency with 

which a p a r c e l of gas encounters a d e n s i t y wave (Talbot and 

Arnett 1975), the volume of gas (Caimmi 1978) , the 

dust-to-gas r a t i o ( V i a l l e f o n d e t al„ 1982), the v e l o c i t y 

d i s p e r s i o n of the gas (Brosche and Leutes 1985), the 

temperature of the gas (Caimmi and Secco 1986) and the t o t a l 

mass ( i . e . gas and s t a r s ) of a region (Dopita 1985). The 

model of Dopita (1985) has r e c e i v e d p a r t i c u l a r a t t e n t i o n 

(e.g. Maddox 1985), but once again n e g l e c t s Hg_, both i n 

theory and i n c o r r e l a t i o n p l o t s . 

There have a l s o been many who have r e j e c t e d the 

e m p i r i c a l forms (2.1) and (2.2), and i n s e r t e d a SFR 

independent of gas d e n s i t y i n t o models of chemical or 

photometric e v o l u t i o n (e.g. T i n s l e y 1980; T o s i 1982). 

E i t h e r a constant has been taken (e.g. Twarog 1980; 

Twarog and Wheeler 1982, 1987) or the time e v o l u t i o n l e f t as 

a f r e e parameter, v a r i e d to f i t o b s e r v a t i o n a l r e s u l t s (e.g. 

Larson and T i n s l e y 1978; Tosi and Diaz 1985). Recently, 
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Larson (1986) has used bimodal s t a r formation i n order to 

attempt to solve the dark matter problem i n the s o l a r 

neighbourhood, the b a s i c idea being t h a t massive and low 

mass s t a r s are formed i n d i s t i n c t l o c a t i o n s i n space and/or 

time. Using the c o n s t r a i n t on the high mass mode t h a t the 

model should p r e d i c t enough mass i n remnants to account for 

the unseen matter near the Sun, he f i n d s a SFR which decays 

with time as exp(-t/3.4 Gy)„ Wyse and S i l k (1987) have 

extended t h i s argument, having s t a r s > 2 forming a t an 

ex p o n e n t i a l l y d e c l i n i n g r a t e , w hile lower mass s t a r s form a t 

a constant r a t e . Gusten and Mezger (1982) had a l s o proposed 

a bimodal IMF, massive s t a r s forming p r i m a r i l y i n s p i r a l 

arms, while a l l masses of s t a r s forming i n the inter-arm 

regions,, Indeed there i s growing o b s e r v a t i o n a l evidence for 

bimodal s t a r formation, such as the discontinuous slope of 

the IMF (Larson 1986; Rana 1987a), the observation of nearby 

dark clouds with a high abundance of low mass pre-main 

sequence s t a r s but v i r t u a l l y no high mass s t a r s ( S c o v i l l e 

and Sanders 1987) and th a t the l a r g e s t H I I regions and most 

massive GMCs are confined to s p i r a l arms (Dame e t a l . 1986). 

However, none of the above formulations e x p l i c i t l y take 

account of molecular hydrogen. I t i s w e l l known t h a t the 

gi a n t molecular complexes are the primary s e a t s of s t a r 

formation, and a simple law l i n k i n g the s t a r formation r a t e 

to the d e n s i t y of would be i n t u i t i v e l y s a t i s f y i n g . 

Talbot (1980) i n v e s t i g a t e d the r e l a t i o n s h i p of the SFR to 

the d e n s i t y of gas assuming the emission per u n i t area from 

i o n i s e d hydrogen to be p r o p o r t i o n a l to the number of massive 

s t a r s and t h e r e f o r e to the r a t e of formation of massive 

s t a r s ^ o He then p l o t t e d ^ a g a i n s t the s u r f a c e d e n s i t i e s 

-26-



of t o t a l gas, atomic hydrogen (fSMg) and molecular hydrogen 

( 1 ^ ) and concluded t h a t the r a t e of formation of massive 

s t a r s i s more s i g n i f i c a n t l y c o r r e l a t e d with than 

with SSj^ or even ̂ | , f o r both the Galaxy and M83. 

Subsequently DeGoia-Eastwood e t a l . (1984) confirmed t h i s 

c o n c l u s i o n from a study of NGC 6946„ I n the l i g h t of the 

contemporary debate concerning the d i s t r i b u t i o n of H a, the 

f o l l o w i n g s e c t i o n s re-examine t h i s c o n c l u sion and show how a 

SFR p r o p o r t i o n a l to the s u r f a c e d e n s i t y of so l v e s q u i t e 

n a t u r a l l y the i n i t i a l o b j e c t i o n s to the Schmidt law. 

2.3 STAR FORMATION RATE AND GAS DENSITY IN THE GALAXY 

2.3.1 SFR i n r e l a t i o n to the s u r f a c e d e n s i t y of gas 

The a n a l y s i s of Talbot (1980) for the Galaxy has been 

repeated using d i f f e r e n t a v a i l a b l e d i s t r i b u t i o n s of 1 ^ ,1^ 

and , and an independent SFR taken from Smith, Biermann 

and Mezger (1978, h e r e a f t e r r e f e r r e d to as SBM)„ The t o t a l 

gas i s defined as 

= X [ S H + E ^ ] , (2.3) 

X being the chemical mass f r a c t i o n of hydrogen i n the ISM 

(X~" = 1.36). SBM d e r i v e a SFR from the r a t e of emission of 

Lyman continuum photons from g i a n t HII regions. Other 

estimates of the SFR have been made by Mezger (1978) and 

Gusten and Mezger (1982) using d i f f e r e n t assumptions 

concerning the l i f e t i m e of HII regions and s p i r a l s t r u c t u r e 

but a r e c e n t compilation of SFRs based on supernova remnants 

and p u l s a r s (Lacey and F a l l 1985) seems to favour SBM r a t h e r 

than the other two. Talbot (1980) has s y s t e m a t i c a l l y 

underestimated the SFR and the r a d i a l dependence i s a l s o 
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somewhat d i f f e r e n t , compared with t h a t of SBM. 

Table 2.1 shows the r e s u l t s of p l o t t i n g the SFR ) 

a g a i n s t d i f f e r e n t d i s t r i b u t i o n s of li^g and §g and using 

Table 2 . 1 ; C o r r e l a t i o n of SFR and s u r f a c e d e n s i t i e s of gas. 

(SFR from SBK1 1 9 7 8 ) 

2^ i n r e l a t i o n Source of d a ta k Rc 

( 2 . 1 ) r e p l a c e d by 

ZJJJ L i e t a l . ( 1 9 8 2 ) - 7 . 3 + 2 . 4 - 0 . 7 4 

Burton 6 Gordon ( 1 9 7 8 ) 3 . 5 + 1 . 6 0 . 6 1 

Bhat e t a l . ( 1 9 8 5 ) 1 . 6 + 0 . 3 0 . 9 0 

SSS ( 1 9 8 4 ) 1 . 1 + 0 . 2 0 . 9 1 

E„ H, HI 
g 2 

Bhat e t a l . ( 1 9 8 5 ) L i e t a l . ( 1 9 8 2 ) - 0 . 9 + 2 . 5 - 0 . 1 3 

SSS ( 1 9 8 4 ) Burton 6 Gordon ( 1 9 7 8 ) 2 . 7 + 0 . 7 0 . 8 1 

Bhat e t a l . ( 1 9 8 5 ) Burton 6 Gordon ( 1 9 7 8 ) 3 . 8 + 0 . 8 0 . 8 5 

a l e a s t squares f i t to c a l c u l a t e k, the standard e r r o r s and 

the corresponding c o r r e l a t i o n c o e f f i c i e n t s R c . The two 

s u r f a c e d e n s i t y d i s t r i b u t i o n s for H^, SSS (1984) and Bhat e t 

a l . (1985) are used to i l l u s t r a t e the s e n s i t i v i t y of the 

r e s u l t s . The s u r f a c e density d i s t r i b u t i o n s , s c a l e h e i g h t s 

and SFR are given i n Table A.2.1 (Appendix). The 

corresponding p l o t s for 4§ against these s u r f a c e d e n s i t y 

d i s t r i b u t i o n s , a f t e r e l i m i n a t i n g t h e i r e x p l i c i t dependence 

on G a l a c t o c e n t r i c r a d i u s (Rg) between 4.5 and 14.5kpc are 

shown i n Figure 2.1. Of course the s t a t i s t i c s of the data 

are not very good as a t most only 10 points were a v a i l a b l e 

for each p l o t , which means that the derived value of Rg 

should not be taken too s e r i o u s l y . Nevertheless a number of 

f a c t o r s may be noted i n view of the above a n a l y s i s , 
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( i ) Even with the u n c e r t a i n t i e s involved, seems to be 

better c o r r e l a t e d with than I?g or I ? ^ , as found e a r l i e r 

by Talbot using independent data. The l a c k of any 

c o r r e l a t i o n with HI i s a l s o found for e x t e r n a l g a l a x i e s 

(Kennicutt and Kent 1983; Hunter e t a l . 1982) and i s 

c o n s i s t e n t with the observation t h a t the HI d i s t r i b u t i o n i s 

often extended r e l a t i v e to the p l a c e s where s t a r s are 

c u r r e n t l y forming (Bosma 1981b). The c o r r e l a t i o n with Hg i s 

further strengthened by the observation t h a t s t a r s form i n 

dense H^ clouds (e.g. Pudritz 1986; Myers e t a l . 1986; 

Waller e t a l . 1987) and the z-dependence of Hg i s s i m i l a r to 

that of young s t a r s ( F i c h and B l i t z 1982; SSS 1984). I n 

f a c t , w i t h i n 3 kpc of the Sun only one GMC has been found 

without t r a c e s of s t a r formation ( B l i t z 1987), i n d i c a t i n g 

that once a GMC forms, s t a r formation i s almost i n e v i t a b l e 

and takes place very q u i c k l y . 

( i i ) Although the estimated d i s t r i b u t i o n s i n t o t a l gas are 

widely d i f f e r e n t , no r e l a t i o n s h i p of the form e£f seems 

to e x i s t , which i s c o n s i s t e n t with the poor c o r r e l a t i o n s and 

widely d i f f e r e n t estimates of k made e a r l i e r for e x t e r n a l 

g a l a x i e s (Section 2.2). F a l l (1987) has cautioned, however, 

that present u n c e r t a i n t i e s i n the e s t i m a t i o n of *f| and 2^ do 

not exclude 1|e5 2^ . 

( i i i ) A r e l a t i o n s h i p of the form T|eg& , i f e x i s t i n g a t 

a l l , w i l l perhaps be r e l e v a n t only to . But. 

u n c e r t a i n t i e s mean t h a t a t the present stage nothing 

conclusive can be s a i d about the more acceptable of the 

surface density d i s t r i b u t i o n s of H^ as they f i n a l l y l e a d 

only to d i f f e r e n t v a lues of k, with roughly the same 
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c o r r e l a t i o n c o e f f i c i e n t . The d i f f e r e n c e i n the value of k 

w i l l however,, become apparent i n the chemical evolution 

model of Chapter 3. 

(i v ) Bhat e t a l . (1984) had observed that t h e i r g M as a 

fun c t i o n of R̂  i s very s i m i l a r to t h a t of HII 

regions (Lockman 1976), p u l s a r s (Taylor 1979) and supernova 

remnants (Huang and Thaddeus 1986), a l l having a peak around 

= 6 kpc. I n a d d i t i o n to which OH/IR s t a r s (Baud e t a l . 

1979) and cool g i a n t s t a r s ( I t o e t a l . 1977) a l s o have a 

peak a t Rg S 6 kpc. A l l of these Population I t r a c e r s 

r e f l e c t enhanced s t a r formation i n the recent past ( L e s t e r 

et a l . 1985) and the f u r t h e r l i n k between the SFR and 

d i s t r i b u t i o n s r e i n f o r c e s that a l l these processes are 

p h y s i c a l l y r e l a t e d . 

I t must be s t r e s s e d that the above surface d e n s i t i e s of 

gas and t h e i r ensuing conclusions are preliminary as the gas 

d i s t r i b u t i o n s used f o r Hg are averaged over the incomplete 

r i n g s around the centre of the Galaxy. I n p a r t i c u l a r the 

measurements of U H outside the s o l a r c i r c l e given by SSS 

(and t h e r e f o r e d e r i v e d by Bhat e t a l . ) are incomplete, being 

only f o r the northern d e c l i n a t i o n s . Recent r e s u l t s 

(Robinson e t a l . 1984) may suggest more i n the outer 

Galaxy than t h a t given by SSS (1984). Therefore an average 

of the SFRs given by Lacey and F a l l (1985) and SBM (1978) 

was taken and a c o r r e l a t i o n looked for i n the inner Galaxy 

where the data are complete. Figure 2.2 shows the r e s u l t , 

the p o i n ts i n the l e f t h a l f of the Figure corresponding to 

the outer Galaxy, the dotted l i n e s being e x t r a p o l a t i o n s from 

the inner Galaxy. I t can be e a s i l y seen that the points i n 

the outer Galaxy do not f i t the e x t r a p o l a t i o n , p o s s i b l y due 

-31-



o f /P 

o SSS(190fc) 
o BHAT et al(1935) 

0-1 
0-1 10 100 

Figure 2.2; SFRs averaged from SBM (1978) and Lacey and 
F a l l (1985) p l o t t e d a g a i n s t the s u r f a c e d e n s i t y 
of molecular hydrogen. A good c o r r e l a t i o n (R e 

= 0.91) i s found for the inner Galaxy (shown by 
the s o l i d l i n e ) with k - 0.7 + 0.2 for the SSS 
d i s t r i b u t i o n and 1.2 + 0.2 for the Bhat e t a l . 
d i s t r i b u t i o n . I f the l i n e i s e x t r a p o l a t e d to 
the outer Galaxy (dashed l i n e ) where the H a 

data are incomplete, the values of I V seem to 
be underestimates. 

to an underestimate of H H . This i s an important point 

which w i l l be i n v e s t i g a t e d f u r t h e r i n Chapter 4. 

This more d e t a i l e d study shows roughly the same 

c o r r e l a t i o n , but a reduction i n the value of k to 0.7 + 0.2 

for the SSS d i s t r i b u t i o n and 1.2 + 0.2 for the Bhat e t a l . 

d i s t r i b u t i o n of 2!.. . 

2.3.2 SFR i n r e l a t i o n to the volume d e n s i t y of gas 

Guibert e t a l . (1978) studied such a r e l a t i o n s h i p as 

given by equation (2.2) and concluded t h a t the exponent a i s 

1.2 - 2.5. At present such an a n a l y s i s can be extended only 

for the incomplete gas d i s t r i b u t i o n s , using s c a l e h eights 

for Hg from SSS (1984) and f o r HI from K u l k a r n i e t a l . 

(1982). From ^ as given by SBM, one can p o s s i b l y d e r i v e 

\' , assuming t h a t the s c a l e heights for ^ are the same as t h a t the s c a l e heights for \ 



those for the d i s t r i b u t i o n s , because i t i s known t h a t 

s t a r formation takes place p r i m a r i l y , i f not n e c e s s a r i l y , 

i n s i d e the molecular complexes. The r e s u l t s of f i t t i n g a 

r e l a t i o n s h i p (2.2) to the d i f f e r e n t d i s t r i b u t i o n s of 

and/©,, are shown i n Table 2.2. The v a l u e s of the 

gable 2.2s C o r r e l a t i o n of SFR and volume d e n s i t i e s of 

<SFR from SBM 1978) 

Source o f d a t a 

(2.2) r e p l a c e d by 

p i n r e l a t i o n 
9 

3HI L i e t a l . (1982) 

Burton & Gordon (1978) 

4.6+1.8 0.66 

3.0+0.6 0.86 

Bhat e t a l . (1985) 

SSS (1984) 

1.5+0.3 

1.0+0.2 

0.89 

0.90 

H, HI 
Bhat e t a l . (1985) L i e t a l . (1982) 3.1+0.6 0.86 

SSS (1984) Burton & Gordon (1978) 1.7+0.4 0.83 

Bhat e t a l . (1985) Burton & Gordon (1978) 2.2+0.3 0.93 

exponent a and the c o r r e l a t i o n c o e f f i c i e n t R c, derived from 

l e a s t - s q u a r e s f i t t i n g are c a l c u l a t e d as before. 

I t can be seen t h a t , as for the s u r f a c e d e n s i t i e s , * ^ 

i s once again c o r r e l a t e d with r a t h e r than p^g . The 

values of a and k are s i m i l a r as the s c a l e h eights of 

stay roughly constant over the range of considered. 

Therefore, most of the conclusions t h a t are noted p r e v i o u s l y 

from Table 2.1 are s t i l l v a l i d i n the present context. F i t s 

are found to be e q u a l l y good f o r both the SSS and Bhat e t 

a l . volume d e n s i t y d i s t r i b u t i o n s of , but le a d i n g to two 

d i f f e r e n t values of a, namely, 1.0 + 0.2 and 1.5 + 0.3 

r e s p e c t i v e l y . However, the volume d e n s i t y of the t o t a l gas 
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i s a l s o w e l l c o r r e l a t e d with % . This i s l a r g e l y due to the 

small c o n t r i b u t i o n of HI (as i t s s c a l e height i s appreciably 

l a r g e r ) compared to t h a t of H^, which means that the 

d i s t r i b u t i o n of H^ 'controls' the p d i s t r i b u t i o n and hence 

% i s p r i m a r i l y c o n t r o l l e d by H^ d e n s i t i e s . The large value 

of a for the c o r r e l a t i o n i s h i g h l y i n c o n s i s t e n t with the 

f a c t t h a t the SFR has stayed f a i r l y constant as has been 

argued p r e v i o u s l y . 

S c o v i l l e e t a l . (1986) c l a i m t h a t l o c a l l y the number 

densi t y of g i a n t HII regions i s p r o p o r t i o n a l to the square 

of the d e n s i t y of H^, and suggest t h a t t h i s i m p l i e s t h a t OB 

s t a r s form as a r e s u l t of cloud-cloud c o l l i s i o n s (Brosche 

1970; Larson 1977). They a l s o suggest t h a t lower mass s t a r s 

show a l i n e a r c o r r e l a t i o n implying t h a t they are formed from 

i n d i v i d u a l clouds. The r e s u l t s of Table 2.1 and 2.2 

p o s s i b l y suggest a gross average over both high mass and low 

mass s t a r formation with resp e c t to H a. 

The c o n c l u s i o n of the above a n a l y s i s i s that i f a 

phenomenological r e l a t i o n s h i p of s t a r formation r a t e as a 

power of gas d e n s i t y e x i s t s , then i t i s only r e l e v a n t to H^. 

Between the s u r f a c e d e n s i t i e s and volume d e n s i t i e s the 

e x i s t i n g data do not make a sharp d i s t i n c t i o n . 

Mathematically, equations (2.1) and (2.2) w i l l be compatible 

only i f k = a = 1 or i f the s c a l e - h e i g h t i s constant with 

Rg. Some may f e e l t h a t p h y s i c a l l y the SFR should be r e l a t e d 

to the volume d e n s i t y rather than s u r f a c e density. But the 

s u r f a c e d e n s i t y gives the mass of gas i n a p a r t i c u l a r region 

and t h e r e f o r e the t o t a l number of clouds. As Clayton (1986, 

1987) has pointed out, i f s t a r formation proceeds at a f i x e d 

r a t e i n molecular clouds then i t i s the number of clouds 
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t h a t w i l l determine the SFR. The s u r f a c e d e n s i t y i s to be 

p r e f e r r e d to the volume d e n s i t y a l s o f o r p r a c t i c a l reasons. 

r e s o l u t i o n of the observations ( T i n s l e y 1980) . I n e x t e r n a l 

g a l a x i e s , the observations measure B d i r e c t l y , while a 

knowledge of the s c a l e - h e i g h t i s needed for^© „ As the 

s c a l e - h e i g h t i s not w e l l known, I i s a much b e t t e r quantity 

to work with i n the study of e x t e r n a l s p i r a l g a l a x i e s . The 

equations of chemical e v o l u t i o n (Chapter 3) can a l s o be 

solved more n a t u r a l l y for s u r f a c e d e n s i t i e s . The r e s t of 

t h i s work w i l l t h e r e f o r e adopt a SFR expressed i n terms of 

the s u r f a c e d e n s i t y of H a, that i s 

where a l a r g e r value of k i s favoured by the Bhat e t a l . 

(1985) d i s t r i b u t i o n than the SSS (1984) d i s t r i b u t i o n of H%. 

F i n a l l y , the d e l i n e a t i o n of s p i r a l arms by a c t i v e 

regions of s t a r formation has l e d many workers to b e l i e v e 

t h a t s p i r a l arms are an important t r i g g e r of s t a r formation 

i n g a l a x i e s (e.g. Baade and Mayall 1951; Roberts 1969; 

Toomre 1981; Gerola and Seiden 1978). However, Elmegreen 

(1987c) has questioned t h i s view, arguing t h a t s t a r 

formation simply follows the gas with no p r e f e r e n t i a l 

t r i g g e r r e l a t e d to the density wave. Comparisons between 

g a l a x i e s with and without d e n s i t y waves r e v e a l no 

s i g n i f i c a n t d i f f e r e n c e s i n the SFR or metal abundances 

(Elmegreen and Elmegreen 1986; McCall 1986). From a study 

of supernovae i n e x t e r n a l g a l a x i e s (McCall and Schmidt 1986) 

i t appears t h a t d e n s i t y waves do not enhance the e f f i c i e n c y 

of massive s t a r formation, while some i r r e g u l a r g a l a x i e s 

have high ^§ but no s p i r a l arms (Hunter and Gallagher 1986). 

Any measurement of depends s t r o n g l y on the s p a t i a l 

(2.4) 
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Elmegreen (1987c) suggests t h a t s p i r a l arms simply 

re-organise the matter w i t h i n the d i s c s without a c t u a l l y 

enhancing the SFR. As McCall (1986) points out, " i f the 

underlying d e t a i l s of d e n s i t y waves are indeed 

i n c o n s e q u e n t i a l to s t a r formation the task of i d e n t i f y i n g 

the p h y s i c a l p r o p e r t i e s c o n t r o l l i n g the chemical e v o l u t i o n 

of s p i r a l g a l a x i e s i s g r e a t l y s i m p l i f i e d " . No doubt the 

r e a l s i t u a t i o n i s q u i t e complex, but over la r g e s c a l e s and 

long t i m e - s c a l e s a r e l a t i o n s h i p such as (2.4) may be 

a p p l i c a b l e . 

2.4 THE TIME EVOLUTION OF THE SFR IN THE GALAXY 

I t has been shown above t h a t there i s an e m p i r i c a l 

c o r r e l a t i o n i n the d i s c of the Galaxy between the SFR and 

the s u r f a c e d e n s i t y of molecular hydrogen, to be understood 

at a simple p h y s i c a l l e v e l t h a t i t i s from Ĥ  that s t a r s 

form. The next question i s ; can equation (2.4), derived 

e m p i r i c a l l y from the r a d i a l d i s t r i b u t i o n s , be used to 

p r e d i c t the time e v o l u t i o n of the SFR? Any such law of s t a r 

formation i s i n any case p o s s i b l y a smoothed average over 

s t o c h a s t i c a l l y o c c u r r i n g b u r s t s , but can i t p r e d i c t the 

gross v a r i a t i o n of the SFR over the age of the Galaxy? 

Although i t has been known for some years that s t a r s form 

out of H^, and Talbot (1980) proposed the r e l a t i o n s h i p 

( 2 . 4 ) , the problem faced by evo l u t i o n a r y models i s how to 

deal with the e v o l u t i o n of H^ q u a n t i t a t i v e l y . I n chemical 

e v o l u t i o n models for example, the absolute values of the SFR 

are important for studying the a g e - m e t a l l i c i t y r e l a t i o n for 

s t a r s i n the s o l a r neighbourhood (Twarog 1980) while i t s 
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r a d i a l d i s t r i b u t i o n w ith time w i l l manifest i t s e l f i n 

shaping the abundance gradient of the processed elements i n 

the Galaxy,, 

Molecular clouds i n the Galaxy d i f f e r from the d i f f u s e 

atomic clouds i n t h a t they are o p t i c a l l y t h i c k to UV 

r a d i a t i o n and v i s i b l e continuum and t h a t they are s e l f 

g r a v i t a t i n g . T h e i r formation has been a s c r i b e d to shock 

compression i n the ambient gas, agglomeration of sma l l e r 

clouds and spontaneous i n s t a b i l i t i e s i n the gaseous d i s c 

(e.g. Elmegreen 1987a,b). These formation mechanisms seem 

to e x p l a i n some of the observed cloud complexes i n the 

Galaxy, although there i s s t i l l no general agreement on 

which i s the dominant mechanism. I n addit i o n , the c u r r e n t 

formation mechanisms do not at present d i s t i n g u i s h between 

Hg and HI. The l i f e t i m e of GMCs i s another c o n t r o v e r s i a l 

i s s u e , which w i l l be examined i n d e t a i l i n Chapter 6. At 

t h i s time, i t seems very d i f f i c u l t to l i n k these processes 

to the global time and r a d i a l v a r i a t i o n of Hg i n the Galaxy. 

Wyse (1986) has attempted to understand the d i f f e r e n c e 

i n Hg and HI p r o f i l e s i n g a l a x i e s i n terms of enhanced GMC 

formation i n l o c a l g r a v i t a t i o n a l p o t e n t i a l perturbations 

such as s p i r a l arms, proposing 
% 

2^ ©C <S|L}j . (n(R 6) - constant) (2.5) 
where <£1(RS) i s the l o c a l angular frequency. I f CO i s a good 

t r a c e r of H^, using a constant , t h i s form provides good 

f i t s f or the Galaxy, NGC 2841, M51 and M31 but not too good 

for M101. I t a l s o e x p l a i n s the steep f a l l o f f of the 

molecular gas i n the outer regions r e f l e c t i n g that of the 

angular frequency. However, Stark e t a l . (1987) have shown 

no obvious c o r r e l a t i o n between the surface brightness of CO 
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and arm c l a s s f o r over 100 s p i r a l g a l a x i e s , which suggests 

that s p i r a l arms are not required to form i n a galaxy„ 

From t h e i r data i t appears that molecular clouds form 

continuously, whether or not a s p i r a l d e n s i t y wave i s 

present i n a galaxy. I n addition, apart from the assumption 

of a constant i n t h i s law, the main problem ag a i n s t i t 

i s i t s time e v o l u t i o n . I n order to s o l v e a n a l y t i c a l l y the 

equations of chemical evolution, needs to be expressed 

as a function of the t o t a l mass of gas r a t h e r than S^g. I n 

order to do t h i s the following argument w i l l attempt to 

connect the amount of to .2̂  through the abundance of 

metals i n the ISM. 

I f the SFR has not changed appreciably s i n c e the 

formation of the d i s c (Section 2.2), one must argue t h a t , i n 

s p i t e of the constant depletion of Hg because of continued 

s t a r formation, the amount of has somehow been 

c o n t i n u a l l y r e p l e n i s h e d . I t i s known t h a t HI c o n t i n u a l l y 

evolves i n t o H^ i n the presence of g r a i n s (Savage and Mathis 

1979; Duley and Williams 1984) and t h i s may be the reason. 

The formation of Ĥ  i s c r i t i c a l l y dependent on the 

a v a i l a b i l i t y of i n t e r s t e l l a r g r a i n s , u n l e s s the d e n s i t y of 
^ =3 gas i s as high as 10 H atoms cm (Williams 1985). 

T h e o r e t i c a l s t u d i e s by Hollenbach and S a l p e t e r (1971) showed 

that approximately one-third of H atoms s t r i k i n g g r a i n s 

formed Ĥ  and o b s e r v a t i o n a l support has been put forward by 

O'Donnel and Watson (1974) and Jura (1975). I t i s a l s o 

known t h a t f o r c a t a l y s i s of Hg, formation, the g r a i n s must 

have a temperature of approximately 20K (Schmidt 1967). 

Recent i n f r a - r e d s t u d i e s a t 60 and lOÔ am (Burton e t a l . 

1986) r e v e a l t h a t i n t e r s t e l l a r g r ains do have a temperature 
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20-25K i n the plane, but a l s o the s u r p r i s i n g r e s u l t t h a t the 

s c a l e - h e i g h t of the dust i s nearer t h a t of HI than Hg 

(Burton and Deul 1987) . This l a t t e r r e s u l t does not f i t the 

general p i c t u r e of H^ formation and i s not easy to 

THE EVOLUTION OF HI INTO H? 

MOLECULAR o S T A R S 
CLOUDS 

AGGLOMERATION 

WIND LOSS 
H & EJECTION (CATASTROPHIC) 

(METALS AND HI) 
12 

ROLE OF 
GRAINS* 

ISM CHEMISTRY 

\ s M 

Figure 2.3; A q u a l i t a t i v e scheme of r e - c y c l i n g HI through 
Ĥ  i n the ISM. Molecular clouds evolve i n t o 
s t a r s which e j e c t metals and HI i n t o the ISM. 
Metals segregate i n t o g r a i n s which c a t a l y s e 
formation of Hg. This Ha f i n a l l y agglomerates 
i n t o molecular clouds, thus completing the 
c y c l e . Every generation of s t a r formation 
leaves some s t a r s behind, dead or a l i v e . 

understand u n l e s s there i s some temperature e f f e c t 

perpendicular to the plane. Measurements a t l a r g e r 

wavelengths, where more of the dust i s sampled, are needed 

before f i r m conclusions can be drawn. I t i s these 

u n c e r t a i n t i e s i n temperature as w e l l as the a c t u a l number 

and s i z e d i s t r i b u t i o n s of the grains a t va r i o u s d i s t a n c e s 

from the G a l a c t i c Centre that make i t a formidable task to 

r i g o r o u s l y handle the process of HI—=*-H^ conversion i n the 

ISM. A f u r t h e r u n c e r t a i n t y i n v o l v e s the es t i m a t i o n of the 

s o - c a l l e d returned f r a c t i o n which e s s e n t i a l l y determines how 

much matter i n the form of HI i s returned i n the end to the 

ISM, assuming that a l l H^ went i n i t i a l l y i n t o s t a r 
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formation. Therefore only a q u a l i t a t i v e scheme of r e c y c l i n g 

HI through H a i s presented i n F i g u r e 2„3„ 

Knowing t h a t g r a i n s do play a v i t a l r o l e i n forming Ĥ  

from HI, l e t us i n v e s t i g a t e whether the f r a c t i o n a l abundance 

(p^) of Ĥ  i n the t o t a l amount of a v a i l a b l e hydrogen, i n a 

given region, i s r e l a t e d to the average m e t a l l i c i t y (Z) of 

that region. A c t u a l l y a l i n k should be sought with the 

abundance of g r a i n s r a t h e r than m e t a l l i c i t y i n the gas 

phase, but the abundance of g r a i n s i s assumed to roughly 

follow the m e t a l l i c i t y ( V i a l l e f o n d e t a l . 1982; Franco and 

Cox 1986). I n f a c t metals i n the gas phase may themselves 

be important i n forming Hg clouds as they a c t as coolants 

(van den Bergh 1981) and i n c r e a s e o p a c i t y (Franco and Cox 

1986). Following the d i s c u s s i o n of S e c t i o n (2.3.2), p^ i s 

defined i n terms of the surface d e n s i t i e s 

P& = M̂a (2.6) 

The a v a i l a b l e d i s t r i b u t i o n s of (as given i n Table 

A. 2.1) have been averaged to d e r i v e and a probable range 

of e r r o r i n i t s e s t i m a t e s . Then s u b s t i t u t i n g t h i s value i n 

(2.6), p^ has been computed for both the SSS and Bhat e t a l . 

d i s t r i b u t i o n of H^. The v a r i a t i o n of p a with G a l a c t o c e n t r i c 

r a d i u s i s shown i n Figure 2.4, the e r r o r s r e f l e c t i n g the 

u n c e r t a i n t i e s i n HI. Both of the d i s t r i b u t i o n s behave 

s i m i l a r l y , although the absolute values are quite d i f f e r e n t . 

The f r a c t i o n of molecular gas f l a t t e n s out below 

= 6-7 kpc and f a l l s o f f towards the outer edge. The 

sharp change i n the trend j u s t above R^ = 10 kpc could be 

due to the underestimate of Ĥ  i n the outer Galaxy (S e c t i o n 

2.3.1) . 

Elmegreen and Elmegreen (1987b) have noticed a s i m i l a r 
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r a d i a l dependence of t h i s molecular f r a c t i o n i n i n d i v i d u a l 

1 r 6 o i 5 
i 

& in 0-1 XA 0 1 

IQ. 
0 

J 001 0 0 1 
0 5 10 15 0 5 10 15 

RG(kpc) R 6 (^pc) 

Figure 2.4; The v a r i a t i o n of the molecular f r a c t i o n of gas 
(p 2 ) w i t h Galactocentric radius „ Two 
estimates are made of lp& f o r the d i f f e r e n t 
d i s t r i b u t i o n s of H a, as given by SSS (1984) and 
Bhat et a l . (1985). The forms are found t o be 
s i m i l a r although the absolute values are q u i t e 
d i f f e r e n t . 

'super cloud" complexes, c o n s i s t i n g of HI and H 2, w i t h 
masses ^ 10 M̂ . The t o t a l mass of the complexes appears t o 
be constant as a f u n c t i o n of Rg , which suggests t h a t the 
molecular cores to these clouds become less massive w i t h 
i n c r e a s i n g R̂ , while t h e i r atomic envelopes become more 
massive. This i s ascribed t o an increase i n the average 
pressure of the clouds i n the inner Galaxy, leading t o 
l a r g e r d e n s i t i e s and molecular l i n e s h i e l d i n g of the 
background UV r a d i a t i o n becoming more important. However, 
one may expect increased m e t a l l i c i t y (and/or grains) t o have 
the same e f f e c t (Section 6.2). 

Figure 2.5 shows the v a r i a t i o n of m e t a l l i c i t y or more 
p r e c i s e l y log(0/H)+12, w i t h R̂ , e s s e n t i a l l y compiling a l l 
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the a v a i l a b l e data from a number of sources. There are few 
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Figure 2.5; A compilation of the observational data on the 
v a r i a t i o n of oxygen abundance measurements w i t h 
Galactocentric r a d i u s . The objects comprise 
H I I regions, planetary nebulae and some main 
sequence st a r s i n the s o l a r neighbourhood. The 
gradient from a l e a s t squares f i t f o r R© > 6kpc 
i s shown and i s ~ - 0.09 + 0.01 dex kpc**5 . 

observations f o r < 6kpc. Although the i n d i v i d u a l 
estimates have a considerable spread i n the o r d i n a t e there 
seems t o e x i s t a general trend of m e t a l l i c i t y w i t h R̂ , w i t h 
a g r a d i e n t 

d log(Q/H) = - 0.09 + 0.01 dex kpc°' (2.7) 
d R © 

extending between R̂  = 6 and 14 kpc. Abundance gradient 
determinations by d i f f e r e n t authors using d i f f e r e n t o b j e c t s 
are compiled i n Table A.2.2 (Appendix). There are large 
u n c e r t a i n t i e s i n abundance determinations from H I I regions 
and t h i s i s probably the main cause f o r the spread i n 
m e t a l l i c i t y a t any p a r t i c u l a r Rg. However, there may be 
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also some genuine e v o l u t i o n a r y effects,, Stars themselves 
(as shown by the s o l a r neighbourhood) show an increase i n 
m e t a l l i c i t y w i t h time of formation, w h i l e the m e t a l l i c i t y 
spread i n H I I regions could be due t o the l o c k i n g of metals 
i n t o grains (e.g. Mathis 1986). For planetary nebulae, 
Peimbert (1978) argues t h a t f o r most the 0 enrichment due 
t o t h e i r e v o l u t i o n has not been considerable and t h a t 
d i f f e r e n c e s are r e l a t e d t o gradients present i n the ISM at 
the time of formation of the progenitor s t a r s (Peimbert and 
Serrano 1980) . This w i l l be discussed i n more d e t a i l i n 
Chapter 3. 

Assuming t h a t Z ©€ 0/H, 0 being the major c o n t r i b u t o r t o 
the m e t a l l i c i t y (Peimbert and Torres-Peimbert 1974; Peimbert 
et al„ 1986), p^ i s i n v e s t i g a t e d as a f u n c t i o n of Z, aiming 
t o f i t a r e l a t i o n s h i p of the form 

only formal e r r o r s and could be l a r g e r due t o systematic 
e f f e c t s . 

Considering the e r r o r s involved, f a i r l y good 
c o r r e l a t i o n s are obtained f o r least-squares f i t s between the 
data and equation (2.8), y i e l d i n g the exponent b as 

b = 1.3 + 0.3 f o r the Bhat et a l . d i s t r i b u t i o n of H^, 

They now agree w e l l w i t h each other w i t h i n the large e r r o r 
bounds. I f there i s more i n the outer Galaxy than 
p r e s e n t l y estimated, as suggested e a r l i e r , t h i s w i l l have 
the e f f e c t of reducing b although due t o e r r o r s i n HI t h i s 
w i l l be a small e f f e c t . Preliminary though t h i s c o r r e l a t i o n 

2.8) 
I n Figure 2.6, p„ i s p l o t t e d against m e t a l l i c i t y a f t e r 

t i n g % , f o r 6 < R§ < 14 kpc only. Errors shown are elimma 

= 1.4 + 0.3 f o r the SSS d i s t r i b u t i o n of . 
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Figure 2.6; The molecular gas f r a c t i o n p"a i s p l o t t e d 
against the m e t a l l i c i t y (assuming Z«S O/H), f o r 
6 < R©< 14kpc i n the Galactic d i s c . Both 
d i s t r i b u t i o n s are shown and a c o r r e l a t i o n i s 
found f o r .pa®g Zfe, w i t h b = 1.3-1.4. 
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between the molecular hydrogen f r a c t i o n and m e t a l l i c i t y i s , 
i t would nevertheless mean t h a t m e t a l l i c i t y may not 
monotonically increase r i g h t up t o the centre of the Galaxy 
and i t may e v e n t u a l l y f l a t t e n o f f f o r Rg < 6 kpc as the 
Galactocentric v a r i a t i o n of p^ i n d i c a t e s . The m e t a l l i c i t y 
i n the very c e n t r a l regions i s h i g h l y u n c e r t a i n , i n the 
range 12 + log(0/H) = 9.0 - 9.6 (Mezger e t a l . 1979; Shaver 
et a l . 1979; Wink e t a l . 1983) but a value of Z S2 3Zj^, i . e . 
a f l a t t e n i n g out of the g r a d i e n t , i s not unreasonable 
(Gusten and Ungerechts 1985). 

Now, using (2.8), a more e x p l i c i t f u n c t i o n a l form of 
the SFR may be obtained as f o l l o w s . Letp& be defined as the 
gas f r a c t i o n of the t o t a l mass a v a i l a b l e i n the form of gas 
and s t a r s per u n i t area of the disc 

where S ? = + 2§ , (2.10) 
1^' being the t o t a l surface density of matter locked i n 
s t a r s , dead or a l i v e . The measured r o t a t i o n curve of the 
Galaxy y i e l d s (the estimated values are given i n Table 
A.2.1 (Appendix)). Combining equations (2.4), (2.6), (2.8) 
and (2.9) one obtains 

%e£ (E TXjjZ f c)k. (2.11) 

The SFR given by (2.11) has the f o l l o w i n g s i g n i f i c a n c e . 
( i ) This form of the SFR has p r i m a r i l y been derived from 
phenomenological considerations of the s p a t i a l v a r i a t i o n s of 
various q u a n t i t i e s w i t h Galactocentric r a d i u s . But the form 
(2.11) i s now such t h a t i t can be used t o study the time 
v a r i a t i o n of *v| f o r any given annulus, provided t h a t the 
e v o l u t i o n of ̂ w, , X and"Z w i t h time i s known. When the 
disc f i r s t s t a b i l i s e d , i t s r o t a t i o n curve and t h e r e f o r e the 

-45-



d i s t r i b u t i o n of presumably also s t a b i l i s e d (except f o r 
l o c a l v a r i a t i o n s due t o the propagation of dens i t y waves)„ 
The chemical f r a c t i o n of hydrogen, X, i s a very slowly 
decreasing f u n c t i o n of time. So f o r a given region, such as 
t h a t near the Sun, assuming no i n f a l l , S=j»x may be regarded 
as a constant. Consequently, the e v o l u t i o n of ̂  i n t h a t 
region may be studied by the e v o l u t i o n of the q u a n t i t y 

b & 
fyyZ ) . At the time of formation of the d i s c , the gas 
f r a c t i o n ^ @ ^ 1 and non-zero. I n order t h e r e f o r e f o r a 
n o n - z e r o ^ , the i n i t i a l m e t a l l i c i t y of the d i s c , ZQ , cannot 
be i n d e f i n i t e l y small, a suggestion t h a t was f i r s t made i n 
the context of the chemical e v o l u t i o n of the so l a r 
neighbourhood (Truran and Cameron 1971). I n f a c t , i f ty§ 
remains constant w i t h time and the gas i s depleted a t most 
by a f a c t o r of 10, l o g (Z„/Z@) cannot exceed 0.7 (Zt being 
the present m e t a l l i c i t y i n the solar neighbourhood.^ 
( i i ) With the ageing of the disc,^UL decreases whereas Z 
increases due t o star b i r t h and death (van den Bergh 1958), 
thereby e f f e c t i v e l y balancing one another and leading t o a 
constant SFR. Equation (2.11) i s then a modified Schmidt 
law. I n f a c t Talbot and Arnett (1973) i n attempting t o 
model the chemical e v o l u t i o n of the s o l a r neighbourhood had 
suggested t h a t s t a r formation was enhanced by the presence 
of metals and had m u l t i p l i e d the mass of gas by a term 
dependent on the m e t a l l i c i t y i n the standard Schmidt law. 
The m e t a l l i c i t y term i n equation (2.11) i s due t o the 
consider a t i o n of molecular hydrogen i n the r o l e of s t a r 
formation. 
( i i i ) Since the value f o r the exponent b i n (2.8) has been 
derived f o r 6 < R̂, < 14 kpc one must be c a r e f u l i n extending 



the a p p l i c a t i o n of (2.11) outside the above domain. 
However, presumably when the disc was f o r m e d , , XQ and Z@ 
were constant as a f u n c t i o n of 1^. I t was th e r e f o r e the 
v a r i a t i o n of w i t h respect t o R̂  t h a t determined the 
i n i t i a l value of the SFR, ( ^ ) & . Since Uy increases sharply 
towards the centre of the Galaxy, ( ^ ) @ should have been 
very high i n the inner p a r t of the Galaxy = thus leading t o 
f a s t e r e v o l u t i o n there and thereby i n i t i a t i n g the f u t u r e 
m e t a l l i c i t y g r a d ient as w e l l as a sharp gradient i n 
Clayton (1987) has re-emphasised the p o i n t t h a t a large 
abundance gradient cannot be modelled i f i s a constant 

and so uses i n f a l l of gas t o the disc t o produce the 
gra d i e n t . The SFR given by -(2.11) p r e d i c t s a non-constant 
'rs /Eg w i t h radius and time and t h e r e f o r e w i l l lead t o an 
abundance gradient. 
( i v ) The main problem of the o r i g i n a l Schmidt law, t h a t of 
a constant SFR, can be overcome q u i t e n a t u r a l l y by the time 
dependence of (^Z^)^ . Previous workers (Larson 1972; 
Clayton 1984, 1985, 1986; Lacey and F a l l 1985) w i t h a SFR 
p r o p o r t i o n a l t o gas d e n s i t y , needed i n f a l l to show why the 
SFR has p r a c t i c a l l y stayed constant over the age of the 
Galaxy. However, a SFR p r o p o r t i o n a l t o a power of the 
surface d e n s i t y of H a resolves t h i s problem without i n f a l l . 

The above q u a l i t a t i v e p o i n t s w i l l be examined 
q u a n t i t a t i v e l y i n the context of chemical e v o l u t i o n i n 
Chapters 3 and 4. But before c a l c u l a t i n g i t i n . d e t a i l f o r 
the Galaxy, evidence from other s p i r a l galaxies needs t o be 
examined i n order t o determine how u n i v e r s a l the a p p l i c a t i o n 
of equation (2.11) can be. 
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2.5 STAR FORMATION IN EXTERNAL SPIRAL GALAXIES 

2.5.1 Star formation r a t e and molecular hydrogen 
The d e t e c t i o n of CO i n e x t e r n a l s p i r a l galaxies 

(Rickard e t a l . 1975; Solomon and de Zafra 1975) has allowed 
i n v e s t i g a t i o n of the s t a r forming component of the ISM i n 
these g a l a x i e s o However, j u s t as i n the case of the Galaxy, 
the problem i s the conversion f a c t o r t o H^, and j u s t how 
much Ĥ  i s r e a l l y there. I n a sense, knowledge of ©î © f° r 

e x t e r n a l galaxies i s even more problematic than f o r the 
Galaxy, as the ^ - r a y method (Section 1.2.2) cannot (yet) be 
used t o c a l i b r a t e ©C^. Many past attempts (e.g. Young and 
S c o v i l l e 1982a) have assumed t h a t the l o c a l value of ©£̂ g> 
applies u n i v e r s a l l y , thereby determining H^. Although Young 
and Sanders (1986) have argued t h a t t h i s method i s c o r r e c t 
to a f a c t o r of 2, many have questioned t h i s (Rickard and 
B l i t z 1985; Bhat e t a l . 1986; Lo e t a l . 1987a; Stark e t a l . 
1987) even t o the extent of suggesting t h a t r a d i a l 
d i s t r i b u t i o n s of H^ i n galaxies cannot be determined from 
the CO data w i t h any confidence a t a l l ( B l i t z 1985). 

I n the l i g h t of t h i s u n c e r t a i n t y concerning ©t̂ © and the 
e f f e c t s of temperature and m e t a l l i c i t y , any rig o r o u s t e s t i n g 
of 4|>©E and i n p a r t i c u l a r the value of the exponent k i s 

fraught w i t h d i f f i c u l t y . However, we do see a q u a l i t a t i v e 
correspondence, c e r t a i n l y between CO (and probably H^) and 
the t r a c e r s of recent s t a r formation. 

The Population I tra c e r s which are extremely s i m i l a r 
r a d i a l l y t o CO i n the Galaxy (Mihalas and Binney 1981) have 
the same tr e n d i n M51 ( S c o v i l l e 1983) and M33 (Freedman 
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1986)O Young and S c o v i l l e (1982a,b) have shown t h a t the CO 
l u m i n o s i t y ( L c @ ) f o l l o w s t h a t of the blue l u m i n o s i t y (Lg) 
w i t h radius i n NGC 6946 and IC 342, and the existence of a 
l i n e a r c o r r e l a t i o n between Lg and f o r the c e n t r a l 5 kpc 
of Sc ga l a x i e s , both i s o l a t e d and i n the Virgo c l u s t e r 
(Young e t al„ 1985b? Young 1985a). I f the CO traces the H £ 

and i s taken t o be mostly from Population I s t a r s , 
thereby i n d i c a t i n g the amount of star formation over the 
l a s t 2.10 y ( S c o v i l l e and Young 1983) t h i s implies 1 i n 

h 
the'feeeS^ r e l a t i o n . This c o r r e l a t i o n has been discussed 
e x t e n s i v e l y by Bhat e t a l . (1986) who argue t h a t the 
c o r r e l a t i o n i s improved by i n t r o d u c i n g a m e t a l l i c i t y 
c o r r e c t i o n t o ©£g@. From t h e i r Figures 13 and 14, the e f f e c t 
of a m e t a l l i c i t y c o r r e c t i o n implies k > 1, i n agreement w i t h 
the Galactic analysis (Section 2.3.1). 

A pos s i b l y more d i r e c t measure of the young s t e l l a r 
content of a galaxy i s the i n f r a - r e d l u m i n o s i t y (e.g. 
Telesco e t a l . 1986). I t has been argued t h a t the f a r 
i n f r a - r e d l u m i n o s i t y gives a d i r e c t measure of the energy 
output from r e c e n t l y formed st a r s (Cox e t a l . 1986; Bushouse 
1986) based on the f a c t t h a t Galactic regions of s t a r 
formation are always associated w i t h dusty and r e l a t i v e l y 
dense molecular clouds, w i t h nearly a l l the l u m i n o s i t y 
emerging i n the FIR (e.g. Knapp et a l . 1977). Therefore, as 
expected, CO i s found t o c o r r e l a t e w i t h the FIR l u m i n o s i t y , 
w i t h i n galaxies ( S c o v i l l e and Young 1983) and between 
galaxies (e.g. Young e t a l . 1985a). I f the FIR l u m i n o s i t y 
i s a measure of ty^, then Rickard et a l . (1985) found k = 
1.48 i n the centres o f nearby s p i r a l s . The a v a i l a b i l i t y of 
IR fl u x e s from the IRAS s a t e l l i t e f o r e x t e r n a l galaxies has 
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seen a study of CO and IR emission i n dwarf i r r e g u l a r 
galaxies (Tacconi and Young 1987), i s o l a t e d and i n t e r a c t i n g 
galaxies (Rickard and Harvey 1984,° Rengarajan and Verma 
1986; Young e t a l . 1986b), IRAS b r i g h t galaxies (Young e t 
alo 1986a; Sanders et a l . 1986b), r a d io b r i g h t s p i r a l s 
(Sanders and Mirabel 1985) and ultra-luminous IR galaxies 
(Sanders et a l . 1987). These studies have confirmed the 
c o r r e l a t i o n between IR and CO over s i x orders of magnitude, 
but there i s a wide d i s p e r s i o n , which appears t o be due i n 
part to temperature e f f e c t s (Young et a l . 1986a; Solomon e t 
a l . 1987b) or v a r i a t i o n s i n the dust-to-gas r a t i o (Rydbeck 
1985) . I n t e r a c t i n g galaxies seem to have a higher 
e f f i c i e n c y of s t a r formation (higher IR l u m i n o s i t y f o r the 
same CO) than i s o l a t e d galaxies, but both seem t o f o l l o w the 
same trend w i t h k 2£ 0.75 (Young e t a l . 1986b). 

Figure 2.7 summarises the s i t u a t i o n f o r the IRAS b r i g h t 
galaxy sample of Young et a l . (1986a) and the i s o l a t e d and 
i n t e r a c t i n g galaxy sample of Young et a l . (1986b). The mass 
of H^ has been c a l c u l a t e d from maps of the CO emission using 
®̂ 0© = 8. The SFR, , i s c a l c u l a t e d f o l l o w i n g S c o v i l l e and 
Young (1983) using 

^ ^ y " ' ) = 7.7.10=51 (Lm + L @) (2.12) 

where the blue l u m i n o s i t y (Lg) has been derived from RC2 (de 
Vaucouleurs, de Vaucouleurs and Corwin 1976) and the t o t a l 
FIR lu m i n o s i t y (Lg^) i s given by 

L I R ( L 0 ) = 4.10fCDS (2.58Ske + . (2.13) 
I n the above equation, Ŝ@ and S^q are the 60ynm and lOOyiAm 
fluxes ( i n J y ) , D i s the distance t o the galaxy ( i n Mpc), 
and the c o r r e c t i o n f a c t o r C i s taken from the IRAS 
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E x t r a g a l a c t i c Catalogue (Lonsdale e t a l . 1985). As Young e t 
a l . (1986a) p o i n t out, these estimated SFRs do not account 
f o r e i t h e r the formation of low mass st a r s (as i t assumed 
the observed l u m i n o s i t i e s are produced p r i m a r i l y by 0,B and 
A s t a r s ) or f o r the r e - c y c l i n g of gas i n the ISM, although 
t o some extent these two e f f e c t s may balance each other. 
For galaxies w i t h IK. f l u x measurements (Kennicutt and Kent 
1983) , the above ^ has been compared t o the $>g derived from 
H©£ (Kennicutt 1983b) and found t o agree w i t h i n 50%. 

o ISOLATED GALAXIES 
o IRAS BRIGHT GALAXIES 
O INTERACTING GALAXIES 
O THE GALAXY O 
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Figure 2.7; SFR determined from the blue and i n f r a - r e d 
l u m i n o s i t i e s p l o t t e d against the t o t a l mass of 
H a (using <*ae = 8, H @ = SOkms"1 Mpc°{ ) f o r IRAS 
b r i g h t galaxies (Young e t a l . 1986a) and 
i s o l a t e d and i n t e r a c t i n g galaxies (Young e t a l . 
1986b). Excluding the i n t e r a c t i n g galaxies a 
good c o r r e l a t i o n i s found (R e = 0.92) w i t h 
slope = 0.60 + 0.05. Arrows show the e f f e c t of 
a m e t a l l i c i t y c o r r e c t i o n t o @4a@ having the 
e f f e c t of increasing the slope. 

Excluding the i n t e r a c t i n g galaxy sample, a good c o r r e l a t i o n 
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i s found ( c o r r e l a t i o n c o e f f i c i e n t = 0„92) w i t h k = 0.6 i n 
^ eg o The i n t e r a c t i n g galaxies seem t o show the same 
tre n d but have s y s t e m a t i c a l l y higher SFRs i n d i c a t i n g a 
d i f f e r e n t e f f i c i e n c y ( c f . Kennicutt e t al„ 1987). The 
arrows on c e r t a i n p o i n t s i l l u s t r a t e the e f f e c t of 
i n t r o d u c i n g a m e t a l l i c i t y c o r r e c t i o n t o (Bhat e t a l . 
1984; 1985) where m e t a l l i c i t i e s have been taken from a 
v a r i e t y of sources (Matteucci and Chiosi 1983; Hunter e t a l . 
1982; McCall e t a l . 1985; Hunter and Gallagher 1986). With 
only a few m e t a l l i c i t i e s a v a i l a b l e f o r these g a l a x i e s , i t 
can only be said t h a t a m e t a l l i c i t y c o r r e c t i o n seems t o 
increase k. The Galactic analysis gave k = 0.7 - 1.4, which 
i s c o n s i s t e n t w i t h the above value. 

F i n a l l y , as mentioned i n Section 2.3.1, the H^ emission 
which i s an i n d i c a t o r of the s t a r formation r a t e c o r r e l a t e s 
w i t h CO f o r the Galaxy and f o r M51 (Young 1985a). Talbot 
(1980) using a m e t a l l i c i t y corrected Ĥ  d i s t r i b u t i o n found 
k 0£ 1.2 f o r M83, while DeGoia-Eastwood et a l . (1984) found 
k m 0.8 f o r NGC 6946 i n the Yse£ EJ r e l a t i o n . 

Therefore, apart from large u n c e r t a i n t i e s concerning 
the e s t i m a t i o n of and i n e x t e r n a l galaxies, ̂ eC 
i s c e r t a i n l y c o n s i s t e n t w i t h present data w i t h k i n the 
range 0.6 - 1.5 ( t h i s range being po s s i b l y e n t i r e l y due t o 
u n c e r t a i n t i e s i n the esti m a t i o n of ( J | and 2 L ) . 

2.5.2 Molecular hydrogen and m e t a l l i c i t y 
Is 

I n Section 2.4, a r e l a t i o n s h i p of the form p^sC Z was 
found f o r the Galaxy, w i t h b = 1.3 + 0.3. This Section 
compiles the a v a i l a b l e data on the r a d i a l d i s t r i b u t i o n s of 
HI, H a and (0/H) f o r nine other s p i r a l galaxies i n order t o 
see whether t h i s r e l a t i o n s h i p i s app l i c a b l e i n e x t e r n a l 
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galaxies„ 
The references from which the data have been taken are 

shown i n Table A.2.3 (Appendix). The HI d i s t r i b u t i o n s are 
taken from the sources l i s t e d i n the second column of Table 
A.2 03 f as used by Diaz and Tosi (1984) and Tosi and Diaz 
(1985) w i t h t h e i r adopted distances. The Hg d i s t r i b u t i o n s 
are i n f e r r e d from the observed CO d i s t r i b u t i o n s along the 
respective g a l a c t i c d i s c s , except M33 where the CO 
d i s t r i b u t i o n was assumed t o f o l l o w the blue l u m i n o s i t y 
p r o f i l e (Diaz and Tosi 1984) and normalised according t o the 
CO nuclear d e t e c t i o n of Young and S c o v i l l e (1982b). Two 
possible r a d i a l Hg d i s t r i b u t i o n s are derived because of the 
controversy surrounding . The f i r s t 2^ (S) f o l l o w s SSS 
(1984) assuming a constant = 7.2. The second (B) 
f o l l o w s Bhat e t a l . (1984, 1985, 1986), reducing i n the 
s o l a r neighbourhood, and i n t r o d u c i n g a m e t a l l i c i t y 
c o r r e c t i o n , Ms, so t h a t 

K ( B ) = 2H_(S) hi . 1 (2.14) 
2̂ * 7.2 M 2 

where log Mz = 12 + l o g (0/H) - 8.9 (2.15) 
The data on the g a l a c t o c e n t r i c gradients of (0/H) used i n 
d e r i v i n g are p r i m a r i l y those c a l i b r a t e d and used by Diaz 
and Tosi (1984) and Tosi and Diaz (1985). Dopita and Evans 
(1986) have r e c e n t l y examined the semi-empirical abundance 
dia g n o s t i c r a t i o s used t o determine metal abundances (Pagel 
et a l . 1978; Edmunds and Pagel 1984a; McCall e t a l . 1985) 
and suggested lower abundances p a r t i c u l a r l y f o r the most 
metal r i c h H I I regions (see also Pagel 1986c and Evans 
1986). I n Figure A.2.4 (Appendix), the c a l i b r a t i o n curves 
f o r the oxygen abundance against the r a t i o ( [ O i l ] + 
[ O I I I ] ) / H j | are shown. But u n t i l there i s agreement, t h i s 
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work w i l l f o l l o w Tosi and Diaz (1985) using the curve of 
Edmunds and Pagel (19 84a)„ 

Having obtained two a l t e r n a t i v e d i s t r i b u t i o n s of 
the corresponding p^ values were c a l c u l a t e d using the same 
d i s t r i b u t i o n of . Each m e t a l l i c i t y measurement at a 
p a r t i c u l a r g a l a c t o c e n t r i c radius of any p a r t i c u l a r s p i r a l 
galaxy, w i t h i t s quoted e r r o r where possible has been 
p l o t t e d against p^ f o r t h a t radius and galaxy, so 
e l i m i n a t i n g the e x p l i c i t r a d i a l dependence of the same 
q u a n t i t i e s f o r i n d i v i d u a l g a l a x i e s . This i s shown i n Figure 
2.8 where the c a l c u l a t i o n of the two sets of p„ has been 
based on SSj^S) and S^B) r e s p e c t i v e l y . From t h i s Figure 
the f o l l o w i n g p o i n t s may be noted: 

( i ) The p o i n t s shown seem t o have a large spread, 
nevertheless a general trend i s apparent. For a higher 
observed m e t a l l i c i t y , the higher i s the molecular f r a c t i o n 
of the gas i n the resp e c t i v e region of the galaxy. This 
means t h a t metal poor s p i r a l s w i l l have i n general l i t t l e Ĥ  
i n comparison w i t h HI. This may be the reason why gas r i c h 
i r r e g u l a r s (Elmegreen et a l . 1980; Tacconi and Young 1985), 
i r r e g u l a r dwarf galaxies ( I s r a e l and Burton 1986) and the 
LMC and SMC ( I s r a e l 1984) show extremely weak CO s i g n a l s . 
These galaxies have low gas m e t a l l i c i t i e s (Rocca-Volmerange 
1984; Hunter and Gallagher 1986) and t h i s could be the 
reason f o r the apparent low Hg/HI r a t i o . I n f a c t , Tacconi and 
Young (1987) f i n d t h a t dwarf i r r e g u l a r galaxies have low 
H^/HI r a t i o s and q u a l i t a t i v e l y ascribe t h i s as pos s i b l y due 
to low m e t a l l i c i t y . However, the s i t u a t i o n i s complicated 
by the f a c t t h a t ©C^ may be dependent on m e t a l l i c i t y and 
other f a c t o r s so t h a t low CO emission does not neces s a r i l y 
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The f r a c t i o n of molecular hydrogen, p 2 = 
IH^/diMa. + Ej?s ) p l o t t e d against the m e t a l l i c i t y 
f o r d i f f e r e n t regions of various s p i r a l 
g a l a x i e s . The upper p l o t uses a constant 
i n determining ^ w , w h i l e the lower p l o t uses a 
m e t a l l i c i t y dependent ̂ ^s> ° Shown on both p l o t s 
are the corresponding p a e£ r e l a t i o n deduced 
f o r the Galaxy (Figure 2.6). 
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imply low Hg content (Young e t al„ 1984? Bhat e t a l . 1984? 
Hunter and Gallagher 1986? I s r a e l e t a l . 1986; Maloney and 
Black 1987? Thronson e t a l . 1987a). 
( i i ) Shown on both p l o t s i s the corresponding pa<§£Z^ 
r e l a t i o n deduced f o r the Galaxy (Section 2.4). Data from 
the other s p i r a l s seem t o confirm t h i s t r e n d . I n f a c t i f 
the data are taken together the value of b = 1.35 + 0.10 f o r 
P 2(S) and b = 1.30 + 0.10 f o r p^(B) are obtained, i n 
agreement w i t h our previous determination of b i n the 
Galaxy. There i s a suggestion t h a t the t r e n d may f l a t t e n o f f 
at 12 + log(0/H) > 9.1, but the e r r o r s are l a r g e and i f i n 
f a c t the new c a l i b r a t i o n of Dopita and Evans (1986) i s used 
(Figure A.2.4) the high m e t a l l i c i t y measurements are 
reduced. 

( i i i ) I t should be noted t h a t the e r r o r s i n the above 
compilation o f data are r a t h e r l a r g e . They r e f l e c t the 
c o n t r o v e r s i a l aspects of the CO=c-H^ conversion r a t i o and 
the l a r g e u n c e r t a i n t i e s i n the d e r i v a t i o n of the 0/H r a t i o s 
f o r the H I I regions. I t could even be argued t h a t the above 
c o r r e l a t i o n i s due t o a possible c o r r e l a t i o n between the 
i n t e n s i t y of CO emission and the abundance of oxygen. 
However, t h a t the c o r r e l a t i o n between p^ and Z s t i l l holds, 
and i n f a c t improves f o r the m e t a l l i c i t y corrected H#|, 
suggests against t h i s p o s s i b i l i t y . 

Therefore, t h i s p r e l i m i n a r y study of e x t e r n a l s p i r a l 
galaxies seems t o support the e m p i r i c a l law of s t a r 
formation of equation (2.11). At present the e m p i r i c a l 
c o r r e l a t i o n s do not d i s t i n g u i s h between the competing 
d i s t r i b u t i o n s of_H^, although the Bhat e t a l . (1985) type of 
d i s t r i b u t i o n has a m a r g i n a l l y b e t t e r c o r r e l a t i o n . However, 
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the a p p l i c a t i o n of t h i s e m p i r i c a l law i n models of the 

chemical ev o l u t i o n of the Galaxy, presented i n Chapters 3 

and 4, w i l l show the importance of the powers k and b, from 

which the d i s t r i b u t i o n s can be d i s t i n g u i s h e d . To conclude 

t h i s Chapter, the dust-to-gas r a t i o i n s p i r a l g a l a x i e s i s 

b r i e f l y examined, i n order to confirm the above law of s t a r 

formation r a t e , but a l s o to p o s s i b l y c o n s t r a i n ^ . 

2.5.3 The dust-to-gas r a t i o 

Young e t a l . (1986a) have used the 60^m and 100/mm 

f l u x e s from IRAS observations of e x t e r n a l g a l a x i e s to 

estimate the mass of dust (Mg,) i n those g a l a x i e s . They 

found Mg, to be c o r r e l a t e d with the mass of i n a r e l a t i o n 
0.2 

Mjj ©£ , but a l s o concluded t h a t v a r i a t i o n s i n the 

r e l a t i v e amounts of HI and i n a galaxy are not obviously 

c o r r e l a t e d with any other galaxy p r o p e r t i e s . 

This work has p r e v i o u s l y emphasised the importance of 

the r o l e of dust i n the e v o l u t i o n of HI—s>Hg. I n the Galaxy 

i t was more p r a c t i c a l to use the m e t a l l i c i t y (assuming i t to 

be p r o p o r t i o n a l to the dust) i n c o r r e l a t i n g a g a i n s t the 

f r a c t i o n of molecular gas i n the t o t a l gas. However, for 

e x t e r n a l g a l a x i e s the s i t u a t i o n i s almost reversed. Very 

few, apart from nearby s p i r a l s have published m e t a l l i c i t i e s , 

whereas many have had 60^im and lOÔ um f l u x e s measured by the 

IRAS s a t e l l i t e . The c a l c u l a t i o n of the mass of the dust 

however, has l a r g e u n c e r t a i n t i e s . 

Following Young e t a l . (1986a) one f i r s t assumes a A = t 

e m i s s i v i t y law and c a l c u l a t e s the dust temperature, T^, 

using the 60 /lOO^m f l u x r a t i o . The p h y s i c a l i n t e r p r e t a t i o n 

of t h i s temperature when r e f e r r i n g to a whole galaxy i s not 

c l e a r (Thronson e t a l . 1987b), but i n the Young e t a l . 
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(1986a) sample Tg, i s i n the range 30-46K. The fo l l o w i n g 

i n c l u d e s the colour c o r r e c t i o n to the temperature (King 

1986) and uses the f l u x e s as given by Young e t a l . (1986a). 

The lOO^im f l u x can now be used to c a l c u l a t e the mass of warm 

dust. Longer wavelengths are r e q u i r e d to sample the c o l d e r 

dust. The mass of dust from a f l u x d e n s i t y a t frequency 

*9 i s given by 

% = Q-if S*D& 1 (2.16) [ B N , T a ) J 
where i s taken from Hildebrand (1983) and B(^,Tg,) i s the 

blackbody i n t e n s i t y . 

The suggestion of Sect i o n 2.3 i s that the f r a c t i o n of 

molecular hydrogen should be c o r r e l a t e d i n some way with the 

amount of dust. Defining p^ t h i s time i n terms of masses 

r a t h e r than sur f a c e d e n s i t i e s , and taki n g HI and Hg masses 

(with ©Cjjg = 8) from Young e t a l . (1986a), p^ has been 

c a l c u l a t e d f o r the IRAS b r i g h t galaxy sample. T o t a l 

g a l a c t i c masses (My) and HI masses for the i s o l a t e d galaxy 

sample of Young et a l . (1986b) have been taken from the 

l i t e r a t u r e (Rogstad and Shostak 1972; Bosma e t a l . 1977; 

Shostak 1978; Crutcher e t a l . 1978; Reakes 1980; F i s h e r and 

T u l l y 1981; B o t t i n e l l i e t a l . 1982; Huchtmeier 1982; Hunter 

et a l . 1982; Matteucci and C h i o s i 1983; Rubin e t a l . 1982; 

Hunter and Gallagher 1986). 

No c o r r e l a t i o n i s found f o r p^ ag a i n s t M̂ /NLj,, but a 

rough c o r r e l a t i o n i s found for p^ ag a i n s t M&. However a 

much b e t t e r c o r r e l a t i o n i s found for p^ ag a i n s t the 

dust-to-gas r a t i o (M^/M^), where of course 

= 1.36 <MNa+MftS), (2.17) 

the f a c t o r 1.36 accounting for He. This i s shown i n F i g u r e 

2.9. Although once again the s c a t t e r i s l a r g e , the general 
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Figure 2.9; The f r a c t i o n of molecular hydrogen, p a 

= M{5a/(.MMa + ) , as a function of the 
d u s t - t o - t o t a l gas r a t i o for the IRAS b r i g h t 
g a l a x i e s of Young et a l . (1986a) and the 
i s o l a t e d g a l a x i e s of Young e t a l . (1986b). The 
mass of dust i s c a l c u l a t e d from the 100/̂ m f l u x 
and t h e r e f o r e only represents the warm dust 
component. Arrows represent the e f f e c t of 
m e t a l l i c i t y c o r r e c t i o n to MM . 

trend i s t h a t the g r e a t e r the dust-to-gas r a t i o of a galaxy, 

the more gas i s i n the form of molecular hydrogen. Of 

course t h i s i s the cC trend found by Young et a l . 

(1986a), but i f confirmed would suggest that the r e l a t i v e 

amounts of HI and H 2 i n a galaxy are determined by the 

dust-to-gas r a t i o . Even more i n t e r e s t i n g , ignoring the 

p o s s i b l y important d i s t i n c t i o n between sur f a c e d e n s i t i e s and 

t o t a l i n t e g r a t e d mass, t h i s i s the general trend of 
b 

r e l a t i o n s h i p p r e d i c t e d by p^eC Z i f Z i s p r o p o r t i o n a l to 

Me/M||. A gradient of 1.3 has been f i t t e d by eye to the 

points i n Fig u r e 2.9 to i l l u s t r a t e t h i s . I n f a c t the e f f e c t 

of m e t a l l i c i t y c o r r e c t i o n s to (shown by arrows i n the 

Figure) i n general improves the c o r r e l a t i o n . 

However, the biggest drawback to t h i s a n a l y s i s i s t h a t 

the lOOyum f l u x does not sample a l l of the dust i n a galaxy 



(Young e t a l . 1986a). This can be r e a d i l y seen from F i g u r e 

(2.9) as a l l g a l a x i e s are at l e a s t an order of magnitude 

below the c a n o n i c a l dust-to-gas r a t i o of 10 determined i n 

the s o l a r neighbourhood ( S p i t z e r 1978). 

C h i n i e t a l . (1986) have r e c e n t l y published 1300^im 

measurements of 26 s p i r a l g a l a x i e s . The 1300^im f l u x e s are 

more s e n s i t i v e to colder dust and t h e r e f o r e should sample 

more of the dust than lOO^im. C h i n i e t al„ (1986) argue t h a t 

t h e i r observations cannot be explained by dust emitting a t a 

uniform temperature, and adopt a warm and c o l d component 

model with corresponding temperatures T^ and T e . Following 

C h i n i e t a l . , the dust mass for these g a l a x i e s i s c a l c u l a t e d 

using T & and the 1 3 0 0 ^ f l u x . Measurements of CO emission, 

e i t h e r t o t a l or for the c e n t r a l area, were a v a i l a b l e f o r 

nineteen of these g a l a x i e s (Young e t a l . 1983; Rickard e t 

a l . 1985; Sanders and Mirabel 1985; V e r t e r 1985; Kenney and 

Young 1986; Young e t a l . 1986a,b; Sanders e t a l . 1986b, 

1987; Knapp e t a l . 1987) and HI masses were taken from the 

p r e v i o u s l y described l i t e r a t u r e . There are now two 

problems, one i s to convert the CO emission for c e r t a i n 

g a l a x i e s which do not have maps but only one c e n t r a l 

measurement to t o t a l CO emission, and secondly to then 

reduce the gas d i s t r i b u t i o n s to the area sampled by the 90" 

beam of the 1300̂ &m measurements. I n the absence of d e t a i l e d 

HI and Eg maps, a crude attempt has been made to do t h i s . 

I t i s w e l l known that i n general HI d i s t r i b u t i o n s are a l l 

very s i m i l a r and have r e l a t i v e l y f l a t p r o f i l e s over the d i s c 

(Rogstad and Shostak 1972), apart from a few g a l a x i e s with 

pronounced low Rg 'holes', and therefore HI masses are 

s c a l e d by the r a t i o of the area of the beam width to the 
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o p t i c a l s i z e of the galaxy. However, i n many s p i r a l 

g a l a x i e s CO i s peaked and follows the exponential luminosity 

p r o f i l e (Young 1985a)„ The CO emission i s t h e r e f o r e assumed 

to f a l l o f f e x p o n e n t i a l l y with a s c a l e - l e n g t h of 5 kpc 

(Young and S c o v i l l e 1982a). This has been used by Young e t 

a l . (1985a) and d i s c u s s e d e x t e n s i v e l y by V e r t e r (1983) who 

concludes t h a t t h i s type of e x t r a p o l a t i o n i s c o r r e c t to 

w i t h i n a f a c t o r of 2-3. Thus, taking account of the 

i n c l i n a t i o n of the galaxy, i n t e g r a t i n g over the beam width 

of the CO observation and over the e n t i r e galaxy, the 

f r a c t i o n of CO emission i n the 90" beam i s c a l c u l a t e d . The 

mass of H^ for that area i s then determined using ©t̂ e = 8 

(following Young et a l . 1986a). 

The dust-to-gas r a t i o as determined from the 1300^m 

f l u x i n the c e n t r a l 90" of a galaxy i s shown as a f u n c t i o n 
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Figure 2.10; The dust-to-gas r a t i o as determined from 1300̂ /um 
f l u x measurements for the g a l a x i e s of C h i n i e t 
a l . (1986), as a f u n c t i o n of the f r a c t i o n of 
molecular gas to the t o t a l gas. The 
dust-to-gas r a t i o for the s o l a r neighbourhood 
i s a l s o shown. 

of pg i n Figure (2.10). The f o l l o w i n g points may be noted 

from t h i s Figures 

( i ) There i s no evidence of the c o r r e l a t i o n with p^ seen 
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for the warm dust. T h i s could p o s s i b l y be due to only the 

warm dust t a k i n g an a c t i v e r o l e i n Hg formation, 

( i i ) With = 8, the c e n t r a l 90" of these g a l a x i e s i s 

dominated by , assuming an exponential p r o f i l e , 

( i i i ) The d i s t r i b u t i o n of dust-to-gas r a t i o s has a mean 

value c l o s e to the s o l a r neighbourhood value suggesting t h a t 

the 1300jyim samples most of the dust, but even so, spans an 

order of magnitude. Therefore the use of a constant 

dust-to-gas r a t i o must be questioned, 

(i v ) However, i n the c e n t r a l regions of s p i r a l g a l a x i e s we 

may expect a dust-to-gas r a t i o , 2-3 times higher than the 

s o l a r value. I f the dust-to-gas r a t i o follows the 

m e t a l l i c i t y (see Appendix A.2.5), the dust-to-gas r a t i o i n 

the centre of the Galaxy should be ^ 3 times the s o l a r 

value. I n t h i s case only 3 or 4 g a l a x i e s i n Figure 2.10 

seem to have 'normal' dust-to-gas r a t i o s . I f &>%Q < 8 and 

not constant then the other g a l a x i e s could be i n c r e a s e d i n 

t h e i r dust-to-gas r a t i o . For ins t a n c e i n order for NGC 660 
—2 

to have M̂ /M̂  > 2.10 i n i t s c e n t r a l regions ©t̂ © < !• I t 

seems therefore for Mg,/Mg to be constant i n d i f f e r e n t 

g a l a x i e s , must vary from galaxy to galaxy. 

A l t e r n a t i v e l y a constant 0 ^ i m p l i e s a large v a r i a t i o n i n 

MB/M̂ . 

(v) The u n c e r t a i n t i e s i n the above a n a l y s i s are very l a r g e . 

A f a c t o r of a t l e a s t 2 or 3 i s involved i n the assumption 

of an exponential p r o f i l e of the Hg d i s t r i b u t i o n . D e t a i l e d 

r a d i a l maps for both HI and Hg for the C h i n i e t a l . (1986) 

sample of g a l a x i e s are required i n order to improve t h i s 

aspect. The use of T w rather than T e i n the c a l c u l a t i o n of 

the mass of dust, decreases the dust mass by at l e a s t 50%. 
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Once again more 1300^am measurements are r e q u i r e d both of 

these g a l a x i e s and more to enlarge the sample. 

I n c o n c l u s i o n , a study of the dust-to-gas r a t i o i n 

e x t e r n a l s p i r a l g a l a x i e s gives a t present ambiguous evidence 

for the c l a i m t h a t the amount of dust c o n t r o l s the r e l a t i v e 

amounts of HI and Ĥ  i n a galaxy. However, there seems to 

be more evidence, e i t h e r for a v a r i a b l e or a v a r i a b l e 

dust-to-gas r a t i o from galaxy to galaxy (or both). More 

observations, e s p e c i a l l y a t 1300/Am are needed to confirm 

t h i s . This s u b j e c t w i l l be f u r t h e r examined i n the context 

of the Virgo c l u s t e r of g a l a x i e s i n Chapter 6. 
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CHAPTER THREE 

GALACTIC CHEMICAL EVOLUTION I - THE MODEL 

3.1 INTRODUCTION 

The chemical e v o l u t i o n of g a l a x i e s s t u d i e s the chemical 

processing of hydrogen and helium through s t a r s to produce 

metals (defined as a l l elements h e a v i e r than helium)„ At an 

e a r l y epoch g a l a x i e s condensed out of a p r i m o r d i a l gas which 

c o n s i s t e d by mass of ^ 78% H, ^ 22% He and t r a c e s of D, §He 

and L i . T h i s chemical composition i s q u a n t i t a t i v e l y 

explained by n u c l e a r r e a c t i o n s t a k i n g place i n the e a r l y 

universe (Yang e t a l . 1979, 1984). At the present time 

g a l a x i e s c o n s i s t of ~ 70% H, 28% He and 2% h e a v i e r 

elements i n c l u d i n g C, N and O. I t i s t h i s process of 

enrichment of metals and t h e i r d i s t r i b u t i o n with which 

chemical e v o l u t i o n s t u d i e s are concerned. Burbidge et a l . 

(1957) showed t h a t t h i s chemical e v o l u t i o n could be 

explained as a byproduct of n u c l e a r r e a c t i o n s i n s t a r s which 

form out of the ISM and i n t h e i r f i n a l e v o l u t i o n a r y stages 

r e t u r n h e a v i e r elements to the ISM. Therefore i t depends 

c r i t i c a l l y on the p r o p e r t i e s of the c o n s t i t u e n t s t a r s , t h e i r 

mass spectrum, formation r a t e s and mass and composition of 

the processed m a t e r i a l returned to the ISM. As these 

questions cover such wide areas, a wealth of l i t e r a t u r e and 

models have grown up s i n c e the pioneering work of Schmidt 

(1959, 1963). The s u b j e c t has been comprehensively reviewed 

many times (e.g. Lynden-Bell 1975? T i n s l e y 1980; Pagel 1981, 
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1986a, 1987; C h i o s i and Jones 1983; Gusten and Mezger 1983; 

Mould 1984; Peimbert 1985; Gusten 1986) and such a review i s 

outside the scope of the present work. This Chapter 

d i s c u s s e s a s e l f c o n s i s t e n t model of the chemical e v o l u t i o n 

of the G a l a c t i c d i s c component based on the adopted SFR of 

\ ©€ and shows how such a model can e x p l a i n the G~dwarf 

problem, the a g e - m e t a l l i c i t y r e l a t i o n of d i s c s t a r s , the 

constancy of the SFR and the m e t a l l i c i t y g r a d i e n t . The 

consi s t e n c y of the model and i t s consequences p a r t i c u l a r l y 

for the nature of the dark matter and d i s t r i b u t i o n of 

w i l l be d i s c u s s e d i n Chapter 4. 

3.2 FORMULATION 

3.2.1 The Simple Model 

Any model of G a l a c t i c chemical e v o l u t i o n i s to some 

extent r e l i a n t on a number of important assumptions, these 

assumptions being p a r t i a l l y j u s t i f i e d by comparison with 

observation (Pagel and Patchett 1975). The so c a l l e d simple 

model ( S e a r l e and Sargent 1972) assumes? 

( i ) The gas i s chemically homogeneous a t a l l times. 

( i i ) A region can be modelled as a c l o s e d system. 

( i i i ) The system has s t a r t e d with 100 per cent 

m e t a l - f r e e gas. 

(i v ) The i n i t i a l mass funct i o n of s t a r s i s i n v a r i a n t . 

Every one of these assumptions has s i n c e been 

questioned but the simple model s t i l l provides a good 

framework for study. 

Two f u r t h e r assumptions w i l l be used below. F i r s t l y , 

i t i s assumed to f i r s t order t h a t s p i r a l d i s c s are 
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awsymmetric, allow i n g the d i s c to be d i v i d e d up i n t o a s e t of 

c o n c e n t r i c a n n u l i with uniform p r o p e r t i e s around each 

annulus. S t a r s are born on roughly c i r c u l a r o r b i t s and 

therefore t h e i r migration has a n e g l i g i b l e e f f e c t on 

chemical e v o l u t i o n and the processed gas follows the 

t r a j e c t o r y of the progenitor. C o n s i d e r a t i o n of a d i s c 

annulus i s an accepted assumption (Clayton 1986) based on 

the idea t h a t mixing w i t h i n the annulus by d i f f e r e n t i a l 

r o t a t i o n and turbulence may homogenise the ISM w i t h i n i t 

whereas angular momentum b a r r i e r s i n h i b i t r a d i a l mixing. 

The second assumption i s commonly r e f e r r e d to as the 

instantaneous r e c y c l i n g approximation which assumes t h a t 

s t a r s dominating chemical e v o l u t i o n evolve so r a p i d l y i n 

comparison with G a l a c t i c t i m e s c a l e s t h a t e j e c t a are 

immediately returned to the ISM (Talbot and Arnett 1971; 

S e a r l e and Sargent 1972). This g r e a t l y s i m p l i f i e s the 

c a l c u l a t i o n and removes the need of e x p l i c i t l y s p e c i f y i n g 

the i n i t i a l mass function. Clayton and P a n t e l a k i (1986) have 

shown t h a t t h i s s i m p l i f i c a t i o n i s s u r p r i s i n g l y s a t i s f a c t o r y 

unless one i s i n t e r e s t e d i n the very e a r l y e v o l u t i o n when 

the d i f f e r e n t i a l e v o l u t i o n times of the f i r s t s t a r s matter 

or i n l a t e e v o l u t i o n when the mass of gas i s so small t h a t 

i t i s dominated by r e t u r n from small o l d dwarfs (Pagel and 

Patchett 1975). The instantaneous r e c y c l i n g approximation 

i s no longer u s e f u l i n the study of time dependent abundance 

r a t i o s or when the SFR i s a s t r o n g l y d e c r e a s i n g , f u n c t i o n of 

time ( T i n s l e y 1980) or for p r e d i c t i n g i n t e g r a t e d c o l o u r s of 

g a l a x i e s (Arimoto and Y o s h i i 1986). However, for the 

d i s c u s s i o n below instantaneous r e c y c l i n g i s adequate and 

allows a n a l y t i c s o l u t i o n s , following the s p i r i t of Clayton 
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(1986) t h a t "nothing i l l u s t r a t e s the ideas of chemical 

e v o l u t i o n of g a l a x i e s as w e l l as a system of d i f f e r e n t i a l 

equations plus t h e i r solutions°. 

Following T i n s l e y (1980, 1981) the b a s i c a n a l y t i c a l 

equations f o r simple models of g a l a c t i c chemical e v o l u t i o n , 

using the instantaneous r e c y c l i n g approximation, take the 

foll o w i n g form, 

E T = l s + l s + S p , (3.1) 

jW = S f j / l v ) 
O- = S s / B ? ) (3.2) 
^ = S!@ / MY I ) 

d S f = - ( l - R ) ^ , (3.3) 
dt 

<m% = (1=R~D)^ , (3.4) 
dt 

dSg = D\, (3.5) 
dt 

and d(Zg^) = - Z ( l - R ) ^ + (1-R-D) y 2 <J)§ , (3.6) 
dt 

where i s the t o t a l mass d e n s i t y of the system, Eg i s the 

t o t a l mass d e n s i t y locked up i n v i s i b l e s t a r s , 2?^ i s the 

t o t a l mass den s i t y of gas and ̂  i s the s t a r formation r a t e 

( i n M^pc^Gy"' ) . 

The s o - c a l l e d returned f r a c t i o n R i s the f r a c t i o n of 

matter t h a t i s returned i n the form of gas to the 

i n t e r s t e l l a r medium by a generation of s t a r s compared with 

the t o t a l i n i t i a l mass i n th a t generation t h a t went i n t o 

s t a r s . Following T i n s l e y (1981) and Rana and Wilkinson 

(1986a, h e r e a f t e r r e f e r r e d to as Paper I ) the above 

equations a l s o include an e x p l i c i t e x pression for dark 

matter. Previous formulations (e.g. T i n s l e y 1980) do not 

make any d i s t i n c t i o n between the v i s i b l e s t a r s and i n v i s i b l e 

or s o - c a l l e d dark remnants. Observations for the G-dwarf 
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m e t a l l i c i t y d i s t r i b u t i o n or the age-meta.llicity r e l a t i o n of 

the d i s c s t a r s are r e l e v a n t only to v i s i b l e s t a r s . I f the 

proportion between the dark remnants and the v i s i b l e s t a r s 

v a r i e s from place to p l a c e or from time to time, i t i s 

b e t t e r to express the dark matter e x p l i c i t l y . Also there 

may be an amount of p r e ~ d i s c dark matter incorporated i n t o 

the d i s c . Therefore, D represents the dark matter f r a c t i o n . 

Since R has already been defined to be the returned 

f r a c t i o n , the f r a c t i o n (1-R) r e p r e s e n t s the mass locked i n t o 

s t a r s v i s i b l e or i n v i s i b l e . The l a t t e r f r a c t i o n i s now 

divided i n t o two p a r t s (l-R-D) as the v i s i b l e s t e l l a r 

f r a c t i o n and D the dark matter f r a c t i o n (for example, c o l d 

dwarfs, neutron s t a r s and black h o l e s ) . The mass d e n s i t y of 

dark matter i s now S B . a n d or and S the f r a c t i o n s of gas, 

v i s i b l e s t a r s and dark matter compared to the t o t a l mass of 

the region. 

The m e t a l l i c i t y by mass f r a c t i o n of the i n t e r s t e l l a r 

gas (Z) i s l i n k e d to the mass of gas and SFR through the 

y i e l d (y^) defined as the r a t i o of t o t a l mass of new metals 

e j e c t e d by a generation of s t a r s and the t o t a l mass of 

v i s i b l e s t a r s . I t should be noted t h a t the above y i e l d , 

defined for a n a l y t i c convenience, d i f f e r s from the standard 

d e f i n i t i o n of the y i e l d by the r e l a t i o n s h i p 

Y% = (l-R) y' (3.7) 
(1-R-D) 

where y' i s the value used by a l l previous workers (e.g. 

T i n s l e y 1980). 

For completeness i t i s necessary to define some of the 

above parameters which depend on the i n i t i a l mass f u n c t i o n 

(IMF) , j*J(m) . This frequency d i s t r i b u t i o n of s t e l l a r masses 

at b i r t h i s u s u a l l y normalised according to 
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m@(m) dm = 1 (3.8) 
J m a (t) 

where m̂  and mM represent the lower and upper mass l i m i t s of 

the range of p o s s i b l e s t e l l a r masses, m being the mass of a 

s t a r i n s o l a r u n i t s . The returned f r a c t i o n i s t h e r e f o r e 

defined by 

HHs(t) R(t) = 
m, (t) 

(m - w )©(m)dm (3.9) 

where m, i s the t u r n - o f f s t e l l a r mass corresponding to the 

main sequence l i f e t i m e of the s t a r bounded by the age of the 

d i s c t , and w m i s the consequent remnant mass fo r a white 

dwarf, neutron s t a r or black hole depending on the value of 

i n t i a l mass of the s t a r . 

The dark matter f r a c t i o n i s given by 

D(t) = \fmmm)dm + m$(m)dm (3.10) 
J» a(t) r J m ^ t ) 

m̂  being the mass above which the s t a r c o l l a p s e s only to a 

neutron s t a r or black hole, but not a white dwarf and m@ 

being the mass l i m i t below which the s t a r ends up as a brown 

or cold dwarf. The y i e l d i s t h e r e f o r e given by 

^ ( t ) j 

(1—R—D) 

(J m, (t) 

where p ^ i s the mass f r a c t i o n of a s t a r of mass m th a t i s 

converted to metals and r e j e c t e d . 

U s u a l l y , R, D, y s and ^ are e x t e r n a l l y s p e c i f i e d , 

e i t h e r ad hoc or by assuming s p e c i f i c forms f o r ^(m), 

remnant masses, l i f e t i m e s , production of metals and SFRs. 

B a s i c a l l y one attempts to solve equations (3.3) and (3.6) 

for H«|(t) and Z (t) r e s p e c t i v e l y using the r e s t as 

a u x i l i a r i e s . 
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3.2.2 Additions to the simple model 

In view of d i f f i c u l t i e s the simple model had i n 

reproducing the observations of the G-dwarf problem and 

abundance g r a d i e n t s , each of the i n h e r e n t assumptions of the 

model have been questioned? 

( i ) I n t h e i r model of metal enhanced s t a r formation Talbot 

and A r n e t t (1973) used inhomogeneities i n the gas on the 

s c a l e of i n d i v i d u a l s t a r forming regions i n an attempt to 

solve the G-dwarf problem. But i n order to work t h i s 

r e q u i r e s l a r g e inhomogeneities i n the gas when the 

m e t a l l i c i t y i s very low which i s d i f f i c u l t to obtain. 

( i i ) I t has been argued t h a t d i s c a n n u l i are not c l o s e d 

systems and t h a t gas flows are important i n the chemical 

e v o l u t i o n (Larson 1972). Dynamical c o l l a p s e models of 

s p i r a l galaxy formation suggested the gradual and delayed 

b u i l d up of the d i s c by s e t t l i n g halo gas, t h i s gas a c t i n g 

as i n f a l l of metal poor gas onto the d i s c ( T i n s l e y and 

Larson 1978). I t has a l s o been claimed t h a t gas could be 

a c c r e t e d from the general i n t e r - g a l a c t i c or inter-group 

medium (Hunt 1971; Gunn and Gott 1972). Lynden-Bell (1975) 

and T i n s l e y (1975) showed that i n f a l l could solve the 

G-dwarf problem i n the s o l a r neighbourhood and the e f f e c t 

has been incorporated i n t o a l a r g e number of i n v e s t i g a t i o n s 

of chemical e v o l u t i o n (e.g. Fowler 1972; S e a r l e 1972; Sciama 

1972; Quirk and T i n s l e y 1973; Biermann and T i n s l e y 1974; 

Audouze and T i n s l e y 1976; C h i o s i 1980; C h i o s i and Matteucci 

1982; Peimbert and Serrano 1982; T o s i 1982; Yokoi et a l . 

1982; Y o s h i i 1984). 

However, one of the problems with i n f a l l i s t h a t i t i s 

not f i x e d o b s e r v a t i o n a l l y . Oort's (1970) i n t e r p r e t a t i o n of 
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high v e l o c i t y clouds (HVC) as evidence for i n f a l l implying 

an i n f a l l r a t e of l-2M^y was s t r o n g l y contested (Davies 

1974,° Verschur 1975) . Bregman (1980) i n s t e a d i n t e r p r e t e d 

HVC w i t h i n a G a l a c t i c fountain model where hot gas r i s e s up 

s e v e r a l kpc from the d i s c and then condenses i n t o clouds 

which f a l l back to the d i s c . Of course,, i f clouds r e t u r n to 

t h e i r o r i g i n a l p o s i t i o n the standard equations need no 

m o d i f i c a t i o n . I f the clouds r e - e n t e r a t l a r g e r then t h i s 

would amount to a r a d i a l gas flow. Gusten (1986) argues 

that t h e i r chemical composition, which w i t h i n u n c e r t a i n t y i s 

c o n s i s t e n t with l o c a l d i s c abundances, and t h e i r v e l o c i t y 

f i e l d imply t h a t HVC are probably not r e l a t e d to the e a r l y 

halo gas at a l l . Mirabel and Morras (1984) have argued t h a t 

at l e a s t some of the clouds do r e p r e s e n t i n f a l l of a t o t a l 

r a t e ^0.2M@y 8 to the d i s c but the s i t u a t i o n i s f a r from 

c l e a r ( c f . van Woerden et a l . 1985; Kaelbe e t a l . 1985). 

D i f f u s e gas would almost c e r t a i n l y be h i g h l y i o n i s e d 

and emit X-rays i n a cooling flow as i t approached the d i s c . 

From a s e t of d e t a i l e d hydrodynamical c a l c u l a t i o n s and 

observations of the s o f t X-ray background, Cox and Smith 

(1976) derived the present i n f a l l r a t e i n the s o l a r 

neighbourhood to be ^lM^pc Gy . I t t h e r e f o r e seems t h a t 

even i f i n f a l l was important i n the p a s t i t has i n f a c t 

faded away, which c a l l s i n t o question temporally constant 

i n f a l l models (e.g. T o s i 1982; Diaz and T o s i 1984; T o s i and 

Diaz 1985; Twarog and Wheeler 1982, 1987). I n f a c t , i n 

order to avoid t h i s problem, decaying i n f a l l r a t e s have been 

invoked (Vader and de Jong 1981; Gusten and Mezger 1982; 

Lacey and F a l l 1983, 1985; Clayton 1984, 1985a,b, 1987) with 

even the suggestion of terminated i n f a l l or p e r i o d i c i n f a l l 
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(Clayton 1986)„ Fur t h e r evidence a g a i n s t i n f a l l being a 

g l o b a l event i n the e v o l u t i o n of d i s k g a l a x i e s stems from 

the f a i l u r e to d e t e c t d i r e c t l y the source or r e s e r v o i r of 

i n f a l l i n g gas i n e x t e r n a l s p i r a l s (Bothun 1985)„ 

The evidence f o r i n f a l l has p r i m a r i l y been i n d i r e c t , 

t h a t i s i t was claimed i t was needed to solve chemical 

e v o l u t i o n problems. Chapter 2 has a l r e a d y pointed out t h a t 

with % § H , i n f a l l i s not r e q u i r e d to e x p l a i n the 

constancy of the SFR over the age of the Galaxy. There were 

suggestions (Larson 1972; Twarog 1980; Larson e t a l . 1980; 

T i n s l e y 1980) that the present constant SFR i n s p i r a l 

g a l a x i e s implied that the ISM would be used up on too s h o r t 

a t i m e s c a l e i f there was not gas replenishment by i n f a l l . 

T h i s problem however can be e a s i l y d e a l t with a l s o by 

%®£ 2^ . Both of these points w i l l be shown e x p l i c i t l y i n 

S e c t i o n 3.6. ( I t should be noted t h a t the bimodal model of 

s t a r formation of Larson (1986) a l s o avoids these problems 

removing the need for i n f a l l ) . Although problems i n the 

s o l a r neighbourhood can be solved by i n f a l l alone (Twarog 

1980), abundance gra d i e n t s a c r o s s the d i s c are much more 

d i f f i c u l t . T o s i and Diaz (1985) have claimed good f i t s to 

the abundance gradients using i n f a l l , but other workers 

using more r e a l i s t i c SFRs and i n f a l l r a t e s have needed 

supplementary assumptions such as v a r i a b l e y i e l d (Peimbert 

and Serrano 1982; Gusten and Mezger 1982) or r a d i a l gas 

flows (Lacey and F a l l 1985) f o r the same f i t s . 

I n f a c t the s i t u a t i o n may be q u i t e complex with r a d i a l 

gas flows (Mayor and Vigroux 1981; Lacey and F a l l 1985) and 

gas outflows from the d i s c (Hartwick 1976; Vigroux e t a l . 

1981; Wyse and S i l k 1985) being important. Arimoto and 
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Y o s h i i (1986, 1987) have e x t e n s i v e l y s t u d i e d t h e sudden 

e j e c t i o n o f gas heated by supernovae e x p l o s i o n s from 

e l l i p t i c a l g a l a x i e s and shown good agreement w i t h 

p h o t o m e t r i c and c h e m i c a l e v o l u t i o n . 

I n v i ew o f t h e above d i s c u s s i o n , t h e i n t e r e s t i n g 

q u e s t i o n i s , can t h e G a l a c t i c d i s c be s u c c e s s f u l l y m o d e l l e d 

as a c l o s e d system, n e g l e c t i n g t h e e f f e c t o f i n f a l l , o u t f l o w 

and r a d i a l gas f l o w s ? Of course t h e n e g l e c t o f gas f l o w s 

s i m p l y means t h e assumption t h a t t h e r a t e o f f l o w i s s m a l l 

compared t o t h e SFR ( T i n s l e y 1977) . A f t e r a l l , t h e d i s c has 

t o i n i t i a l l y form by a c c r e t i n g m a t t e r from t h e s u r r o u n d i n g s . 

A case w i t h o u t i n f a l l may be i n t e r p r e t e d as t o i m p l y a 

s m a l l t i m e c o n s t a n t f o r t h e f o r m a t i o n o f a s t a b l e d i s c I n 

f a c t from dynamical c o n s i d e r a t i o n s a g a l a c t i c d i s c can f o r m 

as q u i c k l y as ^ 2.10 y (Vader and de Jong 1981; B u r k e r t and 

Hensler 1987) . T h e r e f o r e , i n t h e f o l l o w i n g , t h e G a l a c t i c 

d i s c w i l l be assumed t o form q u i c k l y and t h e n e v o l v e as a 

c l o s e d system w i t h gas f l o w r a t e s s m a l l compared t o t h e SFR. 

( i i i ) The t h i r d assumption o f t h e s i m p l e model may n o t be 

c o r r e c t i f t h e gas which forms t h e d i s c was p r e - e n r i c h e d i n 

m e tals by a p r e v i o u s g e n e r a t i o n o f s t a r s o u t s i d e t h e d i s c 

( T r u r a n and Cameron 1971) . Chapter 2 p o i n t e d o u t t h a t f o r 

t h e new f o r m u l a t i o n o f t h e SFR t o be non zero a t t = 0, an 

i n i t i a l m e t a l l i c i t y Z@ was r e q u i r e d . T h i s p o i n t w i l l be 

d i s c u s s e d more e x t e n s i v e l y i n t h e c o n t e x t o f t h e G-dwarf 

problem ( S e c t i o n 3.3). However, assuming a Z Q and gas 

f r a c t i o n 1) when t h e d i s c formed, the d e r i v e d SFR o f 

Chapter 2 can be w r i t t e n as 

V v t ) = c (3.12) 
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showing t h e e x p l i c i t dependence on t i m e and G a l a c t o c e n t r i c 

r a d i u s , C b e i n g a c o n s t a n t . I t w i l l be t h e p r o p e r t i e s o f 

t h i s SFR t h a t w i l l be s t u d i e d i n t h e f o l l o w i n g c h e m i c a l 

e v o l u t i o n model„ 

( i v ) I t has been argued t h a t i n o r d e r t o s u c c e s s f u l l y model 

th e c h e m i c a l e v o l u t i o n o f t h e d i s c , t h e i n i t i a l mass 

f u n c t i o n o f s t a r s v a r i e s (Schmidt 1963)„ Many dependences 

have been proposed such as r e l a t i v e l y more massive s t a r s 

produced a t s m a l l e r ( Q u i r k and T i n s l e y 1973; Glisten and 

Mezger 1982) or a t low Z ( T e r l e v i c h and M e l n i c k 1984? 

M e l n i c k and T e r l e v i c h 1986) o r a t h i g h Z (Peimbert and 

Serrano 1982). (Of course a h i g h Z @ may be i n t e r p r e t e d as a 

v a r i a b l e IMF between d i s c and h a l o s t a r s ) . Such a v a r i a t i o n 

i n t h e IMF le a d s i n e v i t a b l y t o a v a r i a b l e y i e l d , an a d d i t i o n 

t o t h e sim p l e model whic h has been used r e c e n t l y by a number 

of w o r k e r s . Peimbert and Serrano (1982) proposed t h a t t h e 

y i e l d i s l i n e a r l y r e l a t e d t o t h e m e t a l l i c i t y , Gusten and 

Mezger (1982) used a y i e l d dependent on G a l a c t o c e n t r i c 

r a d i u s and Edmunds and Pagel (1984a) suggested t h a t t h e 

y i e l d was a f u n c t i o n o f t h e t o t a l mass s u r f a c e d e n s i t y . 

Paper I proposed an ad hoc assumption o f t h e y i e l d 

p r o p o r t i o n a l t o t h e m e t a l l i c i t y . I n t h i s work, t h i s 

assumption w i l l be g e n e r a l i s e d t o 

y s = KZn (3.13) 

where K i s a c o n s t a n t and n i s a power, w i t h n = 0 

c o r r e s p o n d i n g t o t h e s i m p l e model ( w i t h f i n i t e i n i t i a l 

m e t a l l i c i t y ) and n = 1 c o r r e s p o n d i n g t o t h e assumption o f 

Paper I . ( I n f a c t , Caimmi (1978) had p r e v i o u s l y suggested 

y'aC Z f o r t h e h a l o p o p u l a t i o n ) . The e q u a t i o n s o f 

ch e m i c a l e v o l u t i o n w i l l be d e r i v e d f o r a l l v a l u e s o f n b u t 
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w i l l be s o l v e d o n l y f o r t h e cases n - 0 and n = 1 f o r 

comparison„ The s t r i c t v a l i d i t y o f t h i s assumption and i n 

p a r t i c u l a r t h e v a l u e o f n from t h e p o i n t o f v i e w o f t h e IMF 

and s t e l l a r n u c l e o s y n t h e s i s w i l l be d i s c u s s e d i n d e t a i l i n 

Chapter 4. I t needs t o be emphasised t h a t a l t h o u g h a 

v a r i a b l e IMF i m p l i e s a v a r i a b l e y i e l d , a v a r i a b l e y i e l d does 

no t n e c e s s a r i l y i m p l y a v a r i a b l e IMF, The v a r i a t i o n i n t h e 

y i e l d c o u l d be due t o d e t a i l s o f s t e l l a r n u c l e o s y n t h e s i s . 

I t i s now easy t o see t h a t e q u a t i o n s (3.1) - (3.13) 

w i l l a l l o w t h e f o l l o w i n g s o l u t i o n s 

M = l - q-R) (cr-o&) (3.14) 
(l-R-D) /Ug 

D <fto-jj) (3.15) 
(l-R-D) (1-R) 

For convenience G i s d e f i n e d as 

G = (1-R) (3.16) 
K(l-R-D) 

and t h e n t h e f r a c t i o n o f gas i s r e l a t e d t o t h e m e t a l l i c i t y 

by 

/A = /U© exp t G ( Z Q = 0 - Z , _ W ) ] n ^ l (3.17a) 
(1-n) 

— /*© /LS'& n = 1 (3.17b) 

A l l t h e q u a n t i t i e s w i t h s u b s c r i p t '0' r e p r e s e n t t h e i n i t i a l 

v a l u e s . F i n a l l y , t h e a g e - m e t a l l i c i t y e q u a t i o n i s g i v e n by 

dZ = C (1-R)IL, Z expj ( k - l ) G ( Z 6 -Z ) 
d t G^ 1 Z ^ ~ L ( l - n ) 

n ^ l (3.18a) 

dz = c(i- R)4°' / z _ n = 1 ( 3 o l 8 b ) 

d t Ĝ 4@ \ Z@/ 

I n t h e f o l l o w i n g s e c t i o n s these e q u a t i o n s w i l l be 

a p p l i e d t o problems i n t h e s o l a r neighbourhood and across 

th e G a l a c t i c d i s c . 
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3„3 THE G-DWARF PROBLEM AND FINITE I N I T I A L METALLICITY 

van den Bergh (1962) and Schmidt (1963) o r i g i n a l l y 

d i s c o v e r e d a problem c o n c e r n i n g t h e m e t a l l i c i t y d i s t r i b u t i o n 

o f l o n g - l i v e d d i s c dwarfs i n t h e s o l a r neighbourhood„ The 

problem i s t h a t t h e r e are f a r fewer m e t a l poor s t a r s t h a n 

are p r e d i c t e d by t h e s i m p l e model o f G a l a c t i c c h e m i c a l 

e v o l u t i o n , , T h i s i s termed 'the G-dwarf problem" and has 

proved t o be one o f t h e most p o w e r f u l c o n s t r a i n t s on models 

f o r t h e s o l a r neighbourhood. The s i m p l e model ( f o r example, 

f o l l o w i n g Pagel and P a t c h e t t 1975) p r e d i c t s t h e f r a c t i o n o f 

s t a r s ( v i s i b l e and i n v i s i b l e , however) w i t h m e t a l l i c i t i e s 

n o t exceeding Z, t o be g i v e n by 

S(Z) = = ( 1 - m?,Z> ) (3.19) 

where t h e s u b s c r i p t ' 1 ' (and h e n c e f o r t h everywhere) r e f e r s 

t o t h e v a l u e o f t h e parameter a t p r e s e n t , Mg b e i n g t h e 

v i s i b l e s t e l l a r mass. Th i s e x p r e s s i o n i s o b t a i n e d on t h e 

assumption t h a t Z& = 0 and y^ = c o n s t a n t . The o b s e r v a t i o n a l 

data and t h e above p r e d i c t i o n a r e shown i n F i g u r e 3.1. The 

m e t a l l i c i t y c u r v e d e v i a t e s q u i t e s i g n i f i c a n t l y a t t h e low e r 

end o f t h e range. I t i s r e l a t i v e l y i n s e n s i t i v e t o t h e v a l u e 

t a k e n f o r t h e gas f r a c t i o n jJii ( T i n s l e y 1980) so t h a t t h e 

c o n t r o v e r s y over e s t i m a t e s i n t h e s o l a r neighbourhood 

(Chapter 1) does n o t p r o v i d e a s o l u t i o n . A s i m i l a r 

m e t a l l i c i t y d i s t r i b u t i o n has s i n c e been c o n f i r m e d f o r M 

dwarfs (Mould 1978). 

There have been two main s o l u t i o n s t o t h i s problem. 

L y n d e n - B e l l (1975) proposed a s o l u t i o n by u s i n g i n f a l l o f 



gas from t h e h a l o t o t h e d i s c A l t e r n a t i v e l y T r u r a n and 

Cameron (1971) p o s t u l a t e d a pre' g a l a c t i c b u r s t o f massive 

T 1 0 
Qb&trvationet Data (Tinslay 1980) 

Simpls Model (Tinsley 1980) 

0 Finite Ini t ial Metallictfy 
with y 2 = KZ 

0 6 

3 
0-4 

Casg 8 

0 2 
1 C Q S @ A / 

0 i 7 

1_J L. J 
1 0 0 8 0 6 0-4 0-2 0 

log f Z / Z i ) 

F i g u r e 3.1; The c u m u l a t i v e m e t a l l i c i t y d i s t r i b u t i o n f o r 133 
G dwarfs i n t h e s o l a r neighbourhood. The d a t a 
w i t h e r r o r s are r e p r e s e n t e d by t h e s o l i d c u r v e , 
reproduced from T i n s l e y (1980). The a b s c i s s a 
i s a measure o f t h e m e t a l l i c i t y (Fe/H) i n f e r r e d 
from t h e measurements o f UV excess (Pagel and 
P a t c h e t t 1975). The p r e d i c t i o n o f t h e s i m p l e 
model, whic h i s f a r i n excess o f t h e 
o b s e r v a t i o n a l numbers a t lower m e t a l l i c i t i e s , 
i s shown by t h e dashed l i n e . The model w i t h 
f i n i t e i n i t i a l m e t a l l i c i t y , v a r i a b l e y i e l d and 
no i n f a l l (and a l s o d u l y c o r r e c t e d f o r t h e d a r k 
m a t t e r f r a c t i o n ) i s shown by a d o t dashed l i n e . 
The l o w - m e t a l l i c i t y t a i l e x t e n d i n g beyond t h e 
i n i t i a l m e t a l l i c i t y (Z@) may correspond t o t h e 
p r e - d i s c p o p u l a t i o n (which i s about 5% o f t h e 
t o t a l as i n d i c a t e d by t h e r a t i o <3®/0\ ) . 

s t a r s l e a d i n g t o a f i n i t e i n i t i a l m e t a l abundance Z@. As 

the SFR o f Chapter 2 a l r e a d y p r e d i c t e d a f i n i t e i n i t i a l 

m e t a l l i c i t y , t h e l a t t e r s o l u t i o n was f o l l o w e d i n our 

p r e v i o u s work (Paper I ; Rana and W i l k i n s o n 1987a, h e r e a f t e r 



r e f e r r e d t o as Paper IV ) ? where a more e x t e n s i v e d i s c u s s i o n 

i s g i v e n . 

From e q u a t i o n (3.17) t h e mass f r a c t i o n o f v i s i b l e s t a r s 

w i t h m e t a l l i c i t y no more tha n Z i s g i v e n by 

S(Z) = cr(Z) = G'-exp[G(z'~ n -z'"0* ) / ( l - n ) 1 n M (3.20a) 

= G'°J!i, (Z/Z, f &

 n = l (3.20b) 
(G'-/!4,) 

where G" i s d e f i n e d as 

G' = pA0 + Q@GK (3.21) 

and (GKf' = 1 - ( S i - l o ) (3.22) 

There are now two p o s s i b l e cases, 

( i ) Case A. T h i s i s a s p e c i a l case w i t h jw@= 1 w h i c h 

i m p l i e s t h a t d u r i n g t h e f o r m a t i o n o f t h e d i s c , a l l m a t e r i a l 

was i n t h e form o f gas o n l y . T h e r e f o r e %= S© = 0 and 

G" = 1 . For a p a r t i c u l a r n t h e problem i s reduced t o 

s u p p l y i n g t h e v a l u e s o f ^ and § t and f i t t i n g t h e G-dwarf 

cu r v e . T h i s w i l l d e t e r m i n e G, Z, /Z @, K and t h e r a t i o 

D / ( l - R ) . From dynamical arguments B a h c a l l (1986c) e s t i m a t e d 

St
 s 0 . 5 5 + 0 . 1 0 and t h i s v a l u e f o r t h e dark m a t t e r f r a c t i o n 

has been used. There i s now some debate however t h a t t h i s 

v a l u e i s an o v e r e s t i m a t e (e.g. Gilmore and Wyse 1987) and 

t h i s w i l l be d i s c u s s e d more e x t e n s i v e l y i n Chapter 4. 

I r r e s p e c t i v e o f t h e gas d i s t r i b u t i o n used, b e s t f i t t i n g 

models g i v e l o g t Q (Z,/Z e) 2£ 0.57, i m p l y i n g t h a t t h e p r e - d i s c 

m e t a l l i c i t y Z Q ^ Z 0/4. A r e p r e s e n t a t i v e p l o t o f t h e model 

f o r n = 1 i s shown i n F i g u r e 3.1. The n = 0 model i s 

s i m i l a r t o t h a t o f T r u r a n and Cameron (1971) w i t h a s l i g h t l y 

worse f i t t h a n n = 1 a t t h e h i g h m e t a l l i c i t y end o f t h e 

c u r v e . 
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( i i ) Case B The g e n e r a l case w i t h 0 and <§S ̂  0, t h a t 

i s a l l o w i n g t h a t when t h e d i s c formed some m a t t e r was 

a l r e a d y i n v i s i b l e s t a r s o r d a r k m a t t e r . There are now 

e s s e n t i a l l y f i v e independent parameters f o r a p a r t i c u l a r n, 

namely , %, , ̂  , and t h e r a t i o Z5 /Z@, w i t h which t o f i t 

t h e observed G-dwarf c u r v e , a l l o w i n g a maximum d e v i a t i o n o f 

5% t o 21 p o i n t s o As t h e a c t u a l s c a t t e r i n t h e o r d i n a t e and 

the a b s c i s s a i s l i k e l y t o be no l e s s t h a n + 15% ( T i n s l e y 

1980) t h e n f i t s f o r ̂  < 50 are a c c e p t a b l e . The f r a c t i o n o f 

v i s i b l e s t a r s a t p r e s e n t i n t h e s o l a r neighbourhood was 

ta k e n as @;s0.3 + 0.1 ( B a h c a l l 1986c). The v a l u e o f p@ was 

v a r i e d between 0„2 and 0.8, w h i l e ©© = 0 - 0.1 (Vader and de 

Jong 1981? B a h c a l l e t a l . 1983). The range o f /A6 was chosen 

t o i n c l u d e v a r i o u s e s t i m a t e s o f t h e mass o f gas (Chapter 1 ) . 

For n = 1, t h a t i s v a r i a b l e y i e l d , t h e b e s t f i t t i n g 

parameters gave < 21 w i t h % = 0.05, l o g (Z,/Z@) = 

0.57 + 0.05 and G = 1.31 + 0.04 r o u g h l y independent o f t h e 

chosen gas f r a c t i o n , w h i l e G and f o l l o w e d t h e e m p i r i c a l 

r e l a t i o n s h i p s (Paper I ) 

G' m 6.6/yi, (3.23) 

4e ^ 5.7^, . (3.24) 

T h e r e f o r e , t h e c o n s t a n t K i n y 2 = KZ i s found t o be 1.0 o r 

1.4 w h i l e D/(1=R) e£ 0.25 or 0.56 f o r t h e Bhat e t a l . o r SSS 

d i s t r i b u t i o n o f r e s p e c t i v e l y . 

One may r e c a l l f rom t h e a n a l y s i s o f t h e SFR (Chapter 2) 

t h a t t he near c o n s t a n c y o f the SFR had suggested two t h i n g s 

- l i t t l e o r no i n f a l l and a lower bound on t h e i n i t i a l 

m e t a l l i c i t y - t o be g i v e n by l o g t 0 ( Z 0 / Z @ ) < 0.7. Both are 

found t o be s a t i s f i e d h e r e , t h e f i r s t one by c h o i c e and t h e 

second one f r o m t h e s o l u t i o n o f t h e G=dwarf problem. 
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I n t e r e s t i n g i n f o r m a t i o n i s a l s o o b t a i n e d on and 

f%s> o That ®© m 0.05, means t h a t about 5% o f t h e t o t a l m a t t e r 

i n t h e s o l a r neighbourhood has m e t a l l i c i t y n o t exceeding , 

t h e y a r e t h e v i s i b l e component o f t h e p r e = d i s c p o p u l a t i o n . 

The observed f r a c t i o n o f m e t a l - p o o r o r h a l o o b j e c t s i n t h e 

s o l a r neighbourhood i s i n f a c t about 0.04 - 0.06 (Vader and 

de Jong 1981? B a h c a l l e t a l . 1983). The s m a l l t a i l t o t h e 

d i s t r i b u t i o n i n F i g u r e 3.1 t h e r e f o r e c o u l d be due t o a 

p r e = d i s c p o p u l a t i o n . The v a l u e o f p^, depends on fiit 

( e q u a t i o n 3.24) and f o r ̂ a0 = 0.08 - 0.14, = 0.46 - 0.80 

and t h e r e f o r e '%=• 0.49 - 0.15. (Note t h a t = 0.09 + 0.01 

f o r t h e Bhat e t a l . d i s t r i b u t i o n o f and = 0.13 + 0.01 

f o r t h e SSS d i s t r i b u t i o n o f H a ) . I f Z @ <s£ Z,/3.7 i s 

r e q u i r e d , i t i s n o t s u r p r i s i n g t h a t t h e p r e - d i s c p o p u l a t i o n 

i n t h e s o l a r neighbourhood had t o produce 0.45, 

C& S£ 0.05 w i t h ^ £ 0 . 5 f o r /*, = 0.09. 

For n = 0 , t h a t i s a c o n s t a n t y i e l d , t h e f i t t o t h e 

G-dwarf c u r v e i s n o t as good, b e s t f i t t i n g parameters h a v i n g 

*X2 > 25 f o r i j = 0.55. However f o r < 50, once a g a i n 

l o g (Z, /ZQ) = 0.57, 0|> = 0.05 a r e s t i l l s a t i s f i e d f o r 

yyte > 0.45. For a p a r t i c u l a r p.t (e.g. = 0.09) t h e f i t 

improves as ŷ© i s chosen t o be h i g h e r . As /AQ i n c r e a s e s f r o m 

0.5 - 0.8, K (and t h e r e f o r e y 2 ) i n c r e a s e s from 0.020 t o 

0.028. The r a t i o D/(l-R) a l s o i n c r e a s e s s h a r p l y as ^ 

i n c r e a s e s , f r o m 0.24 t o 0.56 f o r t h e same range i n ^ . 

These v a l u e s f o r t h e y i e l d and d a r k m a t t e r f r a c t i o n w i l l be 

d i s c u s s e d l a t e r i n S e c t i o n s 4.1 and 4.2. 

T h e r e f o r e , f o r a f i n i t e i n i t i a l m e t a l l i c i t y s o l u t i o n t o 

the G-dwarf problem, a y i e l d p r o p o r t i o n a l t o m e t a l l i c i t y 

improves t h e f i t b u t a c o n s t a n t y i e l d case i s s t i l l 
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a l l o w a b l e . The f i n i t e i n i t i a l m e t a l l i c i t y f o r t h e b e s t f i t 

( w i t h due r e g a r d - f o r • 11 i s Z@_ &, -Z0,/3a 7„ I t i s how 

u s e f u l t o examine b r i e f l y whether t h e r e i s any p h y s i c a l 

ground f o r t h i s c o n d i t i o n . 

O l i v e (1986) has remarked t h a t p r o v i d e d t h e r e e x i s t s a 

mechanism, f i n i t e i n i t i a l m e t a l l i c i t y o r prompt i n i t i a l 

e n r i c h m e n t (PIE) models are t h e most s t r a i g h t f o r w a r d 

p e r t u r b a t i o n s o f t h e s i m p l e model. I t i s r e c o g n i s e d t h a t 

t h e r e was some p r o d u c t i o n o f m e t a l s by p r e - g a l a c t i c s t a r 

f o r m a t i o n b u t t h i s i s r e s t r i c t e d t o h a v i n g produced o n l y a 

t i n y f r a c t i o n o f m e t a l s i n t h e d i s c by o b s e r v a t i o n s o f v e r y 

low m e t a l l i c i t y s t a r s i n t h e s p h e r o i d ( H a r t w i c k 1983; Bes s e l 

and N o r r i s 1984; Beers e t a l . 1986). 

There have been however, many at t e m p t s t o e x p l a i n PIE 

by t h e p r e - d i s c g e n e r a t i o n o f s t a r s . T r u r a n and Cameron 

(1971) used an extreme form o f v a r i a b l e IMF i n p o s t u l a t i n g 

o n l y l a r g e mass s t a r s form u n t i l Z ^ 0.25 Zg. I t has a l s o 

been argued t h a t t h e m e t a l y i e l d was h i g h i n low m e t a l l i c i t y 

s t a r s ( M a t t e u c c i and Tornambe 1985; Tornambe and M a t t e u c c i 

1985; J u r a 1985), and t h e t i m e - s c a l e f a s t enough t o s e t up a 

Z @. Wyse and S i l k (1987) and O l i v e (1986), on t h e b a s i s o f 

a b i m o d a l SFR suggested a h i g h r a t e o f massive s t a r 

f o r m a t i o n i n t h e e a r l y stages o f d i s c e v o l u t i o n a c t i n g as 

PIE. I n i t i a l e nrichment o f t h e d i s c b e f o r e t h e commencement 

o f s t a r f o r m a t i o n due t o p r i o r a c t i v i t y i n t h e h a l o (e.g. 

H a r t w i c k 1976) can be t a k e n as a l e g i t i m a t e i n i t i a l 

c o n d i t i o n f o r t h e c h e m i c a l e v o l u t i o n o f the d i s c on i t s own 

(Pagel 1987). C a y r e l (1986) f r o m a d e t a i l e d s t u d y o f t h e 

f i r s t s t a r s concluded t h e d i s c would be e n r i c h e d t o 

Z 0.25 Z @. O s t r i k e r and Thuan (1975) c o n s i d e r e d a two 
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component d i s k - h a l o model i n w h i c h m a t t e r shed by dying, h a l o 

s t a r s accumulates i n a s m a l l e r more r a p i d l y r o t a t i n g d i s c . 

However, Pagel and P a t c h e t t (1975) p o i n t e d o u t t h a t t h e 

e s s e n t i a l f e a t u r e o f th e s e models i s t h e PIE ( o f Z@ Z{ /5) 

due t o e n r i c h m e n t by m a t t e r shed i n a s h o r t i n i t i a l p e r i o d 

f rom t h e most r a p i d l y e v o l v i n g massive s t a r s i n t h e h a l o 

w h i l e t h e subsequent i n f l o w o f e n r i c h e d m a t e r i a l from s m a l l 

s t a r s o f t h e h a l o has o n l y a n e g l i g i b l e e f f e c t . Dynamical 

c o l l a p s e models (Schmidt 1975; Larson 1976? T i n s l e y and 

Larson 1978) may a l s o l e a d t o a s i t u a t i o n which resembles 

PIE and which may be t r e a t e d as such f o r some purposes, b u t 

t h i s c o u l d be dangerous i n problems where t i m e i s o f 

imp o r t a n c e , f o r example cosmochronology (Pagel 1987). 

F u r t h e r m o r e , r e c e n t c o n s i d e r a t i o n o f t h e s o - c a l l e d 

G a l a c t i c t h i c k d i s c m e t a l l i c i t y s t r u c t u r e p r o v i d e s a 

p h y s i c a l e x p l a n a t i o n o f t h e p r e - e n r i c h m e n t o f t h e c l a s s i c a l 

t h i n d i s c (Gilmore 1984; Gilmore and Wyse 1986; Wyse and 

S i l k 1987). Eggen, L y n d e n - B e l l and Sandage (1962, h e r e a f t e r 

ELS) argued on t h e b a s i s o f t h e c o r r e l a t i o n o f UV excess, 

o r b i t a l e c c e n t r i c i t y and z-motions t h a t h a l o s t a r s formed 

f i r s t , b orn d u r i n g f r e e - f a l l c o l l a p s e i n a s h o r t t i m e w i t h 

l i t t l e o r no d i s s i p a t i o n and t h a t t h e r e s i d u a l gas 

d i s s i p a t e d energy i n a comparable t i m e t o form t h e d i s c i n 

which t h e more m e t a l r i c h s t a r s have been c o n t i n u a l l y 

f o r m i n g ever s i n c e . The s i t u a t i o n now i s more complex. 

N o r r i s e t a l . (1985) p o i n t e d o u t a k i n e m a t i c b i a s i n t h e ELS 

dat a and d i s c o v e r e d s t a r s w i t h low Z and low e c c e n t r i c i t y . 

Zinn (1985) f i n d s two groups o f g l o b u l a r c l u s t e r s r e a d i l y 

d i s t i n g u i s h e d by t h e i r d i s t r i b u t i o n s i n [Fe/H], t h e group 

w i t h [Fe/H] > - 1 b e i n g a f l a t t e n e d p o p u l a t i o n o f d i s c 
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g l o b u l a r c l u s t e r s w i t h i n t e r m e d i a t e Z„ These o b s e r v a t i o n s 

have been i d e n t i f i e d w i t h t h e i n s i t u o b s e r v a t i o n s a t h i g h 

G a l a c t i c l a t i t u d e s o f Gilmore and Reid (1983) (cf„ B a h c a l l 

1986d; Y o s h i i e t ' a l . 1987; Sandage 1987; N o r r i s 1987), who 

found a s t e l l a r component o f t h e Galaxy w i t h k i n e m a t i c s and 

m e t a l l i c i t y d i s t r i b u t i o n i n t e r m e d i a t e between those o f t h e 

extreme s p h e r o i d and t h i n d i s k (Gilmore and Wyse 1985; Wyse 

and Gilmore 1986) . T h i s component has a s c a l e h e i g h t l a r g e r 

t h a n t h e a l r e a d y i d e n t i f i e d t h i n d i s c and so i s r e f e r r e d t o 

as t h e t h i c k d i s c . The ELS p i c t u r e i s now m o d i f i e d , w i t h 

the h a l o formed i n f r e e f a l l f o l l o w e d by extended 

d i s s i p a t i v e phases l e a d i n g u l t i m a t e l y t o t h e p r e s e n t t h i n 

d i s k i n w h i c h most o f t h e r e s i d u a l o r r e c y c l e d gas i s 

c o n f i n e d , w h i l e t h e b u l g e , t h i c k d i s c and h a l o are 

f o s s i l i z e d remnants conv e y i n g r e c o r d s o f a p a s t h i s t o r y . 

Gilmore and Wyse (1986) have argued t h a t i n i t i a l e n r i c h m e n t 

due t o r a p i d i n f a l l f r o m t h e extreme h a l o alone cannot 

p r o v i d e a r e s o l u t i o n o f t h e t h i n d i s c G-dwarf problem, b u t 

t h a t p r e - e n r i c h m e n t and then s t a r f o r m a t i o n i n t h e t h i c k 

d i s c l e a d s t o a mean [Fe/H] f o r t h e t h i c k d i s c o f =0.6 + 0.1 

which agrees w e l l w i t h t h e m e t a l l i c i t y d e t e r m i n e d f o r t h e 

o l d e s t , most m e t a l poor G-dwarfs (Gilmore and Wyse 1985), 

and a l s o t h e Z(/Z@ determined above. 

While t h e above s c e n a r i o r e s u l t i n g f rom a f i t t o t h e 

c u m u l a t i v e m e t a l abundance curve f o r t h e l o c a l G-dwarfs 

appears t o be q u i t e i n t e r e s t i n g , one must n e v e r t h e l e s s be 

aware o f t h e f o l l o w i n g l i m i t a t i o n s . F i r s t , t h e c u m u l a t i v e 

abundance c u r v e i s a t p r e s e n t based on a sample o f o n l y 133 

l o c a l G-dwarfs (Pagel and P a t c h e t t 1975). There i s a 

p o s s i b i l i t y (Pagel 1987) t h a t t h e low m e t a l l i c i t y s t a r s have 
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such l a r g e s c a l e - h e i g h t s t h a t t h e y -have been missed 

a l t o g e t h e r i n t h e l o c a l samples even a f t e r w e i g h t i n g by 

v e l o c i t y p e r p e n d i c u l a r t o t h e p l a n e . Secondly, m e t a l l i c i t y 

has been i n f e r r e d from t h e UV excesses which are assumed t o 

r e f l e c t t h e r e l a t i v e abundance o f i r o n (Fe/H)„ The above 

d e r i v a t i o n o f Z0 /Z@ assumed Z.<§€ Fe/H, t h e v a l i d i t y o f which 

i s d i s c u s s e d b r i e f l y l a t e r and i n Paper I . T h i r d l y , G 

dwarfs c o n s t i t u t e o n l y a s m a l l f r a c t i o n o f t h e t o t a l mass 

l o c k e d up i n v i s i b l e s t a r s ( ^ ) . The v a l i d i t y o f t h e 

assumption t h a t @r(Z)@C Na(Z), where = number o f G dwarfs 

sampled, f o r a l l Z i s h i g h l y q u e s t i o n a b l e . F i n a l l y , t h e 

G-dwarf problem may be a p e c u l i a r i t y o f t h e Sun's p o s i t i o n 

i n t h e G a l a c t i c d i s c and not r e p r e s e n t a u n i v e r s a l s t a t e o f 

a f f a i r s . Pagel (1987) has summarised t h e p o s i t i o n w i t h 

r e s p e c t t o t h e h a l o and d i s c g l o b u l a r c l u s t e r s ( Z i n n 1985) 

and G a l a c t i c b u l g e s t a r s (Rich 1986) and shown t h a t t h e y f i t 

w e l l t h e p r e d i c t i o n s o f t h e s i m p l e model, so t h a t any 

proposed s o l u t i o n t o t h e G-dwarf problem must t a k e t h i s i n t o 

account and n o t appeal t o a u n i v e r s a l law. He suggests 

t h e r e f o r e t h a t i n f l o w i s p o t e n t i a l l y a c c e p t a b l e , b u t models 

a p p e a l i n g t o a law t h a t t r u e y i e l d s a re always h i g h a t low Z 

are n o t . 

3.4 THE AGE-METALLICITY RELATION 

One can o b t a i n some knowledge o f t h e p a s t e v o l u t i o n o f 

the Galaxy and p r i n c i p a l l y t h e s o l a r neighbourhood by 

s t u d y i n g t h e v a r i a t i o n o f s u r f a c e c o m p o s i t i o n o f unevolved 

s t a r s w i t h s t e l l a r age, assuming t h a t t h e s u r f a c e 

c o m p o s i t i o n o f an unevolved s t a r r e p r e s e n t s t h e ISM o u t o f 
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which i t i s formed„ Twarog (19 80) showed t h a t d i s c s t a r s i n 

the s o l a r neighbourhood e x h i b i t e d a s y s t e m a t i c i n c r e a s e o f 

m e t a l l i c i t y w i t h t h e e s t i m a t e d t i m e o f t h e i r f o r m a t i o n , t h e 

m e t a l l i c i t y h a v i n g o n l y i n c r e a s e d by about a f a c t o r o f 3 t o 

4 over t h e l i f e t i m e o f t h e d i s c , as shown i n F i g u r e 3.2„ 

However, d e t e r m i n a t i o n s o f s t e l l a r ages and c o m p o s i t i o n s 

have i m p o r t a n t u n c e r t a i n t i e s and C a r l b e r g e t a l . (1985) have 

r e - a n a l y s e d p a r t o f Twarog's b a s i c d a t a l e a d i n g t o r e s u l t s 
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F i g u r e 3.2; The s t e l l a r AMR i n t h e s o l a r neighbourhood f o r 
d i s c s t a r s . O b s e r v a t i o n s are from Twarog 
(1980), t h e same data r e c a l i b r a t e d by C a r l b e r g 
e t a l . (1985) and t h e independent d a t a s e t o f 
Nissen e t a l . (1985). The p r e d i c t i o n s o f t h i s 
work w i t h a c o n s t a n t o r v a r i a b l e y i e l d a r e 
c o n t r a s t e d w i t h t h e i n f a l l model J o f Lacey and 
F a l l (1985). 

t h a t are s i g n i f i c a n t l y d i f f e r e n t . A l s o shown i n F i g u r e 3.2 

are r e s u l t s from t h e independent survey of Nissen e t a l . 

(1985) whic h a p a r t from s i g n i f i c a n t s c a t t e r seem t o f o l l o w 

t h e t r e n d o f Twarog's p o i n t s . P r e l i m i n a r y r e s u l t s from an 

e x t e n s i v e uvbyp p h o t o m e t r i c survey o f F s t a r s a l s o seem t o 

r e i n f o r c e t h e Twarog r e s u l t (Stromgren 1987), and t h e r e f o r e 
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i n t h i s work % w i l l be c a l c u l a t e d f o r t h e Twarog (1980) 

p o i n t s . 

U n l i k e t h e s i t u a t i o n i n t h e G-dwarf problem, t h e s t u d y 

of t h e a g e - m e t a l l i c i t y r e l a t i o n (AMR) r e q u i r e s an e x p l i c i t 

knowledge o f the SFR. Twarog (1980) p o i n t e d o u t t h a t a good 

f i t t o t h e AMR was o b t a i n e d by a r o u g h l y c o n s t a n t SFR. 

T h e r e f o r e , p r e v i o u s workers u s i n g a SFR p r o p o r t i o n a l t o t h e 

t o t a l gas d e n s i t y have r e q u i r e d i n f a l l , t o keep ^ r o u g h l y 

c o n s t a n t i n o r d e r t o d e r i v e t h e AMR (e.g. Glisten and Mezger 

1982? Lacey and F a l l 1983). One o f t h e b e s t models o f Lacey 

and F a l l (1985) i s shown i n F i g u r e 3.2 i n o r d e r t o 

i l l u s t r a t e t h e a d d i t i o n a l d i f f i c u l t y o f i n f a l l models f o r 

the r e g i o n t < 5Gy, e s p e c i a l l y i f t h e r e s u l t s o f C a r l b e r g e t 

a l . (1985) are used. 

Wit h t h e SFR o f Chapter 2 ( e q u a t i o n 3.12) and w i t h a 

f i n i t e i n i t i a l m e t a l l i c i t y Z@ , t h e AMR r e l a t i o n has a l r e a d y 

been g i v e n i n e q u a t i o n ( 3 . 1 8 ) . I t s s o l u t i o n i s g i v e n by, 

»Z f t 
dZ = J d t n+1 (3.25a) 

n+kb ^0 
Z F(k,G,Z,n) 

-1/A 
Z = Z& ^1 - t ^ n = 1 (3.25b) 

where t h e f u n c t i o n F(k,G,Z,n) and t h e c o n s t a n t s A, ID and J 

have been d e f i n e d f o r convenience as 

F(k,G,Z,n) = exp fd-IOGz'"" -j (3.26) 
(1-n) 

A = G - k(G - b) (3.27) 

TT' = A r f ~ ' x f e C ( l - R ) , (3.28) 
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and 

J = %~* F(k, rG,Z© ,n) (3.29) 

The c o n s t a n t s h and J can o f course be a l t e r n a t i v e l y 

d e f i n e d from t h e n o r m a l i s a t i o n when a t t = t , , Z = Z, g i v i n g 

r % = t7 1 - ff2®\ (3.30) 

J = 1 
t o 

dZ (3.31) 
ri+kb 

Z F(k,G,Z,n) 
Ẑ  

where t , i s t h e age o f t h e d i s c . I n t h e f o l l o w i n g t , i s 

ta k e n t o be 15Gy, whic h i s c o n s i s t e n t w i t h r e c e n t e s t i m a t e s 

o f t h e ages o f g l o b u l a r c l u s t e r s (Janes and Demarque 1983; 

Vandenberg 1983; R a t c l i f f 1987). I n p a r t i c u l a r , Zi-nn (1985) 

found t h a t t h e most m e t a l r i c h g l o b u l a r c l u s t e r s form a d i s c 

system whose age as judged by t h e two p r o t o t y p e d i s c 

g l o b u l a r c l u s t e r s , M71 and 47Tuc i s t h e same as t h e age o f 

the h a l o c l u s t e r s , t h a t i s a t l e a s t 15Gy. T h e r e f o r e u s i n g 

these e q u a t i o n s , w i t h k and b d e t e r m i n e d from Chapter 2, t h e 

se t o f b e s t f i t t i n g parameters ( i n p a r t i c u l a r 

l o g ( Z , / Z 0 ) = 0.57) are a l l found t o g i v e f i t s t o Twarog's 12 

data p o i n t s w i t h % < 12. F o l l o w i n g Paper I ^ has been 

computed f o r t h e s t a n d a r d d e v i a t i o n s o f Twarog's p o i n t s . Of 

course, s t r i c t l y u s i n g s t a n d a r d e r r o r s $ w i l l be l a r g e r b u t 

i n the l i g h t o f p o s s i b l e s y s t e m a t i c e r r o r s t h e models g i v e a 

good f i t . T h i s i s i l l u s t r a t e d i n F i g u r e 3.2 where t h e b e s t 

f i t t i n g n = 0 and n = 1 models are shown. S e v e r a l comments 

may be made. 

( i ) Models w i t h c o n s t a n t y i e l d , t h a t i s n = 0 g i v e b e t t e r 

f i t s t o t h e AMR o f Twarog (1980) t h a n a y i e l d p r o p o r t i o n a l 
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t o m e t a l l i c i t y ( t y p i c a l l y . f;^^ a^ 3 f o r n = 0, w h i l e 6.5 

f o r n = 1)„ T h i s o f course i s i n c o n t r a s t t o t h e G-dwarf 

problem where t h e o p p o s i t e i s t h e case, b u t once a g a i n 

o b s e r v a t i o n a l u n c e r t a i n t y does n o t r u l e o u t e i t h e r model a t 

p r e s e n t . 

( i i ) M a r g i n a l l y b e t t e r f i t s a re o b t a i n e d w i t h k and b 

determined u s i n g t h e Bhat e t a l . d i s t r i b u t i o n o f H^, b u t t h e 

d i f f e r e n c e cannot be used t o r u l e o u t e i t h e r d i s t r i b u t i o n . 

( i i i ) Models w i t h y s = KZ have a more concave AMR t h a n t h e 

c o n s t a n t y i e l d model. T h i s i s n o t r e f l e c t e d i n t h e p o i n t s 

of Twarog o r N i s s e n e t a l . (1985) b u t does appear i n t h e 

C a r l b e r g e t a l . (1985) r e s u l t s . However t h e Carl-berg e t a l . 

(1985) p o i n t s have s y s t e m a t i c a l l y h i g h e r m e t a l l i c i t i e s 

e s p e c i a l l y when t i s s m a l l . 

( i v ) I f t h e d a t a p o i n t s are t a k e n t o g e t h e r , t h e n t h e y 

suggest t h a t t h e d i s c should have an i n i t i a l m e t a l l i c i t y i n 

the range l o g (Z„/Z @) M 0.4 - 0.6 c o n s i s t e n t w i t h t h e 

r e q u i r e m e n t needed t o s o l v e t h e G-dwarf problem. However 

the c o n s i d e r a b l e spread i n the p o i n t s e s p e c i a l l y a t t 4 6Gy 

does n o t a t p r e s e n t d i s t i n g u i s h between t h e case f o r i n f a l l 

(Lacey and F a l l 1985) and no i n f a l l . 

(v) The above d i s c u s s i o n has assumed Z ©C Fe/H, i n t h a t t h e 

model p r e d i c t s Zt /Z @, w h i l e t h e m e t a l l i c i t y measurements f o r 

the AMR r e f e r t o Fe/H. This assumption may be q u e s t i o n a b l e , 

and more c o n s i d e r a t i o n o f i t i s g i v e n i n Paper I and t h e 

next s e c t i o n . However on the b a s i s o f t h i s assumption t h e 

same s e t o f v a l u e s w h i c h so l v e s t h e G-dwarf problem s o l v e s 

the AMR w i t h i n t h e e r r o r s o f o b s e r v a t i o n . 

F i n a l l y f r o m e q u a t i o n s (3.26) - ( 3 . 3 1 ) , t h e r e t u r n e d 

f r a c t i o n i n t h e s o l a r neighbourhood may be e v a l u a t e d 
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independent o f i t s source e q u a t i o n ( e q u a t i o n 3 . 9) <, One 

o b t a i n s 

(1-R) = 1 7 G a*z, F (k, G Z @ , n) n+kb n£l (-3.32a) 
Z F(k,G,Z,n) 

yl Z, 

(1-R) = 
A 

n = l (3.32b) 

where a l l v a l u e s r e f e r t o the s o l a r neighbourhood and i s 

the p r e s e n t s t a r f o r m a t i o n r a t e . For n u m e r i c a l c o m p u t a t i o n , 

( S T ) @ = 75M @pc" 2 (SSS 1984) and ( f t ) @ = 4 + l % p c ~ 2 Gy~S (SBM 

1978; Turner 1984; Lacey and F a l l 1985). For t h e range o f 

parameters o b t a i n e d by f i t s t o t h e G-dwarf problem and t h e 

AMR, t h e range o f r e s u l t i n g R i s 0.3 - 0.65, w i t h t h e Bhat 

e t a l . gas d i s t r i b u t i o n g i v i n g h i g h e r v a l u e s o f R t h a n t h a t 

of SSS. T h i s i s i n good agreement w i t h R = 0.35 (Twarog 

1980; C h i o s i and M a t t e u c c i 1983), 0.48 ( T i n s l e y 1980) and 

0.5 - 0.8 (Gusten and Mezger 1982). I t s t r o n g l y depends, o f 

course, on (^ ) @ . A l a r g e r v a l u e o f (tyx )^ i m p l i e s a l a r g e r 

v a l u e o f R, o t h e r w i s e one would expect t o see a g r e a t e r mass 

i n v i s i b l e s t a r s t h a n i m p l i e d by @*(ST . 
Once R i s d e t e r m i n e d , D, t h e d a r k m a t t e r f r a c t i o n 

becomes f i x e d . Assuming o f course S0 = 0.55, f o r n = 0, 

D 0.10 - 0.24, w h i l e f o r n = 1, Des 0.1 - 0.39, t h i s t i m e 

h i g h e r v a l u e s o f D b e i n g f a v o u r e d by t h e SSS gas 

d i s t r i b u t i o n . The c o n s i s t e n c y o f t h e s e f i g u r e s and t h e 

consequences f o r dark m a t t e r i n t h e s o l a r neighbourhood w i l l 

be d i s c u s s e d i n Chapter 4. 
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3.5 THE VARIATION OF THE SFR 

The evidence s u p p o r t i n g t h e c l a i m t h a t t h e SFR has 

s t a y e d r o u g h l y c o n s t a n t over t h e l i f e t i m e o f t h e Galaxy i n 

t h e s o l a r neighbourhood, as w e l l as i n some e x t e r n a l s p i r a l 

g a l a x i e s was reviewed i n S e c t i o n 2.2. O l i v e e t a l . (1987) 

have f u r t h e r t r i e d t o e s t i m a t e l i m i t s on t h e SFR by 

n u c l e o s y n t h e s i s d a t a , b u t conclude t h a t p r e s e n t 

u n c e r t a i n t i e s i n t h e y i e l d f o r massive s t a r s do n o t a l l o w 

any r i g o r o u s c o n s t r a i n t s . S t u d i e s i n nucleocosmochronology 

which m i g h t i n p r i n c i p l e be used t o g i v e i n f o r m a t i o n on t h e 

h i s t o r y o f t h e SFR are a l s o r e s t r i c t e d by u n c e r t a i n t i e s 

a s s o c i a t e d w i t h t h e i n p u t n u c l e a r p h y s i c s , t h e m e t e o r i t i c 

abundance d a t a , and t h e n u c l e o s y n t h e s i s c a l c u l a t i o n s 

themselves (Thielemann and T r u r a n 1985; Meyer and Schramm 

1986) . 

However, from t h e above ch e m i c a l e v o l u t i o n model i t i s 

now p o s s i b l e t o study t h e time e v o l u t i o n o f t h e SFR i n t h e 

s o l a r neighbourhood. D e f i n i n g tyQ as t h e SFR a t t = 0, and 

t r e a t i n g (S TX) as a c o n s t a n t ( i . e . no i n f a l l ) e q u a t i o n 

(3.12) becomes 

which t h r o u g h e q u a t i o n (3.17) can t h e n be expressed p u r e l y 

For b o t h n = 0 and n = 1, t h e range o f parameters t o 

f i t t h e G-dwarf problem and AMR g i v e , 

k k kb 

@ 

(3.33) 

as a f u n c t i o n o f yu. or Z and t h e n e v a l u a t e d as a f u n c t i o n o f 

t i m e . 

w l . O + 0.5 (3.34) 

f o r t h e whole range o f d e f i n e d by t h e d i f f e r e n t gas 
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d i s t r i b u t i o n s o T h e r e f o r e , a c c o r d i n g t o t h e above model t h e 

SFR i n t h e s o l a r neighbourhood has n o t p r a c t i c a l l y changed 

t h r o u g h o u t t h e age o f t h e d i s c , which i s c o n s i s t e n t w i t h t h e 

evidence f o r a c o n s t a n t SFR p r e s e n t e d i n S e c t i o n 2.2. 

F u r t h e r , i n f a l l i s now n o t r e q u i r e d t o e x p l a i n t h e constancy 

o f t h e SFR i n t h e c o n t e x t o f a "Schmidt' t y p e law o f s t a r 

f o r m a t i o n . Larson (1986) i n c o n s t r u c t i n g h i s IMF t o f i t t h e 

observed dark m a t t e r f r a c t i o n w i t h dead s t e l l a r remnants 

r e q u i r e s t h e t o t a l SFR t o decrease by a f a c t o r o f 18 between 

t = 0 and t = 15Gy. For none o f t h e above parameters i s 

t h i s p o s s i b l e f o r a SFR g i v e n by e q u a t i o n ('3.33). 

I t may be argued t h a t i f (^,/4©)@ has remained 

p r a c t i c a l l y c o n s t a n t f o r t h e p a s t 15Gy, i t cannot go on f o r 

l o n g as t h e Galaxy w i l l s h o r t l y r u n o u t o f gas (Larson 1972; 

T i n s l e y 1980; K e n n i c u t t 1983b? Pagel 1986b). I n f a c t Larson 

e t a l . (1980) i n commenting on t h e s h o r t gas d e p l e t i o n 

t i m e s c a l e s i n f e r r e d f r o m c o n s t a n t SFRs i n e x t e r n a l s p i r a l s , 

had suggested i n f a l l as a p o s s i b l e way o u t o f t h e s i t u a t i o n . 

T h i s i s a p o s s i b l e problem w i t h a y x @£ Z model which would 

p r e d i c t t h e Galaxy r u n n i n g o u t o f gas i n a n o t h e r 3Gy due t o 

an i n c r e a s i n g r a t e o f change o f m e t a l l i c i t y w i t h t i m e . 

However, F i g u r e (3.3) shows t h e t i m e v a r i a t i o n o f 

and p/ps f o r a model w i t h c o n s t a n t y i e l d ( w i t h 

A1© = 0.5, Paper IV) . I n t h e r e g i o n between t = 0 and 

t = 15Gy, ty/ty0 peaks a t around 9Gy b u t t h e v a r i a t i o n i s much 

l e s s t h a n a f a c t o r o f 2 and ^ 1. I f t h e AMR i s 

e x t r a p o l a t e d t o t i m e s g r e a t e r t h a n 15Gy (which may be 

dangerous due t o t h e breakdown o f t h e i n s t a n t a n e o u s 

r e - c y c l i n g a p p r o x i m a t i o n ) , - t h e model p r e d i c t s a d e c r e a s i n g 

SFR w i t h t i m e which f l a t t e n s o u t , t h e r e f o r e k e e p i n g J ^ / / J L & > 0 
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F i g u r e 3.3; The f r a c t i o n s ^ ( t ) / ^ and ^ ( t ) / / % as a f u n c t i o n 
o f t i m e from the f o r m a t i o n o f t h e d i s c o f t h e 
Galaxy a t t = 0, e x t r a p o l a t e d t o t > 15Gy, t h e 
assumed p r e s e n t age o f t h e d i s c . T h i s i s t h e 
p r e d i c t i o n o f a model w i t h c o n s t a n t y i e l d and 
/A© = 0.5 (Paper I V ) . 

f o r t i mes up t o 25Gy. A l t h o u g h more d e t a i l e d m o d e l l i n g i s 

needed, i t appears t h a t a s t a r f o r m a t i o n r a t e p r o p o r t i o n a l 

t o t h e mass o f H^, i n a chemical e v o l u t i o n model w i t h 

c o n s t a n t y i e l d i s a b l e t o e x p l a i n a s l o w l y v a r y i n g SFR i n 

t h e p a s t and a l s o a v o i d s a ' c a t a s t r o p h i c ' end t o t h e Galaxy 

w i t h o u t h a v i n g t o i n v o k e i n f a l l . 

3.6 THE METALLICITY GRADIENT 

Abundance g r a d i e n t s were f i r s t d e t e c t e d i n nearby 

s p i r a l g a l a x i e s f r o m o p t i c a l s p e c t r o s c o p y , S e a r l e (1971) 

i n t e r p r e t i n g t h e r a d i a l g r a d i e n t s i n H I I r e g i o n l i n e 

s t r e n g t h s r a t i o s as b e i n g caused by t h e d e c l i n e i n t h e 

abundance o f m e t a l s w i t h g a l a c t o c e n t r i c r a d i u s . T h i s 



i n t e r p r e t a t i o n has been c o n f i r m e d and abundance g r a d i e n t s 

s t u d i e d i n t h i s and o t h e r g a l a x i e s (e.g. Pagel and Edmunds 

1981; McCall e t a l . 1985; G a r n e t t and S h i e l d s 1987)„ Table 

A.2.2 (Appendix) l i s t s values d e r i v e d f o r t h e Galaxy o f 

d l o g ( Z ) = - (0.05 - 0.13) dex kpc°° (3.35) 

over Rg^5 = 15 kpc f o r l e a s t squares f i t s . 

E a r l y a t t e m p t s t o e x p l a i n these r a d i a l g r a d i e n t s 

i n v o l v e d t h e SFR f o l l o w i n g the t o t a l mass s u r f a c e d e n s i t y o f 

th e d i s c ( T a l b o t and A r n e t t 1975) l e a d i n g t o g r e a t e r 

enrichment i n t h e i n n e r p a r t s o f t h e Galaxy, or t h e e f f e c t 

o f s p i r a l arms on t h e SFR l e a d i n g t o a s i m i l a r e f f e c t 

(Jensen e t a l . 1976). This l a t t e r e x p l a n a t i o n has major 

d i f f i c u l t i e s , b o t h t h e o r e t i c a l l y (Casse e t a l . 1979), and 

from t h e o b s e r v a t i o n t h a t some g a l a x i e s have m e t a l l i c i t y 

g r a d i e n t s w i t h o u t s p i r a l arms (McCall 1986; Elmegreen 1987c; 

S e c t i o n 2.2). 

The p r e d i c t i o n o f t h e simple model (Schmidt 1963; 

Se a r l e and Sargent 1972) w i t h c o n s t a n t y i e l d , no i n f a l l and 

Z© = 0 g i v e s 

Z, = y 1 l n ^ U j (3.36) 

As Pagel (1987) has re-emphasised, i f f o l l o w s B T 

(as i n t h e d i s t r i b u t i o n o f SSS 1984), i s r o u g h l y c o n s t a n t 

w i t h R̂  and no m e t a l l i c i t y g r a d i e n t r e s u l t s . I t was t h i s 

a p p arent f a i l u r e o f t h e simple model which l e d t o two main 

m o d i f i c a t i o n s i n o r d e r t o e x p l a i n m e t a l l i c i t y g r a d i e n t s . 

F i r s t l y , i t i s cl a i m e d a c o n s t a n t y i e l d w i t h v e r t i c a l 

i n f a l l o f gas w i l l produce a m e t a l l i c i t y g r a d i e n t . T o s i and 

Diaz ( T o s i 1982; Diaz and Tosi 1984; T o s i and Diaz 1985) 

assume t e m p o r a l l y and s p a t i a l l y c o n s t a n t i n f a l l and v a r y t h e 
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SFR as a f r e e parameter., However, t h e g e n e r a t i o n of t h e 

m e t a l l i c i t y g r a d i e n t i n t h i s model i s l a r g e l y a g e o m e t r i c a l 

e f f e c t , t h e geometry o f t h e d i s c b e i n g such t h a t a u n i f o r m 

i n f a l l r a t e o f h a l o gas per u n i t area o f t h e d i s c , h a v i n g 

l i t t l e o r no m e t a l l i c i t y w i l l cause more d i l u t i o n o f m e t a l s 

a t i t s p e r i p h e r y t h a n near the c e n t r e . The main weakness i s 

t h e assumption o f a s p a t i a l l y u n i f o r m i n f a l l r a t e as one 

would expect t h e r a t e t o i n c r e a s e towards t h e c e n t r e (Hunt 

1975? Pagel 1987). 

I n f a c t , o t h e r workers u s i n g more r e a l i s t i c SFRs and 

i n f a l l r a t e s have been u n s u c c e s s f u l i n e x p l a i n i n g the 

m e t a l l i c i t y g r a d i e n t (Lacey and F a l l 1983; Glisten 1986). 

The a d d i t i o n a l f a c t o r s o f r a d i a l gas f l o w s (Lacey and F a l l 

1985) or v a r i a b l e y i e l d (Peimbert and Serrano 1982; Gusten 

and Mezger 1982) have had t o be i n v o k e d i n a d d i t i o n t o 

i n f a l l t o s o l v e t h e problem. C l a y t o n (1987) by s t u d y i n g s i x 

d i f f e r e n t a n a l y t i c models o f g a l a c t i c c h e mical e v o l u t i o n has 

shown t h a t i n f a l l models can be c h a r a c t e r i s e d by 

Both t h i s model and t h e simple model ( e q u a t i o n 3.36) f i t 

r e l a t i o n w i l l n o t f i t t he above models. 

The second m o d i f i c a t i o n o f t h e s i m p l e model used i n an 

a t t e m p t t o f i t t h e abundance g r a d i e n t i s t h a t o f v a r i a b l e 

y i e l d based on a bimodal or o t h e r w i s e v a r i a b l e IMF (e.g. 

Q u i r k and T i n s l e y 1973; Gusten and Mezger 1982). Peimbert 

Z ( m ) = y J ] l n ( l / / A ) + l n [ l n ( l ^ ) + 1] (3.37) 

r e a s o n a b l y w e l l t h e o b s e r v a t i o n a l 12 + log(0/H) versus I n (JSA) 

p l o t f o r M81 ( G a r n e t t and S h i e l d s 1987) . However, as 

G a r n e t t and S h i e l d s p o i n t o u t , t h e i r p. i s c a l c u l a t e d o n l y 

u s i n g t h e HI gas, n e g l e c t i n g H^. I f t h e H^ f o l l o w s t h e 

d i s t r i b u t i o n o f H^ i n s i m i l a r s p i r a l s t h e observed Z-ln(ytA) 
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and Serrano (1982) p o s t u l a t e d a y i e l d dependent on t h e 

m e t a l l i c i t y , w h i l e Edmunds and Pagel (1984a) used a y i e l d 

l i n e a r w i t h t o t a l mass "Sy . The s i t u a t i o n c o n c e r n i n g a 

v a r i a b l e IMF i s f a r from c l e a r , f o r example t h e v a r i a b l e IMF 

model o f T e r l e v i c h and M e l n i c k (1984) p r e d i c t s even f l a t t e r 

g r a d i e n t s t h a n t h e simp l e model. 

I t i s i m m e d i a t e l y obvious however, t h a t w i t h t h e Bhat 

e t a l . (1985) d i s t r i b u t i o n o f H a f o r t h e Galaxy, a g r a d i e n t 

e x i s t s i n p, which t h r o u g h e q u a t i o n (3.36) leads t o a 

g r a d i e n t i n Z (Paper I ) t h e r e f o r e a l l o w i n g t h e p o s s i b i l i t y 

t h a t t h e s i m p l e model c o u l d s t i l l be a p p l i c a b l e t o 

p r e d i c t i n g abundance g r a d i e n t s . However, t h i s e x p l a n a t i o n 

o f t h e m e t a l l i c i t y g r a d i e n t i s e s s e n t i a l l y phenomenological, 

t h a t i s t h e v a r i a t i o n i n Z i s d e r i v e d from a g i v e n v a r i a t i o n 

a l r e a d y e x i s t i n g for p.. Even i f t h a t i s done s u c c e s s f u l l y , 

i t does n o t e x p l a i n t h e e x i s t e n c e o f a r a d i a l g r a d i e n t i n ̂ u, 

s t a r t i n g from an i n i t i a l assumption t h a t J% and ZQ are 

c o n s t a n t w i t h G a l a c t o c e n t r i c r a d i u s a t time o f f o r m a t i o n o f 

the d i s c . F u r t h e r m o r e , any c a l c u l a t i o n o f a m e t a l l i c i t y 

g r a d i e n t by t h i s method depends c r u c i a l l y on p.t which i n 

t u r n depends on S H which i s a p o o r l y known o b s e r v a t i o n a l 

q u a n t i t y , e s p e c i a l l y i n e x t e r n a l g a l a x i e s (Chapters 1 and 

2 ) . McCall (1982) and Edmunds and Pagel (1984a) p o i n t e d o u t 

an o b s e r v a t i o n a l r e l a t i o n s h i p between 12 + log(0/H) and S T 

( d e t e r m i n e d from t h e r o t a t i o n curve) o f r e g i o n s i n s p i r a l 

g a l a x i e s . As S T can be b e t t e r e s t i m a t e d t h a n /4, , i t seems 

reasonable t o express t h e m e t a l l i c i t y as a f u n c t i o n o f W>T i n 

o r d e r t o t e s t any model a g a i n s t o b s e r v a t i o n . I t i s f o r 

these reasons t h a t t h e f o l l o w i n g f o r m a l i s m i s developed. 

E q u a t i o n (3.18) s t u d i e s t h e e v o l u t i o n o f m e t a l l i c i t y i n 
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any r e g i o n o f t h e Galaxy f o r w h i c h i s a v a i l a b l e and t h e 

exponents k, b and G are t h o u g h t t o be a p p l i c a b l e . S o l v i n g 

t h i s e q u a t i o n w i t h Z = Z, a t t = t , = 15Gy, t h e v a r i a t i o n o f 

t h e p r e s e n t m e t a l l i c i t y Zt f o r d i f f e r e n t r e g i o n s o f t h e 

Galaxy can be o b t a i n e d as 

Z, 
dZ = J'^S"' n $ 1 (3.38a) 

n+kb 
Z F(k,G,Z,n) 

l o g ^ Z j _ ^ = - 1 l o g (1 - B g ^ 1 ) n = 1 (3.38b) 

where once a g a i n F, A, B and J' have been d e f i n e d f o r 

convenience, 

B = CX^At, (1-R) (3.39) 
Gjw0 

and 

J' = B F(k,-G,Zp,n) . (3.40) 
kb 

A Z Q 

Now t h e q u e s t i o n i s , should Z© (and hence ̂ a©) be 

r e g a r d e d as c o n s t a n t f o r a l l R@ or d i d t h e d i s c have an 

i n i t i a l m e t a l l i c i t y g r a d i e n t ? T h i s i s n o t improbable as one 

f i n d s an a p p r e c i a b l e m e t a l l i c i t y g r a d i e n t i n Fe/H i n t h e 

r a d i a l d i s t r i b u t i o n o f g l o b u l a r c l u s t e r s i n our Galaxy and 

M31 (Sharov and L y u t y i 1984; P i l a c h o w s k i 1984) a l t h o u g h 

t h e r e i s some c o n t r o v e r s y . There i s a p o s s i b i l i t y t h a t 

c o n s i d e r a t i o n o f the t h i c k d i s c m e t a l l i c i t y s t r u c t u r e c o u l d 

l e a d t o an i n i t i a l m e t a l l i c i t y g r a d i e n t b u t f u r t h e r work 

needs t o be done. An i n i t i a l m e t a l l i c i t y g r a d i e n t however, 

i s n o t a p a r t i c u l a r l y i n t e r e s t i n g case because i t would 

p a r t l y o r w h o l l y e x p l a i n the p r e s e n t m e t a l l i c i t y g r a d i e n t ab 

i n i t i o , t h a t i s , t h r o u g h the c h o i c e o f i n i t i a l assumption 

o n l y . I n t h e f i r s t i n s t a n c e t h e r e f o r e Ẑ  w i l l be t a k e n as a 
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c o n s t a n t t h r o u g h o u t t h e d i s c , and a m e t a l l i c i t y g r a d i e n t 

w i l l be g e n e r a t e d by enrichment i n t h e d i s c a l o n e . 

The c o n s t a n t s B and J" can now be e v a l u a t e d f o r t h e 

s o l a r neighbourhood, 

B (3.41) 

dZ (3.42) 
n+kb 

Z F(k,G,Z,n) 

and a p p l i e d t o t h e r e s t o f t h e d i s c , assuming t h a t X, t h e 

c h e m i c a l f r a c t i o n o f hydrogen i s o n l y a v e r y s l o w l y v a r y i n g 

q u a n t i t y w i t h t i m e and Rg, and hence regarded as a c o n s t a n t . 

I t can now be seen t h a t t h e v a r i a t i o n o f Z, w i t h i s 

det e r m i n e d s i m p l y by t h e v a r i a t i o n o f ( e q u a t i o n 3.38) 

which can be d e t e r m i n e d i n d e p e n d e n t l y o f ̂ U, . (For t h e 

d e t e r m i n a t i o n o f Ẑ . see C a l d w e l l and O s t r i k e r 1981 and 

B a h c a l l e t a l . 1983). Furthermore, t h e v a l u e o f t h e 

parameter k, t h e i n d e x e x p r e s s i n g t h e degree o f dependence 

o f t h e SFR on £ ^ becomes i m p o r t a n t i n d e t e r m i n i n g t h e 

g r a d i e n t . I f k = 1, t h e g r a d i e n t vanishes i r r e s p e c t i v e o f 

whether t h e y i e l d i s v a r i a b l e o r n o t . For k > 1, t h e 

m e t a l l i c i t y i n c r e a s e s towards t h e G a l a c t i c Centre, b u t f o r 

k < 1 t h e g r a d i e n t i s i n t h e wrong d i r e c t i o n . 

I n o r d e r t o i l l u s t r a t e t h i s on t h e c o m p i l a t i o n p l o t 

( F i g u r e 3.4) o f m e t a l l i c i t y a g a i n s t R§, t h e q u a n t i t y 

( Z , / Z q ) ^ needs t o be r e p r e s e n t e d i n terms o f 12 + l o g ( 0 / H ) . 

T h i s q u a n t i t y has been determined f o r t h e G-dwarf problem 

and AMR u s i n g Fe/H measurements. Paper I made t h e 

assumption t h a t [0/H] = [Fe/H] eC Z and d i s c u s s e d i n d e t a i l 

i t s v a l i d i t y . We a l s o argued t h a t t he spread i n 
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12 + log(0/H) a t a p a r t i c u l a r Rg, was due n o t o n l y t o 

o b s e r v a t i o n a l e r r o r b u t a l s o due t o t h e dependence o f t h e 

raetallicity w i t h t i m e o f f o r m a t i o n o f s t a r s and t h e l o c k i n g 

or d e p l e t i o n o f m e t a l s i n t o g r a i n s i n H I I r e g i o n s . 
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F i g u r e 3.4; The m e t a l l i c i t y g r a d i e n t i n t h e Galaxy shown by 
(O/H) abundance o b s e r v a t i o n s . The sources o f 
dat a a r e g i v e n i n F i g u r e 2.4. Assuming a 
c o n s t a n t i n i t i a l m e t a l l i c i t y Z© as shown by t h e 
s o l i d b a s e l i n e , a p r e d i c t e d f i t t o t h e upper 
envelope o f p o i n t s f o r a c o n s t a n t y i e l d model 
w i t h d l o g (Z| )/dRg, = - 0.06 dex kpc ~° i s shown. 

T h e r e f o r e , t h e p r e s e n t m e t a l l i c i t y Z, i s g i v e n a p p r o x i m a t e l y 

by t h e upper envelope t o t h e p o i n t s i n F i g u r e ( 3 . 4 ) . T h i s 

f o r c e d us t o draw a b a s e l i n e f o r Z@, i f p o s s i b l e , w i t h o u t 

l e a v i n g any p o i n t below t h e l i n e , w h i l e s a t i s f y i n g t h e 

c o n d i t i o n o f l o g ( Z t /Z e) = 0.57 a t Rg = 10 kpc which a l s o 

s h o u l d n o t ex c l u d e any p o i n t above Z, a t t h e same R̂ . 

Making some compromise on b o t h s i d e s , we p r e f e r r e d t o draw 

t h e b a s e l i n e a t 12 + log(O/H) = 8.30 as shown i n F i g u r e 3.4. 
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This f i x e s t h e p r e s e n t m e t a l l i c i t y i n t h e s o l a r 

neighbourhood as 12 + log(0/H) = 8.87„ Since t h e s o l a r 

12 + log(0/H) = 8.80 + 0.12 (Rana and W i l k i n s o n 1986c, and 

r e f e r e n c e s t h e r e i n ) and Edmunds (1984) has adopted 8.92, 

t h i s upper bound i s perhaps j u s t i f i a b l e . I t i s i n t e r e s t i n g 

t h a t the spread i n (O/H) o b s e r v a t i o n s a t Rg = 10 kpc i s v e r y 

s i m i l a r t o (Z„ /Z @) determined from t h e G~dwarf problem and 

AMR. A t Rg > 12 kpc t h e r e are about h a l f - a - d o z e n 

measurements o f (O/H) t h a t l i e below t h e b a s e l i n e . I t may 

be t h a t t hese o b j e c t s show an abnormal d e p l e t i o n i n t h e gas 

phase, p o s s i b l y because o f s u b s t a n t i a l s e g r e g a t i o n i n t o 

g r a i n s , o r may j u s t be due t o o b s e r v a t i o n a l e r r o r . These 

p o i n t s c o u l d be e a s i l y i n c l u d e d by t h e use o f a b a s e l i n e 

r e f l e c t i n g an i n i t i a l g r a d i e n t i n Z@, b u t i n t h e f i r s t 

i n s t a n c e i s unnecessary. The p r o d u c t i o n o f a g r a d i e n t o f 

-0.06 dex kpc i s shown i n F i g u r e 3.4 f o r t h e case o f a 

c o n s t a n t y i e l d (Paper IV and a s i m i l a r p l o t f o r v a r i a b l e 

y i e l d can be found i n Paper I ) . The q u e s t i o n o f whether Z, 

i s r e p r e s e n t e d by t h e upper envelope o f t h e d i s t r i b u t i o n or 

the d i s t r i b u t i o n i t s e l f i s a complex one c o n c e r n i n g t h e 

v a l u e o f Z, i n t h e s o l a r neighbourhood and t h e v a l i d i t y o f 

the assumption [O/H] = [Fe/H] ( c f . Clegg e t a l . 1981; C h i o s i 

and M a t t e u c c i 1983; G r a t t o n 1985; L a i r d 1985; Pagel 1987). 

The i m p o r t a n t p o i n t however i s the v a l u e o f t h e g r a d i e n t 

p r e d i c t e d , t h a t i s d l o g (Z, )/dR 6 > and t h a t t h e g r a d i e n t o f t h e 

upper envelope i s v i r t u a l l y t h e same as t h a t o f t h e 

12 + log(O/H) d i s t r i b u t i o n i t s e l f . 

T h e r e f o r e , i n t h e l i g h t o f t h e above d i s c u s s i o n , t h e 

v a r i o u s g r a d i e n t d e t e r m i n a t i o n s i n Table A.2.2 (Appendix) 

and f o l l o w i n g Lacey and F a l l (1985), t h e o b s e r v a t i o n a l 



g r a d i e n t i s assumed t o be 

d l o g ( Z a ) = ~ 0.06 + 0„ 01 dex kpc"" (3 0 43) 

Using e q u a t i o n s (3.38) - (3.42) and a s p a t i a l v a r i a t i o n o f 

2 7 as g i v e n i n Table A.2.1 (Appendix) t h e m e t a l l i c i t y 

g r a d i e n t was e v a l u a t e d f o r t h e parameters which g i v e good 

f i t s t o t h e G~dwarf problem. The v a l u e o f k was t h e n 

d e r i v e d by imposing e q u a t i o n ( 3 . 4 3 ) . For n = 1 t h e r e q u i r e d 

range o f k f o r p r o v i d i n g t h e observed m e t a l l i c i t y g r a d i e n t 

i s e 1.10 = 1.15; b u t f o r n = 0, i n o r d e r t o produce t h e 

same g r a d i e n t k = 1.30 - 1.60. The v a l u e o f k depends a l s o 

on p®, t h e lower t h e v a l u e o f p&, t h e lower i s t h e r e q u i r e d 

v a l u e o f k f o r p r o d u c i n g t he same g r a d i e n t . Hence, k 

i n c r e a s e s from 1.36 = ©.©t, f o r /A© = 0.5 t o about 1.50..Q.ltj> 

f o r /!© = 0.8. The v a l u e o f k i s found t o be v i r t u a l l y 

independent o f S,. 

A number o f p o i n t s may be noted from t h i s a n a l y s i s , 

( i ) The e m p i r i c a l c o r r e l a t i o n ^ & eC 2!^ o f Chapter 2 gave 

k = 1.2 + 0.2 f o r t h e Bhat e t a l . (1985) d i s t r i b u t i o n o f H^ 

i n t h e Galaxy w h i l e k = 0.7 + 0.2 f o r t h e SSS (1984) 

d i s t r i b u t i o n . Consequently t h e SSS d i s t r i b u t i o n l e ads t o no 

m e t a l l i c i t y g r a d i e n t o r a g r a d i e n t i n t h e wrong sense, w h i l e 

th e Bhat e t a l . d i s t r i b u t i o n i s a b l e t o produce t h e observed 

g r a d i e n t . A l t h o u g h t h i s r e s u l t was expected on t h e b a s i s o f 

the s i m p l e model, i t a l s o a p p l i e s t o models where t h e y i e l d 

i s p r o p o r t i o n a l t o t h e m e t a l l i c i t y . T h e r e f o r e , i t i s 

concluded t h a t t h e Bhat e t a l . d i s t r i b u t i o n i s s u p e r i o r t o 

t h a t o f SSS. I n f a c t t h e argument may be i n v e r t e d , and 

f i x i n g k by t h e observed m e t a l l i c i t y g r a d i e n t 2 ^ , may be 

d e r i v e d from t h e SFR ( ^ ) as a f u n c t i o n o f G a l a c t o c e n t r i c 

r a d i u s , independent o f t h e c o n t r o v e r s i a l CO su r v e y s . T h i s 

-100-



w i l l be done i n Chapter 4. 

( i i ) The m e t a l l i c i t y g r a d i e n t has been expressed i n terms 

o f 13y r a t h e r t h a n t h e u n c e r t a i n ^At, and t h e f o r m a l i s m 

developed i s s u f f i c i e n t l y g e n e r a l f o r i t s p o s s i b l e 

a p p l i c a t i o n t o o t h e r s p i r a l g a l a x i e s . The e x i s t e n c e o f 

abundance g r a d i e n t s i n o t h e r s p i r a l s c o u l d be l i n k e d t o 

t h e i r v a r i a t i o n i n 1^ ( c f . T a l b o t and A r n e t t 1975). A 

r e l a t i o n s h i p between m e t a l l i c i t y and Hj, i s a c t u a l l y observed 

(McCall 1982; Edmunds and Pagel 1984a; Bothun e t a l . 1984) 

and once a g a i n t h i s w i l l be examined i n d e t a i l i n Chapter 4. 

( i i i ) Given an i n i t i a l d e n s i t y p r o f i l e o f t h e t o t a l mass 

d i s t r i b u t i o n i n t h e d i s c , i t has been shown t h a t w i t h t i m e 

t h e Galaxy may n a t u r a l l y develop a r a d i a l g r a d i e n t i n t h e 

gas f r a c t i o n ( a n d t h e m e t a l l i c i t y (Z, ) even though i t 

begins w i t h a c o n s t a n t i n i t i a l gas f r a c t i o n (ysa©) a n d a 

c o n s t a n t i n i t i a l m e t a l l i c i t y ( Z 6 ) a t a l l r a d i i , p r o v i d e d t h e 

exponent k > 1. T h i s m e t a l l i c i t y g r a d i e n t i s n o t g e n e r a t e d 

by i n f a l l o r r a d i a l gas f l o w s or n e c e s s a r i l y v a r i a b l e y i e l d 

( a l t h o u g h t h i s h e l p s ) . Even f o r t h e case o f c o n s t a n t y i e l d 

and no i n f a l l a m e t a l l i c i t y g r a d i e n t i s produced, t h e reason 

b e i n g (as noted by Lacey and F a l l 1985 and C l a y t o n 1987) t h e 

' e f f i c i e n c y ' o f s t a r f o r m a t i o n (^/Sg) v a r i e s as a f u n c t i o n 

o f Rg ( e q u a t i o n 3.12). This SFR has, o f c o u r s e , been 

d e r i v e d e m p i r i c a l l y r a t h e r t h a n adopted t o p r o v i d e t h e 

c o r r e c t r e s u l t . 

T h is Chapter has shown t h a t u s i n g t h e SFR d e r i v e d i n 

Chapter 2, u s i n g an e x p l i c i t form f o r dark m a t t e r , a f i n i t e 

i n i t i a l m e t a l l i c i t y o f t h e d i s c and no i n f a l l , problems such 

as the G-dwarf problem, the AMR, t h e c o n s tancy o f t h e SFR 

and t h e G a l a c t i c m e t a l l i c i t y g r a d i e n t can be s o l v e d q u i t e 



e a s i l y , p r o v i d e d t h a t t h e Hg d i s t r i b u t i o n i n t h e Galaxy 

f o l l o w s t h a t o f Bhat e t a l . (1985) r a t h e r t h a n SSS (1984)„ 

I n t h e n e x t Chapter, t h e c o n s i s t e n c y and consequences o f 

t h i s model w i l l be examined. 
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CHAPTER FOUR 

GALACTIC CHEMICAL EVOLUTION I I 

- CONSISTENCY AND CONSEQUENCES 

4.1 INTRODUCTION 

The p r e v i o u s Chapter o u t l i n e d a model o f ch e m i c a l 

e v o l u t i o n o f t h e G a l a c t i c d i s c u s i n g a form o f t h e SFR, 

^©cU^ 9 i n a d d i t i o n t o an e x p l i c i t dependence f o r d a r k 

m a t t e r , f i n i t e i n i t i a l m e t a l l i c i t y and no a p p r e c i a b l e i n f a l l 

over t h e m a j o r i t y o f t h e age o f t h e d i s c . I t was shown t h a t 

w i t h a y i e l d o f m e t a l s taken t o be a c o n s t a n t o r 

p r o p o r t i o n a l t o t h e m e t a l l i c i t y , a s e l f - c o n s i s t e n t model 

c o u l d be c o n s t r u c t e d t o p r e d i c t t h e G-dwarf problem, t h e 

a g e - m e t a l l i c i t y r e l a t i o n , the constancy o f t h e SFR i n t h e 

s o l a r neighbourhood and the G a l a c t i c m e t a l l i c i t y g r a d i e n t i n 

good agreement w i t h o b s e r v a t i o n s . The aim o f t h i s Chapter 

i s t o f u r t h e r t e s t t h e c o n s i s t e n c y o f t h i s model and o u t l i n e 

some f u r t h e r p r e d i c t i o n s . 

F i r s t l y , t h e model w i l l be examined i n t h e l i g h t o f t h e 

a v a i l a b l e forms f o r t h e i n i t i a l mass f u n c t i o n o f s t a r s and 

d e t a i l s o f s t e l l a r n u c l e o s y n t h e s i s , i n o r d e r t o check v a l u e s 

o f t h e y i e l d , t h e dark m a t t e r f r a c t i o n and t h e r e t u r n e d 

f r a c t i o n ( S e c t i o n 4.2). These c o n s i d e r a t i o n s w i l l t h e n be 

used t o see whether t h e assumption o f a y i e l d p r o p o r t i o n a l 

t o m e t a l l i c i t y i s j u s t i f i e d ( S e c t i o n 4.3). The consequences 

o f these r e s u l t s f o r t h e dark m a t t e r f r a c t i o n w i l l be 

dis c u s s e d , l e a d i n g t o a c o n s i d e r a t i o n o f t h e p o s s i b l e f o r m 
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o f dark m a t t e r i n t h e d i s c ( S e c t i o n 4.4) „ The p r e d i c t i o n s 

o f t h e model f o r abundance g r a d i e n t s i n e x t e r n a l s p i r a l 

g a l a x i e s w i l l be compared w i t h o b s e r v a t i o n ( S e c t i o n 4.5) and 

the amount and d i s t r i b u t i o n o f Hg w i l l be examined i n d e t a i l 

( S e c t i o n 4.6). F i n a l l y , t h e e v o l u t i o n o f r a d i a l g r a d i e n t s 

i n gas, s t a r s and metals w i l l be i l l u s t r a t e d ( S e c t i o n 4„7), 

l e a d i n g t o a p o s s i b l e e x p l a n a t i o n o f t h e shape o f t h e 

d i s t r i b u t i o n i n t h e Galaxy and o t h e r spirals„ 

4.2 THE PRESENT VALUES OF THE DARK REMNANT FRACTION AND THE 

YIELD 

The d a r k remnant f r a c t i o n (D) was d e f i n e d i n Chapter 3, 

i n terms o f t h e IMF(f$) and i t s upper and lowe r mass l i m i t s , 

m u and mg, as 

».nij»(t) ^mg 

mj$(m) dm (4.1) D ( t ) = wmP<m) dm + 
m^ ( t ) mfi ( t ) 

where a s t a r o f mass m leaves b e h i n d a remnant mass w m, m^ 

bei n g t h e mass above which t he s t a r c o l l a p s e s o n l y t o a 

neu t r o n s t a r o r b l a c k h o l e b u t n o t a w h i t e dwarf and m@ i s 

the mass l i m i t below which t he s t a r ends up as a brown 

dwarf. S i m i l a r l y t h e r e t u r n e d f r a c t i o n R ( t ) , 

p m M ( t ) 

R ( t ) = (m - w m)^(ra) dm (4.2) 

J m, ( t ) 

where m, i s t h e t u r n - o f f s t e l l a r mass c o r r e s p o n d i n g t o t h e 

main sequence l i f e t i m e o f a s t a r bounded by t h e r u n n i n g age 

the d i s c , and t h e y i e l d , y^, 
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y 2 ( t ) = 1 
(1-R-D) 

mpgOT ̂ Im) dm, (4.3) 

<y m0 ( t ) 

where p__ i s the mass f r a c t i o n of a s t a r of mass m th a t i s 

converted to metals and ejected„ 

In the s o l a r neighbourhood, D,R and were estimated, 

independently of the IMF, by s o l u t i o n s to the G-dwarf 

problem and a g e - m e t a l l i c i t y r e l a t i o n . I t was found t h a t for 

n = 1 ( i . e . y i e l d proportional to the m e t a l l i c i t y ) and f o r n 

= 0 ( i . e . constant y i e l d ) , 

D = Sa -So = 0.1 - 0.45, (4.4) 

R - 0.3 - 0.6, (4.5) 

y„ = KZ° = 0.019 - 0.025 (4.6) 

assuming S, =0.5 ( B a h c a l l 1986c), Z @ = 0.02 and @= 

4M^pc° aGy = 8 , the range due to the d i f f e r e n t assumptions 

concerning the y i e l d and the u n c e r t a i n t y concerning JŜ  i - n 

the s o l a r neighbourhood. Using d i f f e r e n t models, R has been 

c a l c u l a t e d to be 0.35 - 0.8 (e.g. Twarog 1980; T i n s l e y 1981; 

Gusten and Mezger 1983), i n agreement with the above v a l u e s . 

The above v a l u e s of the y i e l d i n the s o l a r neighbourhood are 

somewhat higher than previous estimates y^ = 0.014 + 0.005 

(Pagel 1981) and »L 0.012 (Peimbert and Serrano 1982). 

I t i s now important to compare these v a l u e s , obtained 

from m o d e l - f i t t i n g i n the s o l a r neighbourhood, with the 

values obtained from t h e i r d e f i n i t i o n s (equations 4.1 -

4.3). I n order to do t h i s , e x p l i c i t forms for wm, ^(m), ma, 

m@ and p^m need to be c r i t i c a l l y examined. 

4.2.1 The remnant mass function 

Previous workers (e.g. T i n s l e y 1980; T o s i 1982) have 

represented the function w m i n a very simple way; any s t a r 
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with i n i t i a l mass lower than 4Mg, w i l l become a white dwarf 

with = 0.7^0 and any s t a r with i n i t i a l mass grea t e r than 

4M<g, becomes a neutron s t a r with w^ = l^M^. More r e c e n t l y , 

other workers (e.g. Larson 1986; Rana 1987a) have used 

w a = 0.38 + 0.15m (4,7) 

which i s p r e d i c t e d by s t e l l a r e v o l u t i o n c a l c u l a t i o n s 

assuming a standard mass l o s s r a t e (Iben and Renzini 1983). 

A c r u c i a l p a r t of our understanding of the f i n a l f a t e 

of s t a r s of d i f f e r i n g i n i t i a l mass concerns r e c e n t work on 

s o - c a l l e d intermediate mass s t a r s (IMS) with the range of 

mass of 2.3 - 8M@. Figure 4.1 shows s c h e m a t i c a l l y the f i n a l 

f a t e of such s t a r s . The upper l i m i t f o r IMS, MUp, defined 

as the l i m i t i n g mass between degenerate and semi-degenerate 

C - i g n i t i o n , marks a sharp d i s c o n t i n u i t y i n the e v o l u t i o n a r y 

behaviour of s t a r s (Renzini 1984). For i n i t i a l masses 

m < MUp, s t a r s experience the asymptotic Giant Branch (AGB) 

phase and e v e n t u a l l y d i e , e i t h e r as C-0 white dwarfs having 

f a i l e d to i g n i t e C, or i g n i t e C under degenerate c o n d i t i o n s 

thus e x p e r i e n c i n g a C - d e f l a g r a t i o n which causes the t o t a l 

d i s r u p t i o n of the s t a r (Nomoto 1984a). The l a t t e r i s termed 

a supernovae event of type 1̂ 2 (Iben 1980) . 

For s t a r s with m < M W 0 the f i n a l product i s a C-0 white 

dwarf remnant. From a t h e o r e t i c a l point of view, the value 

of Mv«© i s u n c e r t a i n owing to a poor knowledge concerning the 

mass l o s s process i n s t a r s , but v a l u e s i n the range 4-6 M@ 

have been widely used (Renzini 1977; D'Antona and M a z z i t e l l i 

1985). Observations of white dwarfs i n young G a l a c t i c 

c l u s t e r s seem to i n d i c a t e that a l l s i n g l e s t a r s up to 

(7 + 1) become white dwarfs (Weidemann 1984; Koester and 

Reimers 1985). However, i t has been noted (Iben 1983) t h a t 
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Figure 4.1; The f i n a l f a t e of intermediate mass s t a r s 
(~2-12M@) . M W B, My» and M' are defined i n the 
t e x t . T 

may be a function of the m e t a l l i c i t y Z, i f the mass l o s s 

r a t e i s a function of Z. 

For s t a r s with m > M^, s t a r s i g n i t e carbon e i t h e r 

semi-degenerately i f m< M^, or non-degenerately thus 

f a i l i n g to experience the AGB phase and e v e n t u a l l y undergo a 

core c o l l a p s e g i v i n g r i s e to a supernova event of Type I I , 

l e a v i n g a neutron s t a r remnant (Nomoto 1984b,c; Woosley e t 

a l . 1984; Y a h i l 1984). Although H i l l e b r a n d t e t a l . (1985) 

suggested t h a t l e s s massive progenitors could lead to t h i s 

type of c o l l a p s e , t h i s work fol l o w s Tornambe and Matteucci 

(1985) i n i d e n t i f y i n g supernovae of Type I I events with 

s t a r s of i n i t i a l mass m > , thereby f i x i n g the m̂  of 

equation (4.1) as MUp. As with M W D, Myp has been proposed 

to be a function of Z (Becker and Iben 1980; Tprnambe 1984; 

C h i e f f i and Tornambe 1984; Fujimoto e t a l . 1984). Recent 

suggestions (Matteucci and Tornambe 1985; Tornambe and 

Matteucci 1985; C a s t e l l a n i e t a l . 1985; Renzini e t a l . 1985; 

B e r t e l l i e t a l . 1986;) i n d i c a t e t h a t the i n c l u s i o n of 
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overshooting from convective cores and semi-convection i n 

evolutionary models of IMS l i m i t s the mass to a value 

somewhat lower than 8 ^ and Myp p o s s i b l y decreases with 

decreasing Z f o r log Z ^ =4„ I n p a r t i c u l a r , for Z = Z@, 

QL 6M@ whereas fo r lower m e t a l l i c i t i e s (Z U. 10 ) , 

g 4-51% (Tornambe and Chief f i 1986) . 

There i s one f u r t h e r complication for the remnant mass 

function, ŵ . C a l c u l a t i o n s of supernova c o l l a p s e and 

explosion have shown that supernova explosions are expected 

for s t a r s with i n i t i a l mass a t l e a s t up to 50M@ (Wilson e t 

a l . 1986). However, Tornambe and Matteucci (1985), 

computing a rough estimate of the c u r r e n t Type I I supernovae 

r a t e by assuming t h a t a l l s t a r s more massive than become 

Type I I r e q u i r e , i n order to a l l e v i a t e discrepancy between 

the t h e o r e t i c a l and observational r a t e s , t hat s t a r s with 

i n i t i a l mass > 50M^ c o l l a p s e to black holes. I n f a c t , 

S c h i l d and Maeder (1985) from a c o n s i d e r a t i o n of the p u l s a r 

d i s t r i b u t i o n , and helium abundance support t h i s view. I t i s 

not easy to incorporate t h i s e f f e c t i n t o the remnant mass 

function. 

I n the l i g h t of the above d i s c u s s i o n , three p o s s i b l e 

ca s e s , as d e s c r i b e d i n Table 4.1 are taken. White dwarf 

Table 4.1; Parameters for the remnant function, 

Case * W V ^up ' V "BH^* 

A 5 6 100 
B 6 7 50 
C 5 6 100 

masses are taken roughly i n the region d i s c u s s e d by 

Weidemann and Koester (1983), l i n e a r from 1M@ to M^B. Case 
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A follows T i n s l e y (1980) i n assuming t h a t f o r M > 5M^f w^ = 

1„4M^„ Case B i n c r e a s e s wra l i n e a r l y between and MgM 

where the minimum remnant mass for a black hole i s assumed 

to be 3M^ (McDowell 1985) . Case C i s the r e l a t i o n s h i p used 

by Larson (1986) and Rana (1987a), equation (4„7) with MWBl 

and Mŷ  as shown i n Table 4.1. 

4.2.2. The i n i t i a l mass function 

The frequency d i s t r i b u t i o n of s t e l l a r masses at b i r t h 

(IMF) can be estimated from the observed luminosity f u n c t i o n 

i f an assumption i s made about the time dependence of the 

SFR (see S c a l o 1986 for a comprehensive r e v i e w ) . The 

c o n s t r a i n t t h a t the IMF should not show an u n p h y s i c a l 

d i s c o n t i n u i t y was Used by M i l l e r and S c a l o (1979) to argue 

for a n e a r l y constant SFR and an IMF which i s a 

monotonically d e c l i n i n g function of s t e l l a r mass. T h i s 

conventional p i c t u r e of the IMF has r e c e n t l y been challenged 

by evidence f o r a dip a t 0.7M^ i n t h e . l u m i n o s i t y f u n c t i o n 

(Upgren and Armandroff 1981; Scalo 1986). Larson (1986) has 

used t h i s and new data compiled by S c a l o (1986) to propose a 

bimodal model of the IMF. This model, where the IMF i s 

double peaked c o n s i s t s of two components of s i m i l a r form 

repr e s e n t i n g separate low-mass and high mass modes of s t a r 

formation. Using the c o n s t r a i n t on the high mass mode t h a t 

the model should p r e d i c t enough mass i n remnants to account 

for the B a h c a l l (1984) amount of unseen matter near the Sun, 

he f i n d s a reasonable match with S c a l o ' s data i f the SFR 

decays with time as exp(-t/3.4Gy). Rana (1987a) has used a 

d i f f e r e n t s e t of data on the l u m i n o s i t y f u n c t i o n , s c a l e 

heights and main-sequence l i f e t i m e s which d i f f e r 

s u b s t a n t i a l l y from Scalo (1986). Although h i s data are 
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Figure 4.2; The t o t a l number 'ftlog m) of s t a r s per u n i t log 
mass ever formed during the past 15Gy i n a 
column of c r o s s - s e c t i o n l p c ~ * through the 
G a l a c t i c plane, for d i f f e r e n t s e t s of data, and 
assumptions about the time-dependence of the 
SFR. The s o l i d curve i s the case of constant 
SFR f o r the data of M i l l e r and Scalo (1979) . 
The curve from Rana (1987a) uses a d i f f e r e n t 
compilation of data and a SFR from Figure 3.3 
of t h i s work. The data of Scalo (1986) are 
represented by two c a s e s , a constant SFR case 
and the model of Larson (1986) which has a 
decreasing SFR with time. 

c l o s e r to t h a t of M i l l e r and Scalo (1979) he a l s o f i n d s a 

bimodal, or even multi-modal IMF, which he i n t e r p r e t s as 

p o s s i b l y evidence of bursts of s t a r formation g i v i n g b i r t h 

to s t a r s of a s p e c i f i c mass range. Due to disagreement 

concerning the data and the time-dependence of the SFR, four 

d i f f e r e n t IMFs, i l l u s t r a t e d i n Fig u r e 4.2 w i l l be c o n t r a s t e d 

i n the f o l l o w i n g . With an assumed age of the d i s c to be 

15Gy, the case for a constant SFR i s shown for the data of 

M i l l e r and S c a l o (1979). The data of Scalo (1986) are 
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represented by the case f o r constant SFR and the model of 

Larson (1986) which has a decreasing SFR with time„ The 

fourth IMF i s derived from the data of Rana (1987a) using 

the SFR f o r the constant y i e l d case of Chapter 3. 

Neglecting the c o n t r i b u t i o n to the dark remnant 

f r a c t i o n due to brown dwarfs by s e t t i n g to zero the second 

term on 

Table 4.2; Dark remnant and returned f r a c t i o n s . 

= 0. = 0.007^ 
D R D/(1-R) D R D/(l-R) 

A 0.030 0.43 0.053 0.060 0.41 0.102 
Miller & 
Scalo(1979) 

B 0.014 0.44 0.025 0.045 0.42 0.078 
C 0.038 0. 44 0.068 0.068 0.43 0.120 

A 0.025 0.43 0.044 0.060 0.40 0.100 
Rana 
(1987a) 

B 0.015 0.43 0.026 0.050 0.41 0.085 
C 0.036 0. 44 0.064 0.070 0. 42 0.121 

A 0.050 0.63 0.135 0.051 0.63 0.138 
Larson 
(1986) 

B 0.025 0.65 0.071 0.025 0.65 0.071 
C 0.068 0.64 0.189 0.068 0.64 0.189 

A 0.012 0.30 0.017 0.014 0.30 0.020 
Scalo 
(1986) 

B 0.007 0.31 0.010 0.009 0.31 0.013 
C 0.018 0.32 0.026 0.020 0.32 0.029 

the right-hand side of equation (4.1) and i n t e g r a t i n g using 

m̂  = 0.1M@ and m M = 100M @ ( T e r l e v i c h 1982) the r e s u l t i n g R 

and D f o r the three cases of w w and each IMF i s shown f o r 

mg = 0.1M@ i n Table 4.2. 

I n e v a l u a t i n g R, the age of the d i s c i s assumed to be 

15Gy, which using the s t e l l a r m a s s - l i f e t i m e r e l a t i o n of 
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Scalo (1986), gives mf = 0»91Mg. The value of R turns out 

to be v i r t u a l l y independent of the three d i f f e r e n t f u n c t i o n s 

of w m but v a r i e s with d i f f e r e n t IMFs from ^0.3 - 0.65. 

These values are c o n s i s t e n t with t h a t determined from 

f i t t i n g the o b s e r v a t i o n a l problems of chemical e v o l u t i o n . 

However, apart from Larson's IMF with w m functi.ons A 

and C (which has been constructed of course to give t h i s 

r e s u l t ) the values shown for D are i n c o n s i s t e n t with the 

p r e d i c t i o n s from f i t t i n g the G-dwarf problem and other 

parameters i n the chemical e v o l u t i o n of the Galaxy. I t 

should be noted t h a t with function B for wm, which i s 

probably the most p h y s i c a l r e p r e s e n t a t i o n , even Larson's IMF 

produces too l i t t l e dark matter. Therefore, the question i s 

can the dark matter f r a c t i o n be increa s e d by the 

co n t r i b u t i o n from brown dwarfs? 

4.2.3 Brown dwarfs 

Brown dwarfs are s t a r s and planets with masses lower 

than that r e q u i r e d for the onset of nuclear burning 

(Salpeter 1977). The maximum mass for a ' J u p i t e r - l i k e ' 

o b j e c t , ITIQ, determined by the onset of nuclear burning i s 

thought to be 0.08M© (D'Antona and M a z z i t e l l i 1985; B a h c a l l 

1986b). From t h e o r e t i c a l arguments, c a l c u l a t i o n s for the 

lower l i m i t of the Jeans mass have l e d to d i f f e r e n t 

estimates of mg, i n the range 0.004 - 0.007M^ (Low and 

Lynden-Bell 1976; Rees 1976; S i l k 1982; P a l l a e t a l . 1983). 

Both mg = 0.007M@ and m̂  = O.OO4M0have been examined, but 

f i n d i n g l i t t l e d i f f e r e n c e the former w i l l be used. I n order 

to perform the c a l c u l a t i o n for D, i n c l u d i n g the second term 

on the r i g h t hand s i d e of equation (4.1), the IMF needs to 

be ext r a p o l a t e d form 0.1 to 0.007M@. This i s not 
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u n j u s t i f i a b l e as m@ i s simply the stage at which n u c l e a r 

burning stops and has nothing to do with cloud fragmentation 

( B a h c a l l 1986b). 

The column corresponding to mg = 0.007M@ i n Table 4.2, 

shows t h a t even with the c o n t r i b u t i o n from brown dwarf 

o b j e c t s , D/(1=R) i s s t i l l very small compared to the value 

obtained from f i t t i n g the G°dwarf problem. The 

e x t r a p o l a t i o n of the IMFs of Larson and Scalo c o n t r i b u t e 

almost no e x t r a dark matter as both decrease very s t e e p l y a t 

m < 2M^. Rana's IMF has some d i s c o n t i n u i t i e s a t low mass 

which makes the e x t r a p o l a t i o n s i m i l a r to t h a t of M i l l e r and 

Scalo (1979). Even the form of the M i l l e r - S c a l o IMF, which 

f a l l s o f f a t m < O.IM^, means t h a t the c l a s s i c a l suggestion 

of brown dwarfs as dark matter can have a meaning only i f 

the IMF i s very d i f f e r e n t a t low masses ( T i n s l e y 1981) . 

There i s however, severe d i f f i c u l t y i n e s t i m a t i n g the 

IMF a t low masses. The determination of the luminosity 

function i s based on few s t a r s , and i t i s not c l e a r whether 

at low luminosity i t f l a t t e n s o f f , decreases or i n c r e a s e s 

(e.g. Gilmore and Reid 1983; Gilmore e t a l . 1985; Scalo 

1986; L i e b e r t and Dahn 1986; Robin and Creze' 1986; Reid 

1987). Recently Hawkins (1986) from a very deep R-band UK 

Schmidt survey for M s t a r s to low luminosity and an a n a l y s i s 

of the R-I c o l o u r s and proper motion i n 15 survey p l a t e s , 

has claimed the f i r s t d i r e c t d e t e c t i o n of very 

low-luminosity s t a r s . There seems an i n d i c a t i o n of a 

s t e a d i l y i n c r e a s i n g population i n t o the regime of s u b s t e l l a r 

masses which would of course i n c r e a s e the dark remnant 

f r a c t i o n through brown dwarfs. Further u n c e r t a i n t y i n 

determining the IMF comes through the s c a l e - h e i g h t to 
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magnitude r e l a t i o n and the mass to magnitude r e l a t i o n (Rana 

1987a)„ I n f a c t , D'Antona and M a z z i t e l l i (1986), adopting 

the mass-luminosity r e l a t i o n from t h e i r models of low mass 

s t a r s f i n d t h a t t h ere i s no d e c l i n e i n the IMF down to 

CIM^, a trend which i f continued to lower masses would once 

again c o n s i d e r a b l y i n c r e a s e D. However, an IMF s i m i l a r to 

M i l l e r and S c a l o (1979) and not remarkably d i f f e r e n t a t 

m < OolM@ would leave only the bimodal model of Larson 

(1986) able to produce the amount of dark matter r e q u i r e d by 

the model of chemical e v o l u t i o n . T h i s question w i l l be 

discussed i n d e t a i l i n Section 4.4. 

4.2.4 Production of heavy elements 

The production of heavy elements by massive s t a r s of 

constant mass has been studied by A rnett (1978) who followed 

the e v o l u t i o n of He bare cores. More rece n t s t u d i e s have 

included the important property of mass l o s s (e.g. Maeder 

1981, 1984; Prantzos e t a l . 1986). Transforming y" to y% 

(Section 3.2.1), Maeder (1984) e v a l u a t i n g equation (4.3) 

obtains y 2 = 0.012 - 0.02 using a M i l l e r - S c a l o IMF below 

25M@ and t h a t of Garmany e t a l . (1982) above, and R = 0.17. 

C h i o s i and Matteucci (1984) i n f a c t quote a range of y g = 

0.0035 - 0.069 fo r d i f f e r e n t s t e l l a r IMFs, mass l o s s r a t e s , 

overshooting and n u c l e o s y n t h e s i s data. 

I n F i g u r e 4.3, Maeder's (1984) v a r i a t i o n of p g m as a 

function of i n i t i a l mass, m, i s reproduced for the 

intermediate case of mass l o s s . The minimum in.the metal 

production a t the l i m i t of IMS and massive s t a r models, 

found by v a r i o u s authors, i s thought to be r e a l (Audouze and 

T i n s l e y 1976; M a l l i k 1980, 1981). 

With f u n c t i o n s A, B and C for w m and the above values 
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of R and D, the M i l l e r - S c a l o IMF g i v e s y g = 0.025 i n good 

agreement w i t h the value derived f o r the s o l a r 
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details for m«t5M, 
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Figure 4.3; The mass of metals/ mp^, returned to the ISM 

as a f u n c t i o n of the i n i t i a l mass of the s t a r , 
reproduced from Maeder (1984). The e q u i v a l e n t 
curve f o r helium production i s a l s o shown for 
comparison. 

neighbourhood. The IMF of Rana gives a s l i g h t l y higher 

y i e l d y^ e£ 0.031 w h i l e that of Scalo g i v e s a low y £ 0.015. 

The IMF of Larson (1986) gives a y i e l d four times higher 

than t h a t of M i l l e r and Scalo. I n h i s model he argues t h a t 

t h i s i s not a c o n s t r a i n t as the upper l i m i t of metal 

production (m £ l a) i s u n c e r t a i n . He r e q u i r e s m^^T 16M@ to 

give yg 0. 025. I f t h i s i s the case then s t a r s more 

massive than 16M@ r a t h e r than 50M@ ( c f . Section 4.2.1) must 

evolve d i r e c t l y to black holes with no e j e c t i o n of metals. 

Twarog and Wheeler (1982) argued for an upper c u t - o f f of 

50M^ or oxygen would be overproduced i n the s o l a r 

neighbourhood, but Matteucci (1986) has suggested there i s 

no c l e a r evidence r e q u i r i n g m24J to be much lower than 80-100 

M@. Although the observed high r a t i o (Pagel e t a l . 

1986) may suggest a low mgJ. (Peimbert 1986; Pagel 1987), 
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such a low v a l u e of QL ̂ M^ i s p o t e n t i a l l y problematic. 

O l i v e (1986) d e s c r i b e s the fo l l o w i n g problems. Arnett 

(1978) claimed t h a t the t y p i c a l heavy element producing 

s t a r s are 0 s t a r s with masses g r e a t e r than 26M@, The 

t y p i c a l source of metals i n Larson's bimodal model i s a s t a r 

of «?14M@. I n a d d i t i o n , i t has been noted (Truran 1984) 

that halo s t a r s show abundance p a t t e r n s which are t y p i c a l of 

40M@. Another p o t e n t i a l d i f f i c u l t y , i n the context of 

abundance r a t i o s , i s that the bimodal model overproduces Ne 

and Mg by f a c t o r s 2 and 4, r e s p e c t i v e l y . Although there are 

co n s i d e r a b l e u n c e r t a i n t i e s i n the y i e l d s , the new 

c a l c u l a t i o n s of Woosley and Weaver (1986a,b) make the 

s i t u a t i o n worse. O l i v e (1986) i n order to r e l a x t h i s 

c o n s t r a i n t has s h i f t e d the high-mass mode of Larson's IMF to 

lower mass, which f i t s the dark matter l i m i t and y i e l d with 

mS4fle£42M(^. O l i v e e t a l . (1987) argue t h a t u n c e r t a i n t i e s a t 

present are too great to place severe c o n s t r a i n t s on the 

model. 

Therefore, for c e r t a i n IMFs and assumptions about the 

upper mass c u t - o f f for metal production the present y i e l d i s 

c o n s i s t e n t with that derived from the model of the chemical 

e v o l u t i o n of the s o l a r neighbourhood. However, i s the y i e l d 

p r o p o r t i o n a l to the m e t a l l i c i t y or i s i t constant? 

4.3 I S THE YIELD OF METALS A FUNCTION OF THE METALLICITY? 

I n many models of the chemical e v o l u t i o n of the Galaxy 

the y i e l d has been taken to be a constant quantity. 

However, i n order to solve problems a s s o c i a t e d with the 

simple model some workers have used a y i e l d varying with 
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G a l a c t o c e n t r i c r a d i u s (e.g. Gusten and Mezger 1982)„ 

Edmunds and Page! (1984a) argue f o r -some evidence from 

s p i r a l and i r r e g u l a r g a l a x i e s t h a t the y i e l d may be constant 

i n time i n any one region but depends on l o c a l c o n d i t i o n s 

such as the t o t a l s u r f a c e d e n s i t y . However, they do s t a t e 

(Edmunds and Pagel 1984b) that the y i e l d could be 

m e t a l l i c i t y dependent i f the e v o l u t i o n of s t a r s i s 

s i g n i f i c a n t l y i n f l u e n c e d by metal abundance, for i n s t a n c e 

through v a r y i n g mass l o s s r a t e . 

Peimbert (1984) has contended t h a t a y i e l d independent 

of m e t a l l i c i t y , even with i n f a l l , does not agree with the 

observations of the y i e l d of primary elements derived from 

HII regions l o c a t e d i n s p i r a l , i r r e g u l a r and dwarf g a l a x i e s . 

A y i e l d i n c r e a s i n g w i t h the abundance of heavy elements, as 

proposed by Peimbert and Serrano (1982), b e t t e r e x p l a i n s 

these observations than a constant y i e l d . Serrano and 

Peimbert (1983) a l s o r e q u i r e a y i e l d i n c r e a s i n g with 

m e t a l l i c i t y to e x p l a i n the N/0 versus 0/H diagram. However, 

other workers (White and Audouze 1983; Matteucci and T o s i 

1985; Diaz and T o s i 1986) have argued that when the a c t u a l 

d e t a i l s of s t e l l a r n u c l e o s y n t h e s i s are taken i n t o account, a 

y i e l d independent of Z i s c o n s i s t e n t with HII region 

observations for both s p i r a l s and i r r e g u l a r s . 

Chapter 3 made an ad hoc assumption of y s«C Z and 

showed t h a t both n = 0 and n = 1 could give adequate models 

for the chemical e v o l u t i o n of the G a l a c t i c d i s c . The 

consequences f o r the dark matter f r a c t i o n and the mass of 

H^, however, are dependent on the value of n (Paper I and 

I V ) . Furthermore, the question s t i l l remains, i s i t 

reasonable to e x p l a i n a y i e l d p r o p o r t i o n a l to the 
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m e t a l l i c i t y from our present knowledge of the IMF and 

s t e l l a r n u c l e o s y n t h e s i s i n the Galaxy? The v a r i a t i o n of the 
6 

y i e l d over the l i f e t i m e of the Galaxy w i l l be given by the 

time dependence of the parameters i n equation (4„3) namely 

There i s much debate concerning whether the IMF i s 

constant i n space and time. Garmany e t a l . (1982) 

suggested, based on counts of e a r l y type s t a r s , t h a t there 

were s p a t i a l v a r i a t i o n s i n the upper IMF. Humphreys and 

McElroy (198 4) subsequently showed t h a t t h i s r e s u l t was due 

to a s e l e c t i o n e f f e c t and the data favour a constant IMF. 

Observations of the IMF i n other g a l a x i e s and even i n 

globular c l u s t e r s (e.g. Berkhuijsen 1982; McGlure e t a l . 

1986) do not show a lar g e v a r i a t i o n from the G a l a c t i c IMF. 

T e r l e v i c h and Melnick (1984, see a l s o T e r l e v i c h 1985; 

Melnick and T e r l e v i c h 1986) by studying the p r o p e r t i e s of a 

sample of e x t r a g a l a c t i c HII regions, suggested a dependence 

of the slope of the IMF (represented by a power law of the 

mass) on the metal content of such o b j e c t s given by 

x = log Z + 5.05 (4.8) 

for s t a r s i n the mass range O.l-IOOM^. As the m e t a l l i c i t y 

of a galaxy i n c r e a s e s with time a f t e r the formation of the 

d i s c (Twarog 1980) t h i s implies a time-dependence of the 

IMF. Although the work of Boisse et a l . (1981) may be 

i n t e r p r e t e d as implying v a r i a t i o n s with ambient c o n d i t i o n s , 

Turner (1984) and Scalo (1986) have contended with very 

d i f f e r e n t arguments that the IMF i s g r o s s l y the same 

everywhere. Furthermore, Matteucci and T o s i (1985) have 

shown t h a t the Terlevich-Melnick IMF does not reproduce the 

p(m) , p and m m 
#(m) 4.3.1 V a r i a t i o n s i n 
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observed data i n dwarf i r r e g u l a r g a l a x i e s , suggesting t h a t 

the IMF dependence on the m e t a l l i c i t y , i f any, should be 

much weaker than t h a t given by equation ( 4 . 8 ) . 

Therefore, s i g n i f i c a n t v a r i a t i o n s i n the IMF may be 

r a r e enough fo r the assumption of a u n i v e r s a l f u n c t i o n to be 

a reasonable f i r s t approximation ( T i n s l e y 1980,° Lacey and 

F a l l 1985). I n any case, even i f the IMF i s v a r i a b l e i t i s 

not c l e a r how t h i s v a r i a b i l i t y should be parameterised or 

how i t a f f e c t s chemical evolution (Pagel 1987). I n the 

following ^(m) w i l l be assumed to be constant i n time, and 

once again the four IMFs of S e c t i o n 4.2.2 w i l l be 

contrasted. 

4.3.2 V a r i a t i o n s i n 

The minimum i n i s a t the l i m i t of the IMS and 

massive s t a r models and therefore corresponds to MUp. Any 

time dependence of Myp may a f f e c t the shape of the curve. 

From Figure 2 of Tornambe and Matteucci (1985), M̂ p can be 

approximated f o r Z i n the range 10 to 10 over the age of 

the Galaxy using the expression 

MMp = 8.0 + 0.8 log Z (4.9) 

so that for Z = 0.02, M^ = 6.6M@(cf. Tornambe and C h i e f f i 

1986). Therefore, the minimum i n Maeder's curve (Figure 

4.3) should be a t 6.6M0, not 9.5M^ and should move with 

m e t a l l i c i t y . As i t would be a very complicated c a l c u l a t i o n 

to produce curves of p Z m for d i f f e r e n t Z r i g o r o u s l y , a crude 

approach i s adopted, adequate for our purposes.. F i x i n g 

points a t m = 1M@ and m = 50M@, the a b s c i s s a i s then 

r e - s c a l e d to match with the r e q u i r e d p o s i t i o n of the 

-minimum. I f m" corresponds t o the mass for a c e r t a i n p%m 

given by Maeder (1984), then l e t m be the corresponding mass 
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for the me t a l l i c i t y - d e p e n d e n t r e v i s e d curve. Now 
Me£|>" 9 o 5 % f o r Maeder, i s given by equation (4 . 9 ) , and 

a simple transformation i s adopted r e l a t i n g m and m" to be 

given by 

m = JMMP ̂  1) (m" ° 1) + 1 m" < M" (4.10a) 
"0% - 1) ^ 

and m = (50 - M^^) (m" ° 50) + 50 m" > M™ (4.10b) 
(50 - M^ ) ? 

The change of m e t a l l i c i t y with time i n the Galaxy, 

changes Mŷ  , thereby a l t e r i n g the shape of the p ^ curve. 

I t should be s t r e s s e d t h at t h i s simple s c a l i n g of the y i e l d 

for d i f f e r e n t values of M^ might be dangerous, s i n c e the 

a c t u a l e f f e c t s of overshooting on the s i z e of the s t e l l a r 

envelope and on the corresponding n u c l e o s y n t h e s i s has not 

yet been computed (Renzini 1984; Greggio and T o s i 1986) . 

However, using t h i s approach i n the following, equation 

(4.9) does not p r e d i c t a very l a r g e e f f e c t , t h a t i s f o r Z to 

in c r e a s e from 0.005 to 0.02, i n c r e a s e s from ^6.2 to 

6.6 M@. The AMR of Twarog (1980) i s taken with log 

(Z5 /ZQ) = 0.57 (from Section 3.4) f o r the Z ve r s u s t 

r e l a t i o n over the l i f e t i m e of the d i s c . This change i n MUp 

w i l l have an e f f e c t on the remnant mass fun c t i o n , but 

because the change i n MUp i s sm a l l , w m w i l l remain roughly 

constant with time. Case A i s used f o r s i m p l i c i t y . 

The t u r n - o f f s t e l l a r mass corresponding to the main 

sequence l i f e t i m e of a s t a r bounded by the age of the d i s c 

t , m(, e s s e n t i a l l y c o n t r o l s the number of s t a r s which 

c o n t r i b u t e to chemical e v o l u t i o n a f t e r the formation of the 

d i s c . The ma s s - l i f e t i m e r e l a t i o n from Scalo (1986), has 

been used to evaluate^ m+_.as a functi o n of age of the 

G a l a c t i c d i s c . 
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4.3.3 V a r i a t i o n s i n m# and mu 

The upper mass l i m i t o f t h e IMF, mM, i s assumed t o be 

100M@ a t p r e s e n t ( T e r l e v i c h 1982; Humphreys and McElroy 

1984). I f t h e c o n t r i b u t i o n o f brown dwarfs i s n e g l e c t e d , m̂  

may be t a k e n as 0.1M@ (Larson 1981). F i g u r e 4.4 shows t h e 

v a r i a t i o n o f y g , D and R as a f u n c t i o n o f t i m e w i t h ing and 

c o n s t a n t w i t h t i m e , f o r each o f t h e IMFs d e s c r i b e d 

p r e v i o u s l y . T h i s r e s u l t s i n t h e y i e l d , t h e r e t u r n e d 

f r a c t i o n and t h e d a r k remnant f r a c t i o n b e i n g f a i r l y c o n s t a n t 

w i t h t i m e . A l s o p l o t t e d i s t h e y i e l d as a f u n c t i o n o f t h e 

m e t a l l i c i t y i n o r d e r t o l o o k f o r a p o s s i b l e r e l a t i o n y^eC Z^ 

u s i n g t h e AMR o f Twarog (1980)„ I f such a r e l a t i o n does 

e x i s t then t h e v a l u e o f n would be q u i t e s m a l l , 

n K Q.O - 0.1. 

While m o d e l l i n g s t e l l a r atmospheres, Kahn (1974) 

proposed t h a t t h e upper mass l i m i t m M c o u l d v a r y w i t h 

m e t a l l i c i t y Z as 

mto eC Z~°'S (4.11) 

I n F i g u r e 4.5, t h e s o l i d curve shows t h e r e s u l t s f o r t h e 

M i l l e r - S c a l o IMF o f keeping nig c o n s t a n t a t 0. 1M@ w h i l e m^ i s 

v a r i e d as i n e q u a t i o n ( 4 . 1 1 ) , once a g a i n u s i n g t h e AMR o f 

Twarog (1980) and l o g ( Z ( / Z 0 ) = 0.57. T h e r e f o r e , m u decreases 

from 197 M@ when t h e d i s c formed t o 100 M@ a t p r e s e n t . The 

r e s u l t i n g v a r i a t i o n s are v e r y s i m i l a r t o F i g u r e 4.4, e x c e p t 

t h a t t h e m e t a l y i e l d i s s l i g h t l y i n c r e a s e d a t e a r l y t i m e s 

( l e s s t h a n 5Gy) s u g g e s t i n g an o v e r a l l n £ - 0 . 1 . Because t h e 

IMF i s f a l l i n g r a p i d l y a t h i g h m, t h i s v a r i a t i o n i n itiy has 

l i t t l e e f f e c t . The o t h e r IMFs show s i m i l a r shapes and 

t h e r e f o r e o n l y t h e M i l l e r - S c a l o IMF w i l l be used t o 

i l l u s t r a t e t h e f o l l o w i n g d i s c u s s i o n . 
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S i l k (1977) proposed t h a t t h e low e r mass l i m i t c o u l d 

v a r y as 

m^gt Z (4.12) 

Taking t h e v a r i a t i o n o f m e t a l l i c i t y as b e f o r e , t h i s means 

t h a t m^ = lo38 M@ when t h e d i s c formed and 0,1 M@ a t 

p r e s e n t . T h i s v a r i a t i o n i s s i g n i f i c a n t because i n t h i s 

r e g i o n o f i n i t i a l mass t h e IMF i s maximum,, The d o t t e d c u r v e 

i n F i g u r e (4.5) shows t h a t R, D and y g decrease w i t h t i m e 

g i v i n g a y i e l d r o u g h l y i n v e r s e l y p r o p o r t i o n a l t o t h e 

m e t a l l i c i t y (n ̂  =1.0), which i s j u s t t h e o p p o s i t e o f t h e 

u s u a l assumption made f o r a v a r i a b l e y i e l d (Paper I ; 

Peimbert and Serrano 1982). 

However, i f t h e c o n t r i b u t i o n o f brown dwarfs i s 

i n c l u d e d , w i t h a v a r i a t i o n i n m^ g i v e n by ( 4 . 1 2 ) , m̂  

decreases f r o m 0.097 Mg> t o t h e assumed p r e s e n t v a l u e o f 

0.007 M@. I n t h i s range o f i n i t i a l mass t h e IMF i s once 

a g a i n f a l l i n g o f f and t h e r e f o r e t h e m^ v a r i a t i o n has l i t t l e 

e f f e c t on R, D and y . The two o t h e r p l o t s i n F i g u r e (4.5) 

correspond t o t h e v a r i a t i o n i n m u and m£ d e s c r i b e d above b u t 

w i t h mj£ = 0.007 M@. I t i s observed t h a t t h i s v a r i a t i o n has 

l i t t l e e f f e c t , e x c e p t f o r t h e a b s o l u t e v a l u e o f D. 

4.3.4 Other p o s s i b i l i t i e s 

I t i s c l e a r from t h e above t h a t a ' c o n v e n t i o n a l ' 

v a r i a t i o n o f t h e upper and lower mass l i m i t s w i l l n o t 

j u s t i f y an assumption o f y^eC Z. I n f a c t , i f a r e l a t i o n s h i p 

o f t h e form 

y s Z° (4.13) 

e x i s t s a t a l l t h e n n ̂  0 i s f a v o u r e d w i t h n a - 1 f o r a S i l k 

v a r i a t i o n o f t h e lower mass l i m i t o f t h e IMF. T h e r e f o r e i n 
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o r d e r t o produce a r e l a t i o n s h i p o f t h e form (4.13) w i t h 

n ^ 1, t h e r e must be more r a d i c a l changes w i t h m e t a l l i c i t y 

e i t h e r o f s t e l l a r n u c l e o s y n t h e s i s o r t h e IMF. 

A y i e l d i n v e r s e l y r e l a t e d t o t h e mass l o s s r a t e i n 

massive s t a r s has been shown by C h i o s i and Caimmi ( 1 9 7 9 ) , 

b u t o b s e r v a t i o n s seem t o i n d i c a t e t h a t t h e m e t a l l i c i t y 

i n c r e a s e s t h e mass l o s s r a t e (Maeder 1980) t h a t i s , a g a i n 

t h e wrong way, n = - 1 . M a l l i k and M a l l i k (1985) by v a r y i n g 

t h e upper c u t - o f f mass i n p X f J j due t o t h e t o t a l c o l l a p s e o f 

s t a r s i n t o b l a c k h o l e s have shown t h a t a v a r i a b l e y i e l d w i t h 

n ^ 1 can be a c h i e v e d . However, t h i s assumption i s 

d i f f i c u l t t o j u s t i f y p a r t i c u l a r l y f o r low c u t - o f f masses i n 

p.zm» S e c t i o n 4.3,2 showed t h a t r e c e n t work on IMS may 

suggest p 2 m changes w i t h Z, b u t a s t r o n g e r dependence t h a n 

t h a t g i v e n i n e q u a t i o n s (4.9) - (4.10) i s r e q u i r e d t o g i v e 

n = 0 These remain p o s s i b i l i t i e s b u t more work needs t o be 

done b e f o r e f i r m c o n c l u s i o n s a r e drawn. 

Peimbert and Serrano (1982) g i v e two p o s s i b i l i t i e s t o 

change t h e IMF, e i t h e r t h e r e l a t i v e amount o f more massive 

s t a r s i n c r e a s e s w i t h Z, o r t h e r e l a t i v e amount o f low mass 

s t a r s decrease w i t h Z. They argue f r o m t h e work o f Lequeux 

e t a l . (1980) t h a t t h e former i s n o t l i k e l y and f u r t h e r 

cannot be i m p o r t a n t because t h e y c l a i m i t would i n c r e a s e t h e 

r a t i o w i t h Z c o n t r a r y t o o b s e r v a t i o n s . T e r l e v i c h and 

M e l n i c k (1984)'s v a r i a t i o n o f t h e IMF t h r o u g h e q u a t i o n (4.8) 

would f l a t t e n t h e IMF a t h i g h mass e a r l y i n t h e e v o l u t i o n o f 

t h e Galaxy, t h a t i s d e c r e a s i n g t h e r e l a t i v e amount o f 

low-mass s t a r s w i t h Z. A change i n t h e r e l a t i v e amount o f 

low mass s t a r s i s more l i k e l y b u t t h e r e are c o n f l i c t i n g 

- 1 2 5 -



views c o n c e r n i n g how t h i s changes w i t h m e t a l l i c i t y . S i l k 

(1977) and Reddish (1978) p r e d i c t t h a t t h e r e l a t i v e number 

o f low-mass s t a r s decreases w i t h Z w h i l e Larson (1981) 

p r e d i c t s e x a c t l y t h e o p p o s i t e . 

The s i t u a t i o n c o n c e r n i n g t h e dependence o f t h e y i e l d on 

m e t a l l i c i t y i s t h e r e f o r e confused w i t h a p o s s i b l e r e l a t i o n 

such as (4.13) b e i n g v a l i d , b u t t h e exponent n h a v i n g 

p o s s i b l e v a l u e s from - 1 t o 1. However, n = 0, t h a t i s a 

c o n s t a n t y i e l d , seems t o be s t r o n g l y f a v o u r e d and i s 

p r o b a b l y t h e b e s t assumption t o make a t p r e s e n t . 

4.4 THE NATURE OF THE DARK MATTER IN THE SOLAR 

NEIGHBOURHOOD 

The s u g g e s t i o n t h a t t h e U n i v e r s e c o n t a i n s s u b s t a n t i a l 

dark m a t t e r , t h a t i s mass w i t h o u t c o r r e s p o n d i n g l i g h t , i s 

now g e n e r a l l y accepted a l t h o u g h t h e two key q u e s t i o n s o f 

what f r a c t i o n o f t h e mass i s d a r k and what i s i t s n a t u r e 

remain c o n t r o v e r s i a l ( e .g. Rees 1985; T a y l e r 1986). T h i s so 

c a l l e d dark m a t t e r problem occurs on a v a r i e t y o f s c a l e s ; 

and each s c a l e may p r o v i d e a d i s t i n c t problem. 

On a c o s m o l o g i c a l s c a l e , i f t h e c o s m o l o g i c a l d e n s i t y 

parameter Jt i s b e l i e v e d t o be u n i t y (e.g. Guth 1981) t h e n a 

l a r g e f r a c t i o n o f t h e t o t a l mass o f t h e U n i v e r s e must be 

non-baryonic s i n c e p r i m o r d i a l n u c l e o s y n t h e s i s r e q u i r e s t h e 

f r a c t i o n o f £1 due t o baryons < 0.2 (Yang e t a l . 1984). From 

v i r i a l mass e s t i m a t e s a dark m a t t e r problem appears i n 

gal a x y c l u s t e r s (Cowie e t a l . 1987) . The e x i s t e n c e o f f l a t 

r o t a t i o n c u r v e s - i n t h e Galaxy and o t h e r s p i r a l s p o i n t s 

towards t h e h a l o c o n s i s t i n g p r i m a r i l y o f dark m a t t e r (Faber 
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and G a l l a g h e r 1979). Hegyi and O l i v e (1986) have d i s c u s s e d 

the o b s e r v a t i o n a l and p h y s i c a l d i f f i c u l t i e s w i t h t h e d a r k 

h a l o mass b e i n g i n t h e form o f baryons and conclude t h a t t h e 

ha l o dark m a t t e r must be p r i m a r i l y non-baryonic ( e f . 

McDowell 1985? H i l l s 1986). A p o p u l a r c a n d i d a t e i s 

t h e r e f o r e c o l d d a r k m a t t e r (Bond and Szalay 1983), a c l a s s 

o f weakly i n t e r a c t i n g Majorana-mass f e r m i o n s . However, i t 

shou l d be n o t e d t h a t t h e argument o f Hegyi and O l i v e (1986) 

a g a i n s t low mass s t a r s o r brown dwarfs depends c r u c i a l l y on 

the assumption t h a t t h e h a l o IMF i s n o t s u b s t a n t i a l l y 

d i f f e r e n t f r o m t h e p r e s e n t day d i s c IMF, an assumption w h i c h 

may or may n o t be t r u e . S t a r s w i t h v e r y low s t e l l a r masses 

have been suggested f o r some t i m e f o r t h e dark m a t t e r i n t h e 

ha l o (e.g. O s t r i k e r e t a l . 1974; G o t t 1981). R e c e n t l y , Carr 

and Lacey (1987) have examined t h e p o s s i b i l i t y o f t h e 

e x i s t e n c e o f 10 M^ dark c l u s t e r s composed o f low mass 

o b j e c t s i n t h e h a l o , i n or d e r t o e x p l a i n t h e a g e - v e l o c i t y 

d i s p e r s i o n r e l a t i o n o f d i s c s t a r s . T h i s r e l a t i o n c o u l d 

p o s s i b l y a l s o be e x p l a i n e d by t h e h a l o c o n s i s t i n g o f 10 M@ 

bla c k h o l e s ( I p s e r and Semenzato 1985; Lacey and O s t r i k e r 

1985). 

R e c e n t l y t h e e x i s t e n c e o f dark m a t t e r i n t h e G a l a c t i c 

d i s c has caused c o n s i d e r a b l e i n t e r e s t . B a h c a l l (1984) 

determined t h e t o t a l mass d e n s i t y i n t h e s o l a r neighbourhood 

by s o l v i n g f o r 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 i n t h e d i s c and 

found may be a n y t h i n g between 65 and 135 M^pc"^, b u t 
=2. 

the most p r e f e r a b l e v a l u e i s quoted t o be 75 M@pc . The 

s t e l l a r c o n t r i b u t i o n t o t h i s mass d e n s i t y i s u n c e r t a i n (Rana 

1987a). B a h c a l l (1986c,d) suggests t h a t t h e r a t i o o f t h e 

dark t o luminous m a t t e r , t h a t i s %/ ( /tj ( +0^ ) l i e s i n t h e 
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range 0.5 ~ 1.5, and most o f t h e unseen component must be 

d i s t r i b u t e d w i t h a s c a l e h e i g h t no l a r g e r t h a n t h a t f o r o l d 

d i s c s t a r s . 

T h is d a r k m a t t e r i s most p r o b a b l y b a r y o r i i c , as i t s 

c o n c e n t r a t i o n towards t h e G a l a c t i c p l a n e suggests t h a t 

energy d i s s i p a t i o n has o c c u r r e d which i s d i f f i c u l t t o 

understand i f weakly i n t e r a c t i n g p a r t i c l e s a re i n v o l v e d . I t 

i s n o t c l e a r however what form t h e baryons t a k e . The h a l o 

dark m a t t e r makes a n e g l i g i b l e c o n t r i b u t i o n t o t h e d i s c 

(Hegyi e t a l . 1986; Bloemen and S i l k 1987) and o b s e r v a t i o n s 

r u l e o u t t h e dark m a t t e r r e s i d i n g as o r d i n a r y b a r y o n i c gas 

( S p i t z e r 1978)„ S m a l l , s o l i d p a r t i c l e s such as d u s t g r a i n s , 

i n t e r s t e l l a r meteors o r i n t e r s t e l l a r comets can be r u l e d o u t 

from a v a r i e t y o f arguments (e.g. T a y l e r 1986; H i l l s 1986) . 

Hegyi e t a l . (1986) have argued from X-ray e m i s s i o n and 

chemical e n r i c h m e n t t h a t the dark m a t t e r i s n o t i n t h e form 

o f b l a c k h o l e s , which seemed t o be c o n s i s t e n t w i t h t h e s t u d y 

o f t h e s u r v i v a l o f wide b i n a r i e s i n t h e s o l a r neighbourhood 

( B a h c a l l e t a l . 1985) i m p l y i n g t h a t t h e unseen d i s c o b j e c t s 

must have a mass < 2 M^. This i n t e r p r e t a t i o n o f wide 

b i n a r i e s has been subsequently c h a l l e n g e d by Wasserman and 

Weinberg (1987) who conclude t h a t no u s e f u l upper mass l i m i t 

can be s e t on t h e unseen o b j e c t s as y e t . H i l l s (1977) 

however, has p o i n t e d o u t t h a t i f t h e d a r k m a t t e r was i n t h e 

form o f massive b l a c k h o l e s , exchange c o l l i s i o n s would cause 

conspicuous a c c u m u l a t i o n i n b i n a r y s t a r s . 

The model o f chemical e v o l u t i o n o u t l i n e d i n Chapter 3 

and examined i n more d e t a i l e a r l i e r i n t h i s Chapter, 

i n c l u d e s an e x p l i c i t form f o r dark m a t t e r . I n t h i s c o n t e x t , 

an e x a m i n a t i o n o f t h e p o s s i b l e n a t u r e o f t h e d a r k m a t t e r i n 
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t h e s o l a r neighbourhood i s now extended. A c o n s t a n t y i e l d 

w i l l be used, f o l l o w i n g t h e r e s u l t s o f t h e p r e v i o u s s e c t i o n , 

and f o r ease o f p r e s e n t a t i o n t h e Bhat e t a l . (1985) v a l u e o f 

2 M i n t h e s o l a r neighbourhood w i l l be used, t h a t i s 

^ = 0.0-9. 

The v a l u e o f t h e r e t u r n e d f r a c t i o n R, which i s computed 

i n t h e model i n d e p e n d e n t l y o f t h e IMF and t h e remnant 

f r a c t i o n w m (see e q u a t i o n 3.32) i s d i r e c t l y r e l a t e d t o t h e 

r e s i d u a l amount o f gas (Ssg)@ , and t h e amount o f s t a r s formed 

d u r i n g t h e l i f e t i m e o f t h e d i s c i f t h e p r e s e n t r a t e o f s t a r 

f o r m a t i o n c o n t i n u e d i n t h e p a s t , t h a t i s (% ) @ t , , a p a r t f r o m 

a weak dependence on p>6. The v a l u e o f i s n o t a 

w e l l - d e t e r m i n e d q u a n t i t y r a n g i n g between 0.5 %pcT^Gy~*' 

( T a l b o t 1980) t o 5.0 % p c = 2 G y = t (SBM 1978). Since R cannot 

be n e g a t i v e , from t h i s p r e s e n t work a lower l i m i t can be 

p l a c e d on (<j>, ) @ t o be g i v e n by ( «J», )Q > 1.7 % pc^Gy" 1 f o r 

t , = 15 Gy. The upper l i m i t t o (ty ) @ depends on how c l o s e 

t o u n i t y t h e v a l u e o f R can be pushed. Using a M i l l e r - S c a l o 

IMF and t h e u s u a l forms f o r w^, i t was shown i n S e c t i o n 

4.2.1 t h a t R s h o u l d be about 0.4, which from e q u a t i o n (3.32) 

g i v e s 

and t h i s v a l u e has been chosen f o r d e v e l o p i n g t h e r e s t o f 

t h e p r e s e n t s e c t i o n . 

N o t i n g t h e u n c e r t a i n t y quoted by B a h c a l l (1986c), a 

range i n t h e p r e s e n t dark f r a c t i o n , S0 , has been t a k e n as 

0.2 - 0.7. For each v a l u e o f St s e v e r a l v a l u e s o f /*© have 

been chosen and k c o n s t r a i n e d i n o r d e r t o produce t h e 

r e q u i r e d (observed) m e t a l l i c i t y g r a d i e n t , d l o g Z/dR = 

-0.06 dex kpc" 0 . Table A.4.1 (Appendix) shows a l l 

)© = 3 M@pc~ Gy (4.14) 
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r e l e v a n t q u a n t i t i e s i n t h e c h e m i c a l e v o l u t i o n model f o r 

c e r t a i n s e l e c t e d cases, where ^gjjg, and a r e computed 

f o r t h e G-dwarf problem and AMR as o u t l i n e d i n Chapter 3. 

F i g u r e 4.6 i s a p l o t o f t h e i n i t i a l gas f r a c t i o n 

(= 0 o95 = S@f a s %> ~ 0„05) ve r s u s t h e p r e s e n t dark m a t t e r 

f r a c t i o n H, . The r e g i o n c o r r e s p o n d i n g t o §t < i s 

0 0.-1 
\ \ 

\ 
0-7 0-25 

\1 
6 8 \ 

0-6 \ 
\ \ \ a1 \ 

\ \ \ 
0-45 

\ 
\ 

0 55 
0-4 0-5 0-6 0 7 

F i g u r e 4.6; The a l l o w e d v a l u e s f o r Jta,S© and § 0 i n o r d e r 
t o produce a m e t a l l i c i t y g r a d i e n t o f 
-0.06 dex kpc"' . The r e g i o n i , < % 0 i s 
excluded as t h e dark m a t t e r f r a c t i o n i s an 
i n c r e a s i n g f u n c t i o n o f t i m e i n t h e case o f no 
i n f a l l . — T h e — s o l i d l i n e s r e p r e s e n t -the l o c i o f 
a l l o w e d parameters r e q u i r i n g c o n s t a n t y i e l d , 
y x , and t h e d o t t e d ones r e p r e s e n t t h e r e q u i r e d 
r a t i o D/(1-R). 

e x c l u d e d , as t h e dark m a t t e r f r a c t i o n i s an ever i n c r e a s i n g 

f u n c t i o n o f t i m e f o r a model t h a t does n o t i n v o k e i n f a l l . 

The s o l i d l i n e s r e p r e s e n t t h e l o c i o f c o m b i n a t i o n s o f %\ and 

r e q u i r i n g c o n s t a n t y i e l d y a , and t h e d o t t e d areas 

r e p r e s e n t t h e r e q u i r e d r a t i o D / ( l - R ) . T h i s F i g u r e suggests 

t h e f o l l o w i n g p o i n t s ; 

( i ) Using Maeder's curve f o r pg— and t h e M i l l e r - S c a l o IMF 
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smoothly extended t o i n c l u d e brown d w a r f s , i t has a l r e a d y 

been found y g = 0.024 and D/(l-R) can be no l a r g e r t h a n 0.1„ 

Now i n F i g u r e 4.6, t h e a p p r o p r i a t e curves do n o t o v e r l a p 

i m p l y i n g from t h e p o i n t o f view o f ch e m i c a l e v o l u t i o n , 

y s ^ 0.024 i s i n c o n s i s t e n t w i t h t h e r e q u i r e d v a l u e o f 

D / ( l - R ) , which i s t o o h i g h p o s s i b l y g r e a t e r t h a n 0.3. They 

would be c o n s i s t e n t i f y g = 0.015 and D/(1=R) = 0.1, t h e 

former, however cannot be r u l e d o u t c o n s i d e r i n g u n c e r t a i n t y 

i n v o l v e d i n e v a l u a t i n g p g m as a f u n c t i o n o f m. 

The IMF o f Rana i s even worse. For D/(l-R) *t 0.1, 

y s 0.03 which r e q u i r e s D/(l-R) from F i g u r e 4.6 t o be 

^ 0 . 5 . For Larson's IMF c o n s i s t e n c y m i g h t be a c h i e v e d w i t h 

an upper mass c u t - o f f t o m e t a l p r o d u c t i o n l e s s t h a n 16 Mg, t o 

g i v e y g i£> 0.02, and D/(1=R)M 0.2. T h i s would p r e d i c t 

§t = 0.57 and = 0.47, b u t t h e r e i s ev e r y i n d i c a t i o n t h a t 

m m s h o u l d be > 16M@ ( O l i v e 1986) . The IMF f o r t h e c o n s t a n t 

SFR case o f Scalo (1986) g i v e s t o o l i t t l e d a r k m a t t e r 

compared t o B a h c a l l ' s v a l u e i n t h e s o l a r neighbourhood, 

( i i ) To s a t i s f y t h e c o n d i t i o n y g = 0.024 s t r i c t l y f o r t h e 

M i l l e r - S c a l o IMF i t would i m p l y t h e f o l l o w i n g . Depending on 

the v a l u e o f / j e , &t s h o u l d l i e i n t h e range 0.5-0.6. I f yu© 

i s t a k e n t o be somewhat l e s s t h a n u n i t y , say 

M& = 0.65 + 0.15 l e a v i n g enough room f o r p r o d u c i n g t h e 

i n i t i a l m e t a l l i c i t y by a p r e - d i s c g e n e r a t i o n , 8j i s found t o 

be 0.55 + 0.05 which suggests ( g & ) @ = 41 + 4 % p c " 2 and 

(£$)e= 30 T 4 M^pc"2* f o r (S T) = 75 M @pc~ a . Since, l i k e t h e 

m e t a l l i c i t y , t h e change i n S from 8^(^,0.25) t o 3g d u r i n g 

t h e e v o l u t i o n o f t h e d i s c i s comparable t o t h e d a r k 

m a t t e r i n t h e s o l a r neighbourhood i s p o s s i b l y t o t a l l y 

b a r y o n i c . The r e q u i r e d v a l u e o f D/(l-R) i s t h e n 
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= 0o4 + 0,1, T h i s c o n d i t i o n can be met w i t h t h e h y p o t h e s i s 

o f a l a r g e p o p u l a t i o n o f brown dwarfs„ p r o v i d e d t h e IMF a t 

th e l ower mass end i s remarkably d i f f e r e n t f rom t h e one 

suggested by M i l l e r and Scalo. The h y p o t h e s i s o f b l a c k 

h o l e s can h a r d l y do t h e j o b w i t h o u t c h a n g i n g R and y^ 

a p p r e c i a b l y . For brown d w a r f s , changes can always be made 

i n t h e l o w e r end o f t h e mass spectrum ( S e c t i o n 4.2.3) i n 

o r d e r t o upgrade t h e r a t i o D/(1=R) and t h e r e v i s e d v a l u e o f 

R, i f any, can be r e a d j u s t e d w i t h t h e v a l u e o f ( $ ) @ . 

( i i i ) I f y 2 t u r n s o u t t o be 8£ 0.015 ( c a l c u l a t e d from p ^ and 

th e IMF) i t w o u l d b a s i c a l l y s u p p o r t t h e M i l l e r - S c a l o form o f 

th e IMF w h i c h advocates v e r y few brown d w a r f s . T h i s 

s o l u t i o n w i l l c a l l f o r s i m i l a r o r somewhat h i g h e r v a l u e s o f 

^A©, b u t %n has t o be l e s s t h a n 0.45. The r e q u i r e d v a l u e o f 

% & i s however esO.35 which must e x i s t p r i o r t o t h e f o r m a t i o n 

o f t h e d i s c . T h i s i m p l i e s a r e m a r k a b l y d i f f e r e n t IMF f o r 

t h e p r e - d i s c p o p u l a t i o n , i f S© i s b a r y o n i c . From 

t h e o r e t i c a l d e r i v a t i o n s o f t h e IMF f o r z e r o - m e t a l s t a r s , 

Y o s h i i and Saio (1986) suggest t h a t t h e IMF c o u l d be 

s u b s t a n t i a l l y d i f f e r e n t , b u t p r e l i m i n a r y e s t i m a t e s o f d a r k 

m a t t e r produced by t h i s IMF do n o t p r o v i d e t h e r e q u i r e d S@ 

(Rana 1987a). I t i s d i f f i c u l t t o imagine how a s u b s t a n t i a l 

f r a c t i o n o f IS® c o u l d be non-baryonic because o f t h e 

d i f f i c u l t y o f c o n f i n i n g t h e m a t t e r i n t o t h e s h a l l o w 

p o t e n t i a l w e l l o f t h e d i s c . 

( i v ) For t h e more r e c e n t IMFs t h e s i t u a t i o n v a r i e s . Rana's 

IMF would f o l l o w t h e above d i s c u s s i o n b u t would r e q u i r e a 

modest mass c u t - o f f t o m e t a l p r o d u c t i o n i n o r d e r t o g i v e 

y s < 0.03. The IMF o f Larson (1986) can p r o v i d e 

D/(l-R) ̂  0.2 i n t h e form o f dead s t e l l a r remnants r a t h e r 
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t h a n brown d w a r f s . However, a s m a l l upper c u t - o f f mass t o 

m e t a l p r o d u c t i o n , < 16 M@, i s needed f o r c o n s i s t e n c y i n t h e 

s o l a r neighbourhood, which as d e s c r i b e d p r e v i o u s l y may be 

u n r e a l i s t i c . A f u r t h e r u n c e r t a i n t y concerns t h e c o o l i n g 

t i m e o f w h i t e dwarf remnants (e.g. O l i v e 1986; D'Antona and 

M a z z i t e l l i 1986). A m o d i f i c a t i o n o f Larson's bimodal IMF 

may overcome these problems ( O l i v e 1986). The IMF o f Scalo 

(1986) w i t h c o n s t a n t SFR cannot p r o v i d e dark m a t t e r i n 

b a r y o n i c form t o s o l v e t h e dark m a t t e r v a l u e s g i v e n by 

B a h c a l l ( 1 9 8 6 c ) . 

(v) F i n a l l y , i t s h o u l d be noted t h a t t h e a c t u a l e s t i m a t i o n 

of Sj a t p r e s e n t i s v e r y u n c e r t a i n . Some e s t i m a t e s o f (f^-)*. 

and a t p r e s e n t i n t h e s o l a r neighbourhood may i m p l y an 

o v e r e s t i m a t e o f by B a h c a l l , s u g g e s t i n g l i t t l e d a r k m a t t e r 

a t a l l (e.g. Gilmore and Wyse 1987; Bienayme e t a l . 1987). 

F u r t h e r m o r e , Rana (1987a) i n a d e t a i l e d study o f t h e IMF and 

an e x t e n s i o n o f t h e above d i s c u s s i o n , argues t h a t i t i s 

p o s s i b l e t o s a t i s f y t h e o b s e r v a t i o n a l c o n s t r a i n t s on t h e 

l o c a l d y n a m i c a l mass w i t h v e r y l i t t l e d ark m a t t e r . I f t h i s 

i s t h e case t h e n bimodal IMFs and o t h e r m o d i f i c a t i o n s are 

n o t n e c e s s a r i l y r e q u i r e d . 

4.5 METALLICITY GRADIENTS IN SPIRAL GALAXIES 

The e x i s t e n c e o f abundance g r a d i e n t s i n s p i r a l g a l a x i e s 

p r o v i d e s a good o b s e r v a t i o n a l t e s t f o r many t h e o r i e s o f t h e 

c h e m i c a l e v o l u t i o n o f g a l a x i e s . However, t h e need f o r h i g h 

q u a l i t y d a t a f o r t h e observed mass d i s t r i b u t i o n s and m e t a l 

abundances r e s t r i c t s t h e number o f e x t e r n a l s p i r a l s f o r 

which r e l i a b l e r e s u l t s can be o b t a i n e d . 

S T 
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I t was shown i n t h e p r e v i o u s Chapter, t h a t g i v e n an SFR 

o f t h e form ^ fS ( X E ^ Ẑ 1 , t h e m e t a l l i c i t y g r a d i e n t i s an 

outcome o f k | 1 and t h e r a d i a l v a r i a t i o n o f f o r a c l o s e d 

model o f t h e e v o l u t i o n o f the G a l a c t i c d i s c S e c t i o n 4,3 

showed t h a t a c o n s t a n t y i e l d was a t p r e s e n t p r e f e r a b l e t o a 

m e t a l l i c i t y dependent y i e l d , and so y^ = c o n s t a n t ( o r n = 0) 

w i l l be used i n t h e f o l l o w i n g . , The v a r i a t i o n o f t h e p r e s e n t 

m e t a l l i c i t y , Z„ a t d i f f e r e n t was t h e n d e r i v e d , and i s now 

r e - w r i t t e n as 

pz -cc-t 
dZ = E'tgpfRg) (4.15) 

kb 
Z e x p [ ( l - k ) G Z ] 

* Z@ 
t o show e x p l i c i t l y t h e t i m e dependence. The c o n s t a n t , E" 

can be e v a l u a t e d i n t h e s o l a r neighbourhood a t p r e s e n t 

( t , = 15 Gy), 

E' = ( l - R ) C X k e x p [ ( k - l ) G Z p ] (4.16a) 

dZ (4.16b) 
kb 

Z e x p [ ( l - k ) G Z ] 

T h i s a l l o w s t h e c a l c u l a t i o n o f t h e m e t a l l i c i t y g r a d i e n t a t 

any t i m e t d u r i n g t h e e v o l u t i o n o f t h e G a l a c t i c d i s c . I t 

was shown t h a t f o r t , = 15 Gy, t h e p r e s e n t m e t a l l i c i t y 

g r a d i e n t o f - 0.06 dex kpc was produced f o r k as 1.4, 

b = 1.3 (from Chapter 2) and G d e r i v e d from t h e f i t t o t h e 

G-dwarf problem (Paper IV and Table A.4.1). 

P r e v i o u s workers have a t t e m p t e d t o d e r i v e m e t a l l i c i t y 

g r a d i e n t s i n s p i r a l g a l a x i e s i n terms o f t h e gas f r a c t i o n 

(e.g. C l a y t o n 1987; e q u a t i o n s 3.36 and 3.37). However, t h i s 

i s n o t p a r t i c u l a r l y s a t i s f a c t o r y due t o u n c e r t a i n t y i n 

e s t i m a t i n g the gas d e n s i t y §g . For a number o f g a l a x i e s o n l y 
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dL^E i s a v a i l a b l e , n e g l e c t i n g t h e importance o f 2 ^ „ Even i n 

g a l a x i e s t h a t have been mapped i n CO, t h e CO -^SH^ c o n v e r s i o n 

f a c t o r i s u n c e r t a i n by a l a r g e f a c t o r . T h e r e f o r e , t h e use 

of jp, t o p r e d i c t abundance g r a d i e n t s must be used 

t e n t a t i v e l y . T o s i and Diaz (1985) i n t h e i r models whic h 

show r e a s o n a b l y good agreement w i t h m e t a l l i c i t y g r a d i e n t s i n 

nearby s p i r a l s , r e c o g n i s e t h a t these d e r i v e d g r a d i e n t s a r e 

s t r i c t l y r e l a t e d t o t h e gas f r a c t i o n and th u s depend on t h e 

methods employed i n t h e d e r i v a t i o n o f t h e gas d i s t r i b u t i o n s . 

F u r t h e r m o r e , t h e d e r i v a t i o n o f t h e m e t a l l i c i t y g r a d i e n t from 

ps. does n o t i l l u s t r a t e i t s p r o d u c t i o n from a f l a t i n i t i a l 

m e t a l l i c i t y d i s t r i b u t i o n , i t s i m p l y d e r i v e s a g r a d i e n t from 

an a l r e a d y e x i s t i n g p. g r a d i e n t . I t was f o r t h i s reason t h a t 

t h e f orm (4.15) was adopted l i n k i n g t h e p r e s e n t m e t a l l i c i t y 

t o t h e v a r i a t i o n i n t h e b e t t e r d e t e r m i n e d q u a n t i t y ET, Of 

course t h e m e t a l l i c i t y i s r e l a t e d t o t h e gas f r a c t i o n 

( e q u a t i o n 3.17), and l a t e r w i l l be d e r i v e d from t h e 

observed m e t a l l i c i t y g r a d i e n t r a t h e r t h a n v i c e - v e r s a . 

Lequeux e t a l . (1979) and Kinman and Davidson (1981) 

found t h a t t h e abundance o f me t a l s i n i r r e g u l a r g a l a x i e s 

i n c r e a s e d s y s t e m a t i c a l l y w i t h t o t a l mass, i n q u a l i t a t i v e 

agreement w i t h e q u a t i o n (4.15) i f k > 1. A l t h o u g h i t has 

been argued t h a t t h i s h o l d s f o r o n l y a few low mass 

i r r e g u l a r g a l a x i e s (Hunter e t a l . 1982), a r e l a t i o n s h i p 

between m e t a l l i c i t y and t o t a l s u r f a c e d e n s i t y across t h e 

d i s c s o f s p i r a l g a l a x i e s has been observed (McCall 1982; 

Edmunds and Pagel 1984a; G a r n e t t and S h i e l d s 1987). I n 

F i g u r e 4.7a, a p l o t o f abundances a g a i n s t s u r f a c e mass 

d e n s i t y (fy o f s t a r s i n t h e d i s c i s reproduced from Edmunds 

and Pagel (1984a). The s u r f a c e mass d e n s i t i e s have been 
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F i g u r e 4.7 (a) P l o t o f oxygen abundance a g a i n s t s u r f a c e 
mass d e n s i t y o f s t a r s , r e p r o d u c e d from Edmunds 
and Pagel (1984a). The e y e - f i t c u r v e t o t h e 
Scd d a t a i s repeated i n t h e p l o t f o r e a r l y 
s p i r a l s f o r comparison. 

(b) The m e t a l l i c i t y a t t i m e t a f t e r f o r m a t i o n 
of a g a l a c t i c d i s c w i t h i n i t i a l m e t a l l i c i t y Z®, 
as a f u n c t i o n o f t h e t o t a l s u r f a c e mass 
d e n s i t y . T h i s i s t h e c o n s t a n t y i e l d model, 
which g i v e s good f i t s t o t h e G a l a c t i c d i s c , f o r 
k = 1.4. 
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d e r i v e d by M c C a l l (1982) f o l l o w i n g a method due t o Monnet 

and S i m i e n (1977) w h i c h assumes t h a t t h e mass d i s t r i b u t i o n s 

i n t h e b u l g e and d i s c f o l l o w t h e c o r r e s p o n d i n g l i g h t 

d i s t r i b u t i o n s ; w i t h t h i s a s s u m p t i o n t h e r o t a t i o n c u r v e i s 

f i t t e d w i t h j u s t two p a r a m e t e r s , namely t h e m a s s - t o - l i g h t 

r a t i o s o f t h e b u l g e and the d i s c respectively„ As Edmunds 

and P a g e l (1984a) p o i n t out, t h i s means t h a t t h e e f f e c t o f 

unseen h a l o m a t e r i a l i s not e x p l i c i t l y t a k e n i n t o a c c o u n t 

e x c e p t t h r o u g h i t s i n d i r e c t i n f l u e n c e on t h e d e r i v e d mass t o 

l i g h t r a t i o s . T h i s p r o b a b l y does not i m p a i r t h e p h y s i c a l 

s i g n i f i c a n c e o f <§9 because i n t y p i c a l o b s e r v e d s p i r a l s t h e r e 

i s a n e a r l y u nique r e l a t i o n between t h e s u r f a c e b r i g h t n e s s 

and t o t a l mass s u r f a c e d e n s i t y ( P e t r o u 1981)„ 

F i g u r e 4„7a shows t h a t t h e r e i s a w e l l d e f i n e d a v e r a g e 

l i n e f o r Scd g a l a x i e s (shown by t h e e y e - f i t c u r v e o f Edmunds 

and P a g e l 1984a) and t h a t t h i s same l i n e e s s e n t i a l l y forms a 

lower e n v e l o p e t o the abundances found i n g a l a x i e s o f 

e a r l i e r m o r p h o l o g i c a l t y p e . At a g i v e n ©£j e a r l y t y p e 

g a l a x i e s appear t o have s y s t e m a t i c a l l y h i g h e r abundances 

tha n l a t e t y p e g a l a x i e s ( M c C a l l 1 9 8 2 ) . Now, t h e f i t t i n g o f 

t he G-dwarf problem i n t h e s o l a r neighbourhood a t t | = 15 Gy 

i m p l i e d l o g ( Z ( / Z e ) = 0.57 and assuming Z© was a c o n s t a n t 

w i t h r a d i u s a t time o f f o r m a t i o n o f t h e g a l a c t i c d i s c , 

e q u a t i o n s (4.15) and (4.16) g i v e F i g u r e 4.7b where 

l o g ( Z ( t ) / Z @ ) i s p l o t t e d a g a i n s t S T f o r d i f f e r e n t v a l u e s o f 

t . T h i s u s e s p a r a m e t e r s d e t e r m i n e d t o g i v e good f i t s t o 

G a l a c t i c c h e m i c a l e v o l u t i o n . Comparison o f F i g u r e s 4.7a and 

4.7b s u g g e s t s t h e f o l l o w i n g p o i n t s ; 

( i ) Not s u r p r i s i n g l y , s i n c e t h e model i s f i t t e d t o t h e 

G a l a c t i c d i s c , t h e p r e s e n t t r e n d between m e t a l l i c i t y and 
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t o t a l s u r f a c e d e n s i t y i s r e p r o d u c e d . T h i s i s due p r i m a r i l y 

to t h e adopted SFR (Chapt e r 2) w i t h k - 1 J „ The f a c t t h a t 

o t h e r g a l a x i e s f o l l o w t h i s t r e n d f u r t h e r s u g g e s t s t h a t t h i s 

law o f s t a r f o r m a t i o n i s a p p l i c a b l e i n e x t e r n a l s p i r a l s (of.. 

S e c t i o n 2„5* 2)„ 

det e r m i n e d by t h e age of t h e d i s c , t . F o r any p a r t i c u l a r , 

ETi Z i n c r e a s e s w i t h t , t h a t i s t h e a g e - m e t a l l i c i t y r e l a t i o n 

of S e c t i o n 3„4, but t h e r a t e o f change o f Z w i t h time i s a 

f u n c t i o n o f 1? T. F o r t > 15 Gy, Z b e g i n s t o s a t u r a t e f o r 

h i g h ' w h i l e f o r t = 10 Gy i n t h e same regime Z i s s t i l l 

i n c r e a s i n g r a p i d l y . T h i s may p r o v i d e a t e n t a t i v e 

e x p l a n a t i o n o f t h e d i f f e r e n c e i n t h e r e l a t i o n s h i p f o r S c d 

and e a r l y s p i r a l s . The Scd g a l a x i e s f o l l o w v e r y w e l l t h e 

c u r v e f o r t ^ 10 Gy, which may i n d i c a t e t h a t t h e s e g a l a c t i c 

d i s c s formed more r e c e n t l y t h a n t h e G a l a x y . There i s much 

more s c a t t e r i n t h e d a t a f o r e a r l y s p i r a l s , but t h e r e does 

appear t o be a f l a t t e n i n g a t h i g h e r §|> i n d i c a t i v e o f 

t ^ 15 Gy ( f o r example t h e g a l a x i e s NGC 4321 and M83). 

( i i i ) The s p r e a d i n m e t a l l i c i t i e s i n F i g u r e 4.7a c o u l d be 

t h e r e f o r e due s i m p l y t o d i f f e r e n t l e n g t h s o f time o f 

c h e m i c a l e n r i c h m e n t . Of c o u r s e , t h e l a r g e e r r o r a s s o c i a t e d 

w i t h o b s e r v a t i o n and then c a l c u l a t i o n o f abundances, i n 

a d d i t i o n t o p o o r l y known d e p l e t i o n f a c t o r s w i l l c o n t r i b u t e a 

l a r g e amount t o the s c a t t e r . F o r example, i n some g a l a x i e s 

a t a p a r t i c u l a r % t h e r e i s a s p r e a d i n 12+log(P/H) o f 

«v 0.5 dex. I t was argued i n S e c t i o n 3.6, t h a t t h e upper 

e n v e l o p e o f m e t a l l i c i t y o b s e r v a t i o n s i n t h e G a l a x y gave t h e 

c o r r e c t d i s t r i b u t i o n o f t h e p r e s e n t m e t a l l i c i t y Zj . T h i s 

may be a l s o t h e c a s e i n F i g u r e 4.7a, b u t t h e s i t u a t i o n i s 

( i i ) The shape o f t h e Z ( t ) v e r s u s r e l a t i o n s h i p i s 
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f a r from c l e a r . The problem once a g a i n i s how t o t r a n s l a t e 

t h e computed v a l u e o f Z/Z@ onto the 12+log(0/H)i p l o t . I t 

may be an o v e r s i m p l i f i c a t i o n t o assume t h a t a l l o f t h e s e 

g a l a c t i c d i s c s formed w i t h r o u g h l y the same i n i t i a l 

m e t a l l i c i t y . Even s o , t h e a d o p t i o n o f an i n i t i a l 

m e t a l l i c i t y o f 12-f-log (0/H) = 8,3 t a k e n f o r the G a l a x y , would 

l e a v e o n l y a few p o i n t s i n t h e Scd g a l a x i e s below t h i s 

b a s e l i n e (and w i t h i n 2e?). I t i s i n t e r e s t i n g t h a t both s e t s 

of d a t a seem to f l a t t e n o f f a s — c O , to 12+log(0/H) *v 8.3. 

I n t h e s e o u t e r p a r t s o f s p i r a l d i s c s l i t t l e s t a r f o r m a t i o n 

(and t h e r e f o r e l i t t l e c h e m i c a l e n r i c h m e n t ) i s o b s e r v e d and 

t h e r e f o r e o b s e r v a t i o n s c o u l d be q u i t e c l o s e t o t h e i n i t i a l 

m e t a l l i c i t y . I f t h i s were t r u e then t h e h i g h e r 12+log(0/H) 

a t a p a r t i c u l a r Sy, t h e l o n g e r t h a t r e g i o n has been 

u n d e r g o i n g s t a r f o r m a t i o n . 

However, t h e r e i s a second i m p o r t a n t u n c e r t a i n t y and 

t h a t i s a r e 2 ^ and d i r e c t l y comparable? Edmunds and 

P a g e l (1984a) d i s c u s s t h e u n c e r t a i n t y i n d e t e r m i n i n g 

e s p e c i a l l y i n the o u t e r p a r t s of s p i r a l d i s c s where i t i s 

low, and s u g g e s t t h a t i t i s p o s s i b l y u n d e r e s t i m a t e d i n t h i s 

r e g i o n . The v a l u e o f 2 y i s t h e t o t a l mass, t h a t i s v i s i b l e 

and i n v i s i b l e mass. I t i s p o s s i b l e t o c a l c u l a t e 12^ ( t h e 

s u r f a c e d e n s i t y o f v i s i b l e s t a r s ) as a f u n c t i o n o f g a l a c t i c 

r a d i u s and t from t h e c h e m i c a l e v o l u t i o n model ( S e c t i o n 4.7) 

and the r e s u l t i n g log(Z/Z@) v e r s u s logU§ p l o t shows t h e same 

shape a s F i g u r e 4.7b w i t h a s h i f t i n t h e x - a x i s . These 

d i f f i c u l t i e s i n f i x i n g Z& and eg i n F i g u r e 4.7a, mean t h a t 

F i g u r e 4.7b has not been o v e r l a y e d . These u n c e r t a i n t i e s 

however, do not change t h e shape of t h e r e l a t i o n s h i p , w h i c h 

i s d e t e r m i n e d by t . 

-139-



( i v ) T o s i and D i a z (1985) c o n s t r u c t e d d e t a i l e d models o f 

n i n e o f t h e s e g a l a x i e s , and were a b l e t o o b t a i n r e a s o n a b l e 

f i t s by v a r y i n g t h e e = f o l d i n g time o f t h e SFR and the i n f a l l 

r a t e (assumed c o n s t a n t and u n i f o r m ) f o r e a c h G a l a x y . T h i s 

p r e s e n t work s u g g e s t s t h a t m e t a l l i c i t y g r a d i e n t s i n s p i r a l s 

c a n be e x p l a i n e d i n t h e c o n t e x t o f a c l o s e d model, w i t h a 

SFR o f ^ s i m p l y from t h e v a r i a t i o n o f S^. The 

a c t u a l g r a d i e n t i n any one g a l a x y w i l l depend on a number o f 

f a c t o r s , b u t i t i s t e n t a t i v e l y s u g g e s t e d t h a t t h e age o f t h e 

d i s c may be i m p o r t a n t i n d e t e r m i n i n g t h e shape o f the 

m e t a l l i c i t y g r a d i e n t . D e t a i l e d s t u d i e s and b e t t e r abundance 

d a t a o f i n d i v i d u a l g a l a x i e s a r e r e q u i r e d b e f o r e f i r m 

c o n c l u s i o n s a r e drawn, but i f t h i s i s t h e c a s e , t h e n t h e 

r e l a t i o n s h i p between m e t a l l i c i t y g r a d i e n t and t o t a l s u r f a c e 

d e n s i t y may i n d i c a t e t h e age o f a g a l a c t i c d i s c . 

4.6 THE RADIAL DISTRIBUTION OF % IN THE GALAXY 

The SFR on t h e above model i s r e l a t e d t o t h e s u r f a c e 

d e n s i t y of H^ by t h e r e l a t i o n s h i p ^ o C 12^ , w i t h the i n d e x 

k b e i n g i n d e p e n d e n t l y d e t e r m i n e d from t h e r e q u i r e d f i t t o 

t h e o b s e r v e d m e t a l l i c i t y g r a d i e n t . So t h i s v a l u e of k may 

t h e n be u s e d t o i n f e r e i t h e r IS^ o r p r o v i d e d t h e o t h e r i s 

known. U s i n g a c o n s t a n t y i e l d , i t has a l r e a d y been shown 

t h a t i n o r d e r t o produce a G a l a c t i c m e t a l l i c i t y g r a d i e n t o f 

-0.06 dex kpc"', k i s r e q u i r e d t o be i n t h e r ange 1.35-1.48 

w i t h t h e p e r m i t t e d c h o i c e s f o r S 0 and . T h i s S e c t i o n 

assumes k = 1.40 and u s e s the a v a i l a b l e r a d i a l d i s t r i b u t i o n s 

o f t h e s t a r f o r m a t i o n r a t e s *tg t o d e r i v e the c o r r e s p o n d i n g 

r a d i a l d i s t r i b u t i o n o f 25^ i n t h e G a l a x y . T h i s d i s t r i b u t i o n 
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i s t h e n compared w i t h t h e e x i s t i n g c o n t r o v e r s i a l e s t i m a t e s 

of d e r i v e d from t h e o b s e r v e d CO e m i s s i v i t y 

d i s t r i b u t i o n s , and i m p l i c a t i o n s d e r i v e d f o r t h e u n i v e r s a l i t y 

of t he CO—oH^ c o n v e r s i o n f a c t o r , . 

4o6ol A r e l a t i v e d i s t r i b u t i o n o f from SFRs i n t h e G a l a x y 

I n F i g u r e 4,8, a v a i l a b l e d a t a on t h e r a d i a l 

d i s t r i b u t i o n o f t h e p r e s e n t SFRs n o r m a l i s e d t o t h e i r 

r e s p e c t i v e v a l u e s i n the s o l a r neighbourhood a r e p l o t t e d a s 

a f u n c t i o n o f G a l a c t o c e n t r i c r a d i u s . V a l u e s o f @̂ d e r i v e d 

from s t u d i e s o f Lyman continuum e m i s s i o n from H I I r e g i o n s 

a r e shown f o r SBM (1978) and Mezger (1978) . The two works 

sometimes d i s a g r e e a t the 2& l e v e l b e c a u s e o f l a r g e 

d i s c r e p a n c i e s i n t h e i n d i v i d u a l e s t i m a t e s of t h e l i f e t i m e o f 

H I I r e g i o n s and o f d u s t a b s o r p t i o n c o r r e c t i o n s . (Both s e t s 

of d a t a have been i n c l u d e d to show t h e a c t u a l u n c e r t a i n t i e s 

i n v o l v e d i n t h e e s t i m a t i o n of from H I I r e g i o n s ) . A l s o 

shown a r e t h e SFRs d e r i v e d from t h e p u l s a r d i s t r i b u t i o n 

(Lyne e t a l . 1985) and t h e supernova remnants ( G u i b e r t e t 

a l . 197-8). These s u r v e y s a r e o b v i o u s l y l i m i t e d m a i n l y t o 

the s o l a r s i d e o f t h e G a l a x y , but r e a s o n a b l e models f o r t h e 

p u l s a r and SNR d i s t r i b u t i o n s o v e r t h e whole G a l a x y have been 

used t o i n f e r t h e SFRs a v e r a g e d o v e r G a l a c t o c e n t r i c r i n g s o f 

d i f f e r e n t r a d i i . However, s i n c e t h e mass r a n g e s o f t h e 

p r o g e n i t o r s t a r s t h a t l e a d t o t h e f o r m a t i o n o f p u l s a r s and 

SNRs a r e p o o r l y known, the a b s o l u t e v a l u e s o f t h e SFRs 

cannot be a s c e r t a i n e d w i t h c e r t a i n t y , and so r a d i a l 

d i s t r i b u t i o n s r e l a t i v e t o the v a l u e i n t h e s o l a r 

neighbourhood a r e u s e d (as s u g g e s t e d by L a c e y and F a l l 

1985) . 

Now t h e same p l o t can be u s e d t o r e p r e s e n t t h e r a d i a l 
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v a r i a t i o n o f l o g ( l ^ / B j ^ ) p r o v i d e d t h e r e l a t i o n ' I c S ^ i s 

v a l i d , e x c e p t t h a t t h e o r d i n a t e needs t o be s c a l e d up by a 

f a c t o r o f k. Assuming k = I . 4 0 , t h e same d i s t r i b u t i o n o f 

i j — r—J 

<|>6 a I H ; k = 1-40 
6 PULSARSILy.neetfit1985) 

10 5 SNR (Guibepfetal 1978) 
HIKMezger 1978.) 
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F i g u r e 4.8; The p r e s e n t r a d i a l v a r i a t i o n o f t h e SFR, ^ , 
n o r m a l i s e d t o i t s v a l u e i n t h e s o l a r 
neighbourhood. The same p l o t c a n be used t o 
r e p r e s e n t t h e p r e s e n t r a d i a l v a r i a t i o n o f i ? ^ a , 
s i m p l y by r e - s c a l i n g t h e o r d i n a t e by a f a c t o r 
of k, w h i c h has been t a k e n t o be 1.40. The 
r a d i a l v a r i a t i o n s p f , ; ^ d e r i v e d from v a r i o u s 
CO s u r v e y s a r e shown by t h e f a m i l y o f c u r v e s 
marked B, C, R arid S. D o t t e d l i n e s show where 
s u r v e y s a r e i n c o m p l e t e . 

d a t a p o i n t s now r e f e r s t o the p r e d i c t e d r a d i a l d i s t r i b u t i o n 
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of i n t h e G a l a x y r e l a t i v e t o i t s v a l u e i n t h e s o l a r 

neighbourhood. 

Superimposed on t h i s p l o t a r e c u r v e s r e p r e s e n t i n g some 

of t h e d i f f e r e n t e s t i m a t e s o f t h e d i s t r i b u t i o n o f i S H 

d e r i v e d from t h e CO e m i s s i v i t y measurements i n the G a l a x y , 

E a c h d i s t r i b u t i o n has been n o r m a l i s e d t o i t s quoted v a l u e i n 

t h e s o l a r neighbourhood. T h i s n a t u r a l l y e l i m i n a t e s t h e 

e x i s t i n g d i f f e r e n c e s i n t h e a b s o l u t e v a l u e s o f ( E ^ ^ , a r i s i n g 

p a r t l y from d i f f e r e n c e s i n the a b s o l u t e v a l u e s of t h e GO 

e m i s s i v i t y and p a r t l y from d i f f e r e n c e s i n the adopted v a l u e s 

of t h e CO—t>H«£ c o n v e r s i o n r a t i o ( C h a p t e r 1 ) , I n t h i s p l o t , 

o n l y t h e s h a p e s o f v a r i o u s r a d i a l d i s t r i b u t i o n s of 2 ^ a r e 

r e l e v a n t . The f o u r c o n t i n u o u s c u r v e s l a b e l l e d B, C, S and 

R r e f e r t o d i s t r i b u t i o n s i n t h e i n n e r G a l a x y a v e r a g e d f o r 

t h e n o r t h and s o u t h ( t h a t i s , a v e r a g e d a l o n g the M i l k y Way 

on e i t h e r s i d e o f t h e c e n t r e of t h e G a l a x y ) , r e s p e c t i v e l y 

g i v e n by B h a t e t a l . ( 1 9 8 5 ) , Cohen e t a l , ( 1 9 8 5 ) , SSS (1984) 

and Robinson e t a l . ( 1 9 8 4 ) . These d i s t r i b u t i o n s were c h o s e n 

t o i l l u s t r a t e and encompass t h e range o f the many o t h e r 

p u b l i s h e d d i s t r i b u t i o n s . The l a s t t h r e e d i s t r i b u t i o n s a r e 

d e r i v e d i n d e p e n d e n t l y o f one a n o t h e r , e a c h group u s i n g an 

i n d e p e n d e n t CO s u r v e y o f i t s own. The B h a t e t a l . 

d i s t r i b u t i o n u s e s t h e CO s u r v e y o f SSS ( 1 9 8 4 ) , adopts a 

l o w e r ©$2® ^ n t n e s o l a r neighbourhood and a p p l i e s a 

d i f f e r e n t i a l m e t a l l i c i t y c o r r e c t i o n t o ©£39° The 

o b s e r v a t i o n s f o r the o u t e r G a l a x y ( t h a t i s , f o r . 

R^ > 10 k p c ) , a r e fewer and a r e shown by d o t t e d l i n e s where 

t h e s a m p l i n g i s i n c o m p l e t e . Only SSS g i v e an o b s e r v a t i o n a l 

d i s t r i b u t i o n o f 2 ^ f o r t h e o u t e r G a l a x y a s f a r as 14.5 kpc 

but f o r t h e n o r t h e r n d e c l i n a t i o n s o n l y . U s i n g a m e t a l l i c i t y 
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c o r r e c t i o n t o B h a t e t a l = s u g g e s t v a l u e s t h a t a r e 

r e p r e s e n t e d by t h e d o t t e d c u r v e . Robinson e t a l . g i v e 

v a l u e s f o r t h e a v e r a g e o f n o r t h and s o u t h w h i c h e x t e n d o n l y 

up t o Rg = 11 kpCo Now w i t h r e f e r e n c e t o F i g u r e 4.8 t h e 

f o l l o w i n g p o i n t s may be noted % 

( i ) W i t h i n t h e s o l a r c i r c l e , a l m o s t a l l of t h e d a t a p o i n t s 

l i e w i t h i n t h e bounds o f a l l CO~based e s t i m a t e s t h e r e b y 

j u s t i f y i n g t h e r e s u l t o f ®£ }!>> w i t h k ^ 1.4-0„ I n f a c t , 

s i n c e t h e v e r t i c a l s p r e a d of t h e SFR d a t a i s c o n s i d e r a b l y 

n a r r o w e r t h a n t h a t found among the d i f f e r e n t CO s u r v e y s , 

t h e s e r e s u l t s may f u r t h e r be u s e d t o c o n s t r a i n them. 

( i i ) O u t s i d e t h e s o l a r c i r c l e , t h e agreement between t h e 

SFR d a t a and t h o s e from t h e C O - s u r v e y s i s r a t h e r poor. T h i s 

i s p r o b a b l y due t o an u n d e r e s t i m a t e o f i n t h e o u t e r 

G a l a x y from t h e C O - s u r v e y s , f o r a number o f r e a s o n s . The CO 

s u r v e y d a t a i n t h e o u t e r G a l a x y i s i n c o m p l e t e whereas t h e 

o b s e r v e d SFRs d e r i v e d from the p u l s a r s , SNRs and H I I r e g i o n s 

i n c l u d e t h e r e g i o n s t h e SSS CO s u r v e y does not 

( £ = 170-330®). When t h e CO s u r v e y d a t a i s c o m p l e t e , t h e r e 

i s a p o s s i b i l i t y t h a t t h e a v e r a g e of t h e n o r t h and s o u t h 

w i l l r i s e t o t he l e v e l r e q u i r e d by t h e o b s e r v e d a c t i v i t y o f 

s t a r f o r m a t i o n i n t h e r i n g as a whole. I n f a c t , t h e t r e n d 

of R o b i n s o n e t a l . ' s measurement o f t h e n o r t h and s o u t h 

beyond t h e s o l a r c i r c l e s u g g e s t s s u c h a p o s s i b i l i t y . 

K u t n e r and Mead (1981) had argued f o r a s i m i l a r 

u n d e r e s t i m a t e o f Hg i n t h e o u t e r G a l a x y due t o t h e l a r g e 

m o l e c u l a r complexes b e i n g s h i f t e d upwards from t h e p l a n e , 

but t h e i r a n a l y s i s was q u e s t i o n e d by Solomon e t a l . ( 1 9 8 3 b ) . 

However, t h e r e i s s t i l l r e a s o n t o b e l i e v e an u n d e r e s t i m a t e 

may be due t o u n c e r t a i n t i e s i n Bhat e t a l . ( 1 9 8 5 ) ' s 
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use o f a m e t a l l i c i t y c o r r e c t i o n s t i l l u n d e r e s t i m a t e s i n 

F i g u r e 4.8, but t h e y p o i n t out t h a t t h i s c o u l d s t i l l be an 

u n d e r e s t i m a t e b e c a u s e i n t he q u i e s c e n t c l o u d s i n t h e o u t e r 

G a l a x y a l a r g e f r a c t i o n o f CO would be l o c k e d i n t o g r a i n s , 

van D i s h o e c k and B l a c k (1987) f u r t h e r p o i n t o u t t h a t s t r o n g 

CO l i n e e m i s s i o n i s e x c i t e d e f f i c i e n t l y o n l y i f t h e d e n s i t y 

e x c e e d s a c e r t a i n c r i t i c a l v a l u e . I f t h e mean c l o u d 

d e n s i t i e s a r e low i n t h e o u t e r G a l a x y , t h e r e may be 

s i g n i f i c a n t l y more t h a n i s s u g g e s t e d by t h e weak CO l i n e 

e m i s s i o n . The u n d e r e s t i m a t e o f may a l s o be l i n k e d t o a 

G a l a c t o c e n t r i c t e m p e r a t u r e g r a d i e n t a f f e c t i n g iSi^ (Maloney 

and B l a c k 1 9 8 7 ) . 

T h e r e f o r e , w h e t h e r t h e i s u n d e r e s t i m a t e d b e c a u s e o f 

i n c o m p l e t e CO s u r v e y s , o r because o f an even l a r g e r ei^ i n 

the o u t e r G a l a x y t h a n adopted by Bhat e t a l . ( 1 9 8 5 ) , a t t h e 

moment t h i s w i l l be l e f t a s a p r e d i c t i o n . 

( i i i ) Among t h e f o u r CO-based d i s t r i b u t i o n s f o r t h e 

i n n e r G a l a x y , t h e SFR d a t a seem t o f a v o u r t h e Cohen e t a l . 

and B h a t e t a l . d i s t r i b u t i o n s i n t h e i n n e r G a l a x y . The d a t a 

however f a i l s t o be c o n s i s t e n t w i t h t h e shape o f Robinson e t 

a l . ' s d i s t r i b u t i o n , b u t m a r g i n a l l y f i t s t h e SSS 

d i s t r i b u t i o n . 

( i v ) I f , i n v i e w o f t h e above p o i n t , t h e CO d i s t r i b u t i o n of 

Cohen e t a l . (1985) i s c o r r e c t , t h e shape o f t h e i r 

d i s t r i b u t i o n i s s u c h t h a t t h e i r v a l u e s do not r e q u i r e any 

a p p r e c i a b l e r a d i a l g r a d i e n t c o r r e c t i o n s f o r s u c h a s 

m e t a l l i c i t y o r t e m p e r a t u r e g r a d i e n t s . On t he o t h e r hand, i f 

th e CO s u r v e y o f SSS i s c o r r e c t , t h e y would r e q u i r e a 

g r a d i e n t c o r r e c t i o n , e i t h e r i n m e t a l l i c i t y and/or 

t e m p e r a t u r e i n o r d e r t o make t h e i r d i s t r i b u t i o n f u l l y 

-145-



c o m p a t i b l e w i t h t h e SFR d a t a . F o r example, a m e t a l l i c i t y 

c o r r e c t i o n may be i n t r o d u c e d by assuming 

e * t e e g (4.17) 

where'Bhat e t a l . (1985) have used n' = 1. I f n" were t o be 

d e t e r m i n e d from t h e r e q u i r e m e n t o f c o m p a t i b i l i t y w i t h t h e 

SFR d a t a i n the i n n e r G a l a x y , t h e SSS CO d i s t r i b u t i o n would 

r e q u i r e n' m 0.8 - 0.9. Upon t h e same c o n s i d e r a t i o n , 

Robinson e t a l . ' s c u r v e would r e q u i r e a m e t a l l i c i t y 

c o r r e c t i o n w i t h n' > 1.5. S i m i l a r l y , a s u i t a b l e r a d i a l 

g r a d i e n t f o r t h e gas t e m p e r a t u r e Tfj f o l l o w i n g 

^2® «£ T^' 3 (4.18) 

( K u t n e r and Leung 1985) may a l s o be s t u d i e d f o r each 

d i s t r i b u t i o n l e a d i n g t o d i f f e r e n t v a l u e s o f t h e exponent. 

I t must be s t r e s s e d t h a t a t p r e s e n t i t i s d i f f i c u l t t o 

d i s t i n g u i s h between t h e m e t a l l i c i t y c o r r e c t i o n and t h a t o f 

t h e t e m p e r a t u r e v a r i a t i o n . E i t h e r or both f a c t o r s may be 

r e s p o n s i b l e . At p r e s e n t a l l t h a t can be s a i d i s t h a t some 

r a d i a l g r a d i e n t i n ©£^g i s needed f o r the SSS and Robinson e t 

a l . C O -surveys i n d e r i v i n g H^, assuming t h a t t h e v a l u e 

k = 1.40 i s r e a s o n a b l y a c c u r a t e . 

(v) P r e v i o u s work (Rana and W i l k i n s o n 1986b) c a r r i e d o u t a 

s i m i l a r a n a l y s i s t o t h e above, but i n t h e c o n t e x t of a 

v a r i a b l e y i e l d model o f G a l a c t i c c h e m i c a l e v o l u t i o n w h i c h 

r e q u i r e d k = 1.12. The c o n c l u s i o n s were t h e same as t h o s e 

g i v e n above e x c e p t t h a t a s m a l l e r m e t a l l i c i t y c o r r e c t i o n t o 

t h e SSS d a t a was r e q u i r e d , i . e . n'£* 0.7. However, i t has 

been p r e v i o u s l y a r gued t h a t the c a s e o f c o n s t a n t y i e l d i s 

p r e f e r a b l e and t h e r e f o r e a h i g h e r v a l u e o f n". 

4.6.2 A t e n t a t i v e d i s t r i b u t i o n of Ha i n the G a l a x y 

A p a r t from t h e shape, i t i s a l s o p o s s i b l e t o p r e d i c t an 
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a b s o l u t e d i s t r i b u t i o n o f 2 ^ from t h e SFR d a t a i n F i g u r e 

4.8, p r o v i d e d t h e v a l u e i n t h e s o l a r n e i g h b o u r h o o d , i s 

known. C h a p t e r 1 summarised t h e u n c e r t a i n t i e s i n t h e CO 

e m i s s i v i t i e s and t h e d e t e r m i n a t i o n o f t h e l o c a l v a l u e o f 

<§%@, I n v i e w o f t h i s c o n t r o v e r s y , we t h e r e f o r e p r e f e r t o 

e s t i m a t e i n d e p e n d e n t l y o f t h e CO s u r v e y s . 

I t h as l o n g been r e a l i s e d t h a t t h e G a l a x y a p p e a r s t o 

c o n t a i n too much gas t h a n c o u l d be o b s e r v e d from t h e p r e s e n t 

SFR i n t h e G a l a x y { T u r n e r 1 9 8 4 ) . I f l a r g e gas c l o u d s a r e 

p r i m a r i l y r e s p o n s i b l e f o r s t a r f o r m a t i o n , t h e y would 

g r a v i t a t i o n a l l y c o l l a p s e on a t i m e - s c a l e o f 10^y, and i n 

t h a t c a s e ( i n o r d e r t o f i t the o b s e r v e d SFR o f & 5 M^y" 1) 

t h e r e s h o u l d n o t be more tha n about 10^ M^ o f gas i n t h e 

Ga l a x y i n t h e form o f l a r g e c l o u d s . Now t h e c e n t r a l 

q u e s t i o n i s , how much i s t h e r e i n t h e G a l a x y ? The 

o r i g i n a l CO s u r v e y s ( S c o v i l l e and Solomon 1975) had c l a i m e d 
a 

a huge amount o f i n t h e G a l a x y , 5.10 M^ and SSS 

(1984) s t i l l c l a i m i t t o be > 3.6.10^ M 0 i n s p i t e of t h e 

f a c t t h a t from t h e %-ray a n a l y s i s and o t h e r arguments, B h a t 

e t a l . (1985, 1986) c o u l d h a r d l y a l l o w f o r M H > 10 M@. 

T h e o r e t i c i a n s t r y i n g to u n d e r s t a n d t h e p r o c e s s o f s t a r 

f o r m a t i o n i n t h e G a l a x y had t o f a c e t h e problem o f 

s t a b i l i s i n g GMCs a g a i n s t s e l f g r a v i t a t i o n . I f t h e a v e r a g e 

l i f e t i m e o f a GMC i s t y p i c a l l y a few t i m e s 10^ y, t h i s would 

impl y an SFR o f w100 M © y~' f o r t h e whole G a l a x y i f t h e SSS 

(1984) M H i s assumed t o be c o r r e c t . T u r n e r (1984) however 

showed t h a t under some c i r c u m s t a n c e s a GMC may b r e a k up i n t o 

s m a l l e r m o l e c u l a r c l o u d s w h i c h may once a g a i n be r e c y c l e d 

through t h e G a l a c t i c s p i r a l d e n s i t y waves on t i m e - s c a l e s 
1 

«?2.10 y t o form more GMCs. Having d e l a y e d t h e s t a r 
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f o r m a t i o n t h i s way, he o b t a i n s a t h e o r e t i c a l SFR of 

g. 20 % y f o r Hn . = 4,10 w h i c h he took from SSS„ I f 

T u r n e r ' s model o f G a l a c t i c s t a r f o r m a t i o n i s a v i a b l e one, 

the p r e s e n t o b s e r v e d SFR o f 5 % y = 0 would s u g g e s t t h a t 

m l o l O M,̂ , I n t e r e s t i n g l y enough, a r e c e n t s t u d y 

( R e n g a r a j a n 1984, 1986) o f the s t a r f o r m a t i o n e f f i c i e n c y i n 

m o l e c u l a r c l o u d s from t h e F I R o b s e r v a t i o n s a l s o 

i n d e p e n d e n t l y s u p p o r t s t h e above r a t i o o f ^ t o MJJ^ „ 

Now s u i t a b l y b i n n i n g t h e d a t a p o i n t s i n F i g u r e 4.8 and 

e s t i m a t i n g t h e i n t e g r a l f o r t h e t o t a l amount o f i n t h e 

Gal a x y up t o 16 kpc, i t i s found t h a t 1.30 + 

0.20 M^pc f o r a t e n t a t i v e v a l u e o f = 10 M@. R e c e n t l y , 

Dame e t a l . (1987) have o b t a i n e d t h e same v a l u e by summing 

the masses o f t h e l a r g e s t c l o u d s w i t h i n 1 kpc o f t h e Sun but 

assuming (©^J = 5.4. The v a l u e d e r i v e d from t h e SFR 

a n a l y s i s i s i n d e p e n d e n t o f t h e v a l u e o f b u t can be u s e d 

i n c o m p a r i s o n w i t h t h e CO to d e t e r m i n e ( c C ^ g . When a p p l i e d 

to t h e CO d a t a o f SSS ( 1 9 8 4 ) , ( ^ ) © = 2.5 + 0.5, which i s 

c l o s e t o t h e v a l u e a d v o c a t e d by Bhat e t a l . (1985) from t h e 

^ - r a y a n a l y s i s . 

U s i n g ( S ^ ) ^ = 1.3-0 M@>pc~ , F i g u r e 4.9 p r e s e n t s a 

r a d i a l d i s t r i b u t i o n o f B« d e r i v e d e x c l u s i v e l y from t h e SFRs 

i n t h e G a l a x y . E r r o r b a r s a r e d e r i v e d from t h e s p r e a d o f 

the v a l u e s o f d e r i v e d from d i f f e r e n t i n d i c a t o r s . Of 

c o u r s e t h e t r u e d i s t r i b u t i o n i s s u b j e c t t o change by a 

c o n s t a n t f a c t o r f o r a l l R^, f o r any r e v i s i o n of. t h e 

n o r m a l i s a t i o n i n t h e s o l a r neighbourhood. I t s h o u l d be 
no 

noted t h a t G u s t e n and Mezger (1982) have c l a i m e d a G a l a c t i c 

SFR o f 7.5 - 11 M@yCTt which i n t h e above argument would 

r a i s e (lj$4a)@ by a f a c t o r of two. However, t h e i r r a d i a l 
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d i s t r i b u t i o n a p p e a r s n o t t o f o l l o w t h e o t h e r i n d i c a t o r s o f 

s t a r f o r m a t i o n s u c h a s t h e p u l s a r s and SNRs. F u r t h e r m o r e , 

C h a p t e r 6 w i l l show t h a t a l i f e t i m e o f of a few t i m e s 

10^y i s p r o b a b l y an upper 

1 

V 

1 

0 

8 10 12 4 16 
RG (dpc) 

F i g u r e 4.9; A t e n t a t i v e r a d i a l d i s t r i b u t i o n o f U M a as 
s u g g e s t e d by the p r e s e n t work. The v a l u e o f 
Hn a i n t h e s o l a r neighbourhood has been so 
a d j u s t e d t h a t .the t o t a l mass o f i n t h e 
G a l a x y between R§ = 1 and 16kpc c o r r e s p o n d s t o 
1 0 ^ % f o r t h e p r e s e n t SFR o f 5M@y °' . The t r u e 
d i s t r i b u t i o n of l w a i s o f c o u r s e s u b j e c t t o 
change by a c o n s t a n t f a c t o r f o r a l l R§ f o r any 
r e v i s i o n o f t he above n o r m a l i s a t i o n . 

e s t i m a t e . The u s e o f a c o n s t a n t y i e l d l e a d i n g t o k = 1.40, 

does not a f f e c t t h e r e s u l t s o f t h i s a n a l y s i s g r e a t l y . A 

v a r i a b l e y i e l d w i t h k = 1.12 l e a d s t o (2^ a)@ = 1.15 M@pc° , 

(^2©)® = 2.2 and a r a d i a l d i s t r i b u t i o n v e r y s i m i l a r t o 

F i g u r e 4.9 (Paper I I ) . 

With t h e above r e s e r v a t i o n s , t h i s method g i v e s a 
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p o s s i b l e way o f e s t i m a t i n g -k̂  i n t h e G a l a x y i n d e p e n d e n t o f 

the c o n t r o v e r s i a l GO s u r v e y s . Of c o u r s e , i t depends on a 

model o f t h e SFR a s % @£ 1^ a n d t n e f i x i n g o f k by t h e 

o b s e r v e d m e t a l l i c i t y g r a d i e n t , b u t C h a p t e r s 2-4 have a r g u e d 

f o r t h e v a l i d i t y o f t h e s e p o i n t s , 

4,7 RADIAL GRADIENTS IN GAS, STARS AND METALS 

I n t h e p r e v i o u s s e c t i o n , t h e r a d i a l d i s t r i b u t i o n o f 

has been d e r i v e d from the o b s e r v e d SFR t hrough 7g®£;Sg , 

f i x i n g k by t h e r e q u i r e d m e t a l l i c i t y g r a d i e n t . As i n t h e 

c a s e of t h e m e t a l l i c i t y g r a d i e n t , t h i s does not i l l u s t r a t e 

t h e e v o l u t i o n o f the SFR r a d i a l d i s t r i b u t i o n (and t h e r e f o r e 

the Hg d i s t r i b u t i o n ) w i t h t i m e . I t may be f u r t h e r a r g u e d 

t h a t due t o u n c e r t a i n t i e s i n t h e SFR i t s e l f , e s p e c i a l l y i n 

e x t e r n a l s p i r a l s , i t would be h e l p f u l t o see whether t h e gas 

d i s t r i b u t i o n s c a n be d e r i v e d d i r e c t l y from the t o t a l s u r f a c e 

d e n s i t y , S T , ( i n a s i m i l a r manner t o t h e m e t a l l i c i t y 

g r a d i e n t ) so t h a t s p e c i f y i n g t h i s q u a n t i t y f o r any g a l a x y 

w i l l p r e d i c t i t s d i s t r i b u t i o n o f m e t a l s , s t a r s and g a s . 

The c h e m i c a l e v o l u t i o n model, d e s c r i b e d above, i s u s e d 

w i t h t h e s i m p l e s t of a s s u m p t i o n s , t h a t i s , c o n s t a n t y i e l d 

and no i n f a l l . The c a s e n = 0, § ( = 0 . 5 , j&® = 0.6, b = 1.3 

and k = 1.40, d e s c r i b e d i n T a b l e A.4.1 (Appendix) i s u s e d i n 

the f o l l o w i n g . 

The r a d i a l d i s t r i b u t i o n o f S-p i s shown i n F i g u r e 4.10a 

and t a k e n from T a b l e A.2.1 (Appendix) f o l l o w i n g SSS (1984) 

between Rg. = 3 and 15 kpc. The a s s u m p t i o n i s t h e n made t h a t 

the i n i t i a l m e t a l l i c i t y (Z^) and gas f r a c t i o n (̂ a@) a r e 

c o n s t a n t w i t h R^. I n r e a l i t y t h i s may not be s t r i c t l y t r u e , 
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but f o r s i m p l i c i t y i t i s a good a p p r o x i m a t i o n . The 

m e t a l l i c i t y g r a d i e n t i s t h e n d e r i v e d u s i n g e q u a t i o n s 

(4„15)-(4.16) and shown i n F i g u r e 4.10b, e a c h l i n e 

r e p r e s e n t i n g a time s t e p o f 5 Gy a f t e r f o r m a t i o n o f t h e d i s c 

a t t = 0. Of c o u r s e k has been c h o s e n t o g i v e t h e o b s e r v e d 

m e t a l l i c i t y g r a d i e n t o f =0.06 dex kpc a t t - 15 Gy, and 

t h e p r e s e n t m e t a l l i c i t y i n t h e s o l a r neighbourhood has been 

t a k e n a s 12+log(0/H) = 8.90 t o n o r m a l i s e t h e p l o t . 

The v a l u e o f k i s now f i x e d by t h e o b s e r v e d m e t a l l i c i t y 

g r a d i e n t , b i s d e t e r m i n e d by t h e e m p i r i c a l c o r r e l a t i o n 

between p^ and Z ( S e c t i o n 2.4) and a l l o t h e r p a r a m e t e r s a r e 

f i x e d by t h e model o f c h e m i c a l e v o l u t i o n i n t h e s o l a r 

n eighbourhood. T h e r e f o r e , t h e r a d i a l d i s t r i b u t i o n o f SFR, 

g a s , d e n s i t y o f s t a r s and d a r k m a t t e r c a n now be p r e d i c t e d . 

The SFR shown i n F i g u r e 4.10c i s g i v e n by e q u a t i o n s 

(3.12) and (3.17) a s 

\ = CX jfeT|Z_^) e x P [ G ( Z o - Z ) ] j (4.19) 

k 

where X has been t a k e n as a c o n s t a n t . The v a l u e o f CX* c a n 

t h e n be e v a l u a t e d i n t he s o l a r neighbourhood a t t, = 15 Gy, 

C X ^ ^ / M ( 4 .20 - ) 

where (t, )9 = 3 M ^ p c ° a G y = t and { % / % ) @ i s t a k e n from T a b l e 

A.4.1 ( A p p e n d i x ) . 

The t o t a l gas d e n s i t y , I s ^ , i s shown i n F i g u r e 4.10d and 

d e r i v e d u s i n g e q u a t i o n ( 3 . 1 7 ) , t h a t i s 

= ^&m7exp[G(Z@ - Z ) ] (4.21) 

The s u r f a c e d e n s i t i e s of v i s i b l e s t a r s and d a r k m a t t e r a r e 

t h e n g i v e n by 

+ (l-R-D) ( f l h » S , - 1 L ) (4.22) 
(1-R) 
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and 
<£y = " ~ ̂ | > ( 4 o 23) 

and shown i n F i g u r e s 4„10e and 4.10g. F i n a l l y , can be 
derived from by 

1/k 

<!fi^© (4.24) 

where for the s o l a r neighbourhood ( 2 ^ ) ^ = 1.30 i % p c " has 

been taken a t present. The value of then follows 

2W = ~ (4.25) 

These r a d i a l d i s t r i b u t i o n s shown i n F i g u r e (4.10) 

suggest the f o l l o w i n g points % 

( i ) The m e t a l l i c i t y gradient i s a d i r e c t i n d i c a t o r of age 

for any exponential d i s c with no i n i t i a l m e t a l l i c i t y 

gradient ( c f . S e c t i o n 4.4). 

( i i ) The s u r f a c e d e n s i t y of s t a r formation ^ i s 

exponential f o r the f i r s t 7-8 Gy, s l i g h t l y i n c r e a s i n g , but 

then d e c l i n i n g for t > 10 Gy, e s p e c i a l l y i n the c e n t r a l 

p a r t s . The t o t a l SFR for the Galaxy has been estimated 

between Rg = 3 kpc and 15 kpc, 

. f 1-5 kpc -

<j 3kpc 

and i s shown as a function of time i n Figure 4.11. I t can 

be seen t h a t between t = 0 and t = 15 Gy, the SFR has stayed 

p r a c t i c a l l y constant, d e c l i n i n g from i t s o r i g i n a l value by 

l e s s than a f a c t o r of three at t = 15 Gy. T h i s i s 

c o n s i s t e n t with the work of Kennicutt (1983b) and Gallagher 

et a l . (1984) which suggests a roughly constant SFR i n 

l a t e - t y p e s p i r a l g a l a x i e s . 
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Figure 4.11: The t o t a l SFR i n the d i s c of the Galaxy as a 
f u n c t i o n of time a f t e r formation of the d i s c 

( i i i ) The model reproduces q u i t e n i c e l y the p r e s e n t l y 

observed r a d i a l d i s t r i b u t i o n s of ^,12^ , a n d ( t h a t 

i s a Bhat e t a l . type of E% d i s t r i b u t i o n ) , though not 

p e r f e c t l y . The p r e d i c t e d peak of the and 

d i s t r i b u t i o n s occurs a t w 8 kpc whereas observations suggest 

c l o s e r to 6 kpc. However, the f a c t t h a t such an 

e x t r a - o r d i n a r i l y simple model p r e d i c t s a molecular r i n g for 

s p i r a l s i s q u i t e important. The apparent 'hole' i n the 

and t o t a l gas d i s t r i b u t i o n s i n t h i s and other g a l a x i e s has 

been d i f f i c u l t to reproduce i n other models of chemical 

e v o l u t i o n . For example, Lacey and F a l l (1985) f i n d i t 

extremely d i f f i c u l t using i n f a l l and r a d i a l gas flows to 

produce t h i s hole. Only with a 1^e£fj| and with the inflow 

v e l o c i t y r i s i n g s h a r p l y c l o s e to the c e n t r e of the Galaxy i s 

i t p o s s i b l e . Young and S c o v i l l e (1982a) had suggested t h a t 

the hole was due to e i t h e r o r b i t a l d i s r u p t i o n a t the inner 

Lindblad resonance ( c f . Stark arid B l i t z 1978) or to gas 

having been exhausted i n the n u c l e a r bulge. Young (1985a) 



concludes t h a t the nuclear bulge hypothesis i s favoured by 

data on CO d i s t r i b u t i o n s i n e x t e r n a l g a l a x i e s . Sanders 

(1977) had e a r l i e r suggested that the hole was due to gas 

inflow i n t o the c e n t r a l 600 pc of the bulge, and Jog and 

O s t r i k e r (1987) have more r e c e n t l y suggested an inward d r i f t 

of clouds due to v i s c o u s i n t e r a c t i o n thus d e p l e t i n g gas 

w i t h i n 3 kpc. The chemical e v o l u t i o n model, des c r i b e d i n 

t h i s work, however, produces a c e n t r a l hole i n the gas 

d i s t r i b u t i o n s q u i t e n a t u r a l l y without the e f f e c t of the 

bulge being taken i n t o account. I t i s simply due to a high 

SFR i n the c e n t r a l p a r t s . 

Furthermore, there have been a number of attempts to 

e x p l a i n the r e l a t i v e r a d i a l d i s t r i b u t i o n s of HI and 

using, for example, d e n s i t y waves (Roberts and Burton 1976), 

s p i r a l arms (Wys,e 1986) or s t o c h a s t i c s e l f propagating s t a r 

formation (Seiden 1983a,b). The present work r e - a s s e r t s 

t h at these d i s t r i b u t i o n s can be understood i n the context of 
k 

a simple model of G a l a c t i c chemical e v o l u t i o n with ^§©C 

and the f r a c t i o n of gas i n molecular form simply c o n t r o l l e d 

by the m e t a l l i c i t y . 

( i v ) Pagel (1987) pointed out a p o s s i b l e problem with 

^geSS^ , and the Bhat e t a l . (1986) d i s t r i b u t i o n of , 

arguing t h a t i f was roughly constant with Rg a t present, 

while ^ was highest i n the 4-6 kpc r i n g the gas i n t h a t 

r i n g w i l l not l a s t much longer. I f the gas i s not 

r e p l e n i s h e d from an outside source, he predicted a 'wave' of 

gas exhaustion spreading out from the c e n t r a l regions. T h i s 

i s seen c l e a r l y i n p l o t s (d), ( f ) and (h) of Figure 4.10. 

However, i t i s not c l e a r why t h i s should be a problem. I t 

can be seen t h a t there i s s t i l l a s i z e a b l e amount of t o t a l 
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gas remaining up u n t i l 15 Gy„ The p r e s e n t l y observed hole 

could be an i n d i c a t i o n of t h i s gas exhaustion moving out 

through the Galaxy. I f 13| p r e s e n t l y followed the shape of 

as contended by the d i s t r i b u t i o n of SSS (1984), then 

gas would remain i n the 4=6 kpc r i n g f o r a longer time, but 

i t then would be unclear as to what the reason f o r the 

< 4 kpc hole was . 

(v) The s u r f a c e d e n s i t i e s of v i s i b l e s t a r s and dark matter 

remain roughly exponential i n shape a t a l l times 0 

F i n a l l y , one may ask can t h i s model be used to d e s c r i b e 

the e v o l u t i o n of other s p i r a l s . A d e t a i l e d d i s c u s s i o n of 

t h i s i s o u t s i d e the scope of the present work, but some 

i n i t i a l remarks may be made. As a f i r s t attempt, one could 

simply use the d i f f e r e n t t o t a l s u r f a c e mass d i s t r i b u t i o n s 

and keep a l l the other parameters (determined f o r the 

Galaxy) the same. Of course, the normalisation of 

q u a n t i t i e s may be d i f f e r e n t , but the shapes of the r a d i a l 

d i s t r i b u t i o n s w i l l be determined by 2^ and t . T o t a l s u r f a c e 

mass d e n s i t i e s have been taken from Diaz and T o s i (1984) and 

Tos i and Diaz (1985) for three g a l a x i e s , M51, M31 and 

NGC6946 as examples. Determining the m e t a l l i c i t y g r a d i e n t 

between Rg = 6 and 14 kpc a f t e r fe, = 15 Gy, the p r e d i c t e d and 

observed m e t a l l i c i t y gradients are compared i n Table 4.3. 

T a b l e 4.3: P r e d i c t e d and observed m e t a l l i c i t y g r a d i e n t s . 

dlog(Z)/dRQ 

P r e d i c t e d Observed Reference 

M51 -0.067 -0.081+0.027 T o s i 6 Diaz (1985) 

M31 -0.050 -0.030+0.010 Diaz 6 T o s i (1984) 

NGC6946 -0.068 -0.077+0.047 T o s i & Diaz (1985) 
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As can be seen the agreement i s reasonable c o n s i d e r i n g the 

u n c e r t a i n t y i n o b s e r v a t i o n s . 

The s u r p r i s i n g r e s u l t however, i s t h a t f o r each of 

these g a l a x i e s , the p r e d i c t e d d i s t r i b u t i o n e x h i b i t s a 

c e n t r a l hole, s i m i l a r to the Galaxy. The observed CO 

d i s t r i b u t i o n s ( S c o v i l l e and Sanders 1987) show only a 

c e n t r a l hole for M31, while M51 and NGC6946 have CO 

d i s t r i b u t i o n s i n c r e a s i n g towards the c e n t r e . Although a 

m e t a l l i c i t y c o r r e c t i o n as proposed by Bhat e t a l . (1985) 

f l a t t e n s the observed H a d i s t r i b u t i o n , i t does not produce 

c e n t r a l h o l e s . Therefore, e i t h e r the above model i s too 

simple to apply to other g a l a x i e s , or the CO does not 

s u c c e s s f u l l y t r a c e the d i s t r i b u t i o n . No doubt such a 

simple model w i l l need some m o d i f i c a t i o n , but the f a c t t h a t 

the m e t a l l i c i t y g r a d i e n t s are reproduced could r e i n f o r c e the 

growing f e e l i n g t h a t the use of a constant conversion f a c t o r 

i n e x t e r n a l s p i r a l s i s not v a l i d (e.g. Bhat e t a l . 1986; 

Lo e t a l . 1987a; Maloney and Black 1987). Chapter 6 w i l l 

f u r t h e r examine the i s s u e of i n e x t e r n a l g a l a x i e s . 
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CHAPTER FIVE 

PERTURBATIONS OF THE PORT CLOUD AND 

TERRESTRIAL MASS EXTINCTIONS 

5 01 INTRODUCTION 

The s u b j e c t of mass e x t i n c t i o n s of organisms has 

aroused i n t e r e s t for many years, and r e c e n t l y has been 

l i n k e d to the e x i s t e n c e and p r o p e r t i e s of g i a n t molecular 

clouds (e.g. Clube and Napier 1984a,b; Rampino and S t o t h e r s 

1984a). I t i s the i n t e n t i o n of t h i s Chapter to re-examine 

t h i s l i n k i n an attempt to c o n s t r a i n the masses of GMC. 

P o s s i b l e l i n k s of mass e x t i n c t i o n s and other 

t e r r e s t r i a l g e o l o g i c a l events with astronomical phenomenon 

were postulated c e n t u r i e s ago (see the reviews of Clube and 

Napier 1982c and B a i l e y e t a l . 1986) but i t i s only f a i r l y 

r e c e n t l y t h a t a s p e c i f i c hypothesis and a p a r t i c u l a r 

astronomical phenomenon - cometary or m e t e o r i t i c impacts -

has come to the fore (Opik 1958; Urey 1973; Clube 1978; 

Hoyle and Wickramasinghe 1978? Napier and Clube 1979; Hoyle 

1981; H i l l s 1981; Rampino and Stothers 1984a). 

I n p a r t i c u l a r , Alvarez et a l . (1980) showed t h a t deep 

sea limestones showed a marked i n c r e a s e i n i r i d i u m 

concentration above the background l e v e l a t p r e c i s e l y the 

time of the mass e x t i n c t i o n s a s s o c i a t e d with the K-T 

boundary, which included the e x t i n c t i o n of dinosaurs. T h i s 

they a s c r i b e d to the impact of a 10km diameter 

e x t r a - t e r r e s t r i a l body, i n j e c t i n g about s i x t y times i t s own 

mass i n t o the atmosphere and so a f f e c t i n g photosynthesis and 
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food chain s . T h i s i r i d i u m l a y e r has now been detected 

worldwide (Hsu 1980,° S a i t o et a l . 1986,° Alvarez 1987) With 

other s i g n a t u r e s of explosions such as microspherules and 

shocked minerals ( K e l l e r e t a l . 1983; Smit and Kyte 1984; 

Bohor e t a l . 1984). There has even been a c l a i m of a g l o b a l 

l a y e r of graphite a t the K~T boundary, due to the impact 

i g n i t i n g worldwide f i r e s (Wolbach et a l . 1985). S i m i l a r 

i r i d i u m l a y e r s have a l s o been claimed, a s s o c i a t e d with 3 

other periods of mass e x t i n c t i o n s (Ganapathy 1982; Alvarez 

e t a l . 1982; P l a y f o r d e t a l . 1984; Xu e t a l . 1985) 

suggesting other impacts as causes of t e r r e s t r i a l mass 

e x t i n c t i o n s . 

Although the evidence for coincidence of apparent 

impact s i g n a t u r e s with e x t i n c t i o n events i s extremely 

impressive ( J a b l o n s k i 1986) a number of doubts with the 

above p i c t u r e have been expressed. Some impact s i g n a t u r e s 

are found m i d - e x t i n c t i o n and there i s d i f f i c u l t y i n the 

dating of p a l a e o b i o l o g i c a l data i n order to d e r i v e 

coincidences (Crawford 1985; Padian and Clemens 1985). 

Furthermore, d e t a i l e d s t u d i e s of environmental change a t the 

time of major e x t i n c t i o n s may suggest gradual changes r a t h e r 

than the expected abruptness of an impact event (Stanley 

1984; Clemens 1986; Sloan et a l . 1986; Norman 1986; Donovan 

1987). O f f i c e r e t a l . (1987) have r e c e n t l y reviewed the 

a l t e r n a t i v e case for v o l c a n i c a c t i v i t y being the cause of 

mass e x t i n c t i o n s . 

Luck and Turekian (1983) i n examining osmium isotope 

r a t i o s a t the K-T boundary suggested comet showers r a t h e r 

than a s i n g l e impact being the cause. I t i s these comet 

showers t h a t have f u r t h e r been invoked to e x p l a i n a p o s s i b l e 
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p e r i o d i c i t y seen i n the t e r r e s t r i a l record. 

5.1.1 P e r i o d i c i t y i n the t e r r e s t r i a l record 

T r a d i t i o n a l l y i t was thought t h a t each mass e x t i n c t i o n 

event was e s s e n t i a l l y unique and could be explained 

independently by changes i n c l i m a t e , c o n t i n e n t a l 

configurationsj. g l o b a l h a b i t a t area, orogenic a c t i v i t y , 

oceanic or atmospheric chemistry and even e x t r a - t e r r e s t r i a l 

phenomenon. However, Raup and Sepkoski (1982, 1984) using 

e x t i n c t i o n s i n marine i n v e r t e b r a t e s demonstrated an 

apparently r e g u l a r 26 My p e r i o d i c i t y i n the p a t t e r n of 

e x t i n c t i o n s , a f e a t u r e which had long been suspected i n the 

g e o l o g i c a l r e c o r d (e.g. Holmes 1927; F i s c h e r and Arthur 

1977; McCrea 1981). Figures 5.1 and 5.2 are taken from the 

recent work of Sepkoski and Raup (1986) from which they 

derive a period of 26.2 + 1.0 My. The s i g n i f i c a n c e of t h i s 

r e s u l t , i f c o r r e c t , i s t h a t e x t i n c t i o n events are u l t i m a t e l y 

due to a s i n g l e f o r c i n g agent r a t h e r than a pl e t h o r a of 

i n d i v i d u a l causes (McClaren 1983). 

This rough 30 My p e r i o d i c i t y , i n phase with the 

e x t i n c t i o n events, has s i n c e been shown to apply to a wide 

range of g e o l o g i c a l i n d i c a t o r s , as summarised by Table A.5.1 

(Appendix). I n p a r t i c u l a r , the discovery t h a t episodes of 

mass e x t i n c t i o n appear to c o r r e l a t e with the ages of dated 

t e r r e s t r i a l c r a t e r s (e.g. S e y f e r t and S i r k i n 1979; Alvarez 

and Muller 1984) i n d i c a t e s that cometary impacts could play 

a major r o l e . These comet showers, i n a d d i t i o n to causing 

mass e x t i n c t i o n , could p o s s i b l y t r i g g e r geomagnetic 

r e v e r s a l s ( P al and Creer 1986) and v o l c a n i c a c t i v i t y (Pandey 

and Negi 1887; Rampino 1987), although the d e t a i l s of t h i s 

process are f a r from c l e a r . 
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Figure 5.1; (a) The number of e x t i n c t i o n s for marine animal 
f a m i l i e s through 43 stages as measured by 
simple numbers of e x t i n c t i o n per stage over the 
l a s t 270My (Sepkoski and Raup 1986). 
(b) A model of e x t i n c t i o n i n t e n s i t y from 
Sepkoski and Raup (1986). Background 
e x t i n c t i o n , the i n t e n s i t y of normal i n t e r v a l s 
of time, i s shown as a decreasing f u n c t i o n of 
time. The heights of the.8 e x t i n c t i o n peaks 
(which are l e f t unsealed) r e f l e c t the r e l a t i v e 
magnitudes of the events a t f a m i l i a l and stage 
l e v e l s . 

I t i s important, before o u t l i n i n g methods for the 

production of p e r i o d i c comet showers, to be c l e a r about the 

u n c e r t a i n t i e s i n the above p e r i o d i c i t y a n a l y s i s . 

P e r i o d i c i t y i n mass e x t i n c t i o n s u l t i m a t e l y depends on 

d i f f i c u l t d e c i s i o n s concerning the absolute dating of 

s t r a t i g r a p h i c a l boundaries, the c u l l i n g of the database and 

the d e f i n i t i o n of a mass e x t i n c t i o n (e.g. Dingus and Sadler 

1982; S t i g l e r 1985; Hoffmann 1985, 1986; J a b l o n s k i 1986; 
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Figure 5.2; The, c y c l e number a g a i n s t age r e l a t i o n s h i p i s 
shown for- 8 s i g n i f i c a n t e x t i n c t i o n events. The 
s o l i d l i n e i s a l e a s t squares f i t with slope 
corresponding to a period of 26.2 My, while the 
dashed.lines show the range i n slopes f o r 
s o l u t i o n s which pass through the e r r o r bars of 
a l l p o i n t s . (After Sepkoski and Raup 1986). 

Tremaine 1986). Some workers (e.g. P a t t e r s o n and Smith 

1986) using the same data f i n d no evidence f o r p e r i o d i c i t y . 

Furthermore, although the record of mass e x t i n c t i o n s may 

s t a t i s t i c a l l y show p e r i o d i c i t y , i t i s p o s s i b l e t h a t t h i s 

might a r i s e even i f the e x t i n c t i o n s themselves are not 

p e r i o d i c ( c f . K i t c h e l l and Pena 1984). This point i s 

i l l u s t r a t e d i n Figure 5.3, i n which the d i s t r i b u t i o n of time 

i n t e r v a l s between s u c c e s s i v e mass e x t i n c t i o n s i s compared 

with the exponential d i s t r i b u t i o n expected for a random 

process. At f i r s t s i g h t there i s a c l e a r i n c o n s i s t e n c y with 

the random hypothesis, the observed i n t e r v a l d i s t r i b u t i o n 

resembling two d e l t a functions broadened by no i s e , such as 

would be expected from genuine p e r i o d i c i t y with timing 

e r r o r s and o c c a s i o n a l missing c y c l e s . However, the 

d i s p a r i t y could be i l l u s o r y i f an e x t i n c t i o n event i s 
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Figure 5,3; The frequency of the i n t e r v a l s between 
s u c c e s s i v e e x t i n c t i o n s d e t a i l e d by Sepkoski and 
Raup (1986)= The quoted e r r o r s on the 
e x t i n c t i o n dates have been allowed f o r i n an 
approximate way. The arrows i n d i c a t e where 
peaks would be expected f o r a 2 6 My p e r i o d i c i t y 
(the peak a t 52 My occurs when c y c l e s are 
missed). The exponential curve marked 'random' 
r e l a t e s to the e x p e c t a t i o n f o r a purely random 
process. The experimental data appear c l e a r l y 
to favour p e r i o d i c i t y . 

followed by a 'dead time' i n which s u r v i v i n g s p e c i e s are 

more hardy and l e s s prone to e x t i n c t i o n , while new 

s u s c e p t i b l e s p e c i e s develop more slowly (e.g. Stanley 1984). 

I n t h i s way, a n e a r l y random d i s t r i b u t i o n of e x t i n c t i o n 

t r i g g e r s might produce an apparently p e r i o d i c e x t i n c t i o n 

record, though the period would correspond to the dead time 

and the r e q u i r e d frequency of p o t e n t i a l e x t i n c t i o n causes 

would have to be higher. 

This hypothesis would not, of course, n a t u r a l l y e x p l a i n 

detected p e r i o d i c i t y i n other g e o l o g i c a l i n d i c a t o r s . 

However, p e r i o d i c i t y i n these other i n d i c a t o r s i s s t i l l 

c o n t r o v e r s i a l . U n c e r t a i n t i e s i n the c r a t e r i n g record 

include i t s incompleteness, age determinations and the f a c t 

t h a t not a l l s t r u c t u r e s used to suggest p e r i o d i c comet 
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showers are produced by the same type of body (Weissman 

1985? Grieve e t a l . 1986j Jacobs 1986). Doubt has a l s o been 

c a s t on the p e r i o d i c i t y i n geomagnetic r e v e r s a l s (Lutz 1985; 

Raup 1985b; Jacobs 1986), 

However, Sepkoski and Raup (1986) have reconsidered 

some of these questions and s t i l l b e l i e v e the mass 

e x t i n c t i o n record shows evidence fo r p e r i o d i c i t y . The 

present work re-examines the case for p e r i o d i c i t y of 

cometary impacts, f o l l o w i n g the suggestion of McClaren 

(1986) t h a t " s u r e l y the burden of proofs r e s t s , now, f i r m l y 

on the shoulders of those who would deny the e x i s t e n c e of 

t h i s v i o l e n t phenomenon, and f o r them the proof must be ... 

evidence and argument leading to the d e n i a l of 

E a r t h - c r o s s i n g a s t e r o i d s and t h e i r p e r i o d i c a r r i v a l on 

E a r t h ' . Whilst, of course, the e x i s t e n c e of a s t e r o i d s i n 

E a r t h - c r o s s i n g o r b i t s cannot be denied, t h i s work w i l l show 

t h a t p e r i o d i c 30 My v a r i a t i o n s i n the cometary f l u x cannot 

be caused by encounters of the S o l a r System with GMCs, t h a t 

i s the s o - c a l l e d ' G a l a c t i c * model. 

5.1.2 The G a l a c t i c model of t e r r e s t r i a l mass e x t i n c t i o n s 

I t seems very u n l i k e l y t h a t any 30 My p e r i o d i c i t y i n 

the t e r r e s t r i a l record could be due to processes i n the 

E a r t h s u r f a c e and atmosphere or to deep E a r t h processes as 

these have c h a r a c t e r i s t i c periods 10° - 10^y and 10^ - 10^y 

r e s p e c t i v e l y (McCrea 1981). However, the f a c t t h a t the 

30 My c y c l i c i t y i s i d e n t i c a l , w i t h i n the e r r o r s , to the mean 

i n t e r v a l between G a l a c t i c plane c r o s s i n g s by the S o l a r 

System (Innanen e t a l . 1978; B a h c a l l and B a h c a l l 1985) has 

been a major argument i m p l i c a t i n g e x t e r n a l astronomical 

processes as a primary cause of mass e x t i n c t i o n s ( H a t f i e l d 
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and Camp 1970}„ 

I n p r i n c i p l e , a heightened f l u x of comets through the 

inner p l a n e t a r y system could produce s i g n i f i c a n t c l i m a t i c 

d e t e r i o r a t i o n , l e a d i n g to mass e x t i n c t i o n s e i t h e r by the 

d i r e c t e f f e c t s of cometary impacts or by the passage of the 

Ea r t h through streams of d e b r i s from the break up of a l a r g e 

comet (Clube and Napier 1986a,b,1987). I t has been 

suggested (Clube and Napier 1984a,b; Rampino and Stothers 

1984a) that the r e q u i r e d change i n cometary f l u x could be 

caused by passages of the S o l a r System past molecular 

clouds, modulated by the S o l a r System o s c i l l a t i o n , thus 

s i g n i f i c a n t l y d i s t u r b i n g the o r b i t s of comets i n the Oort 

Cloud. According to the view developed by Clube and Napier 

(1984a, 1986a) the present p a r a b o l i c f l u x i s p r i m a r i l y the 

r e s u l t of such an event and the Oort Cloud ( c f . Kresak 1977; 

Yabushita 1979) i s regarded as an unstable system which i s 

i n t e r m i t t e n t l y r e p l e n i s h e d i n r a r e episodes of comet capture 

a s s o c i a t e d with the passage of the Sun through a dense 

molecular cloud c o n t a i n i n g comets (see S e c t i o n 5.5). 

A l t e r n a t i v e l y , the Oort Cloud may be assumed to be 

pri m o r d i a l , with comets a t l a r g e r a d i i u l t i m a t e l y 

o r i g i n a t i n g i n a h y p o t h e t i c a l dense inner core of the 

system, which i s c a l c u l a t e d to be s t a b l e for the l i f e t i m e of 

the S o l a r System ( H i l l s 1981; B a i l e y 1983a,b,c,1986a; 

Shoemaker and Wolfe 1984a; Weissman 1986). Following the 

suggestion of H i l l s (1981), a major d i s t u r b a n c e . o f the 

o r b i t s i n the inner core would produce a s h o r t - l i v e d , 

i n t e n s e 'shower' of comets passing through the inn e r 

planetary system. Provided t h a t the encounters d e f l e c t 

enough comets and the encounter r a t e and degree of 
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modulation agree with the observations, e i t h e r theory i n 

p r i n c i p l e provides a good working hypothesis f o r the 

explanation of e x t i n c t i o n s . 

However, t h i s ( G a l a c t i c ) explanation for p e r i o d i c comet 

showers has been challenged on two grounds. F i r s t , the 

width of the molecular cloud l a y e r may be too grea t i n 

comparison with the amplitude of the s o l a r motion about the 

G a l a c t i c plane to al l o w a s t a t i s t i c a l l y s i g n i f i c a n t 30 My 

p e r i o d i c i t y to be e x t r a c t e d from what i s only a small number 

of dated events i n the t e r r e s t r i a l r ecord (Thaddeus and 

Chanan 1985; Thaddeus 1986). This c r i t i c i s m has been 

discussed by Stothers (1985), who holds t h a t a G a l a c t i c 

s i g n a l could s t i l l be detectable i n the g e o l o g i c a l record, 

even with the Sun's present small amplitude of o s c i l l a t i o n . 

The theory might, of course, be r e s t o r e d by assuming t h a t 

encounters between the Solar System and molecular clouds 

were more s t r o n g l y modulated i n the past, due to the 

amplitude of the s o l a r motion being g r e a t e r p r e v i o u s l y than 

now (e.g. Thaddeus 1986; Clube and Napier 1986a; B a i l e y e t 

a l . 1986). 

The second c r i t i c i s m of the G a l a c t i c e x p l a n a t i o n f o r 

comet showers i s t h a t the present phase of the s o l a r o r b i t 

does not agree with the theory's s i m p l e s t p r e d i c t i o n s 

(Schwartz and James 1984; Davis e t a l . 1984). According to 

expectations, mass e x t i n c t i o n s should mostly occur when the 

Sun i s c l o s e to the G a l a c t i c plane ( i . e . c l o s e to i t s 

present p o s i t i o n , e.g. Mihalas and Binney 1981), whereas the 

evidence of the t e r r e s t r i a l r ecord (Raup and Sepkoski 1984) 

i n d i c a t e s t h a t we are now almost halfway between 

e x t i n c t i o n s . This phase discrepancy could be a t t r i b u t e d to 
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the p a r t l y s t o c h a s t i c nature of the e x t i n c t i o n record, but 

i t n e v e r t h e l e s s does remove some of the theory's i n i t i a l 

a t t r a c t i o n . 

I n a d d i t i o n to examining these two problems, t h i s 

Chapter w i l l a l s o examine the more fundamental problem, t h a t 

of obtaining a l a r g e enough s i g n a l i t s e l f . S e c t i o n 5.2 

presents a d e f i n i t i o n of an ' e x t i n c t i o n " shower and 

estimates the c r i t i c a l semi-major a x i s above which the comet 

v e l o c i t i e s must be randomized i n order to produce a shower 

which might r e g i s t e r i n the g e o l o g i c a l record. S e c t i o n 5.3 

then considers c o n s t r a i n t s on the masses and mass d e n s i t i e s 

of perturbers, i n p a r t i c u l a r GMCs capable of producing 

showers of s u f f i c i e n t strength and frequency to e x p l a i n the 

r e s u l t s on mass e x t i n c t i o n s , while S e c t i o n 5.4 r e t u r n s to 

the s i g n a l - t o - n o i s e and phase problems. F i n a l l y , S e c t i o n 

5.5 examines the question of the s u r v i v a l of the Oort Cloud 

over the l i f e t i m e of the Galaxy. 

There are, of course, a l t e r n a t i v e astronomical 

suggestions f o r the cause of p e r i o d i c mass e x t i n c t i o n s such 

as Nemesis (Davis e t a l . 19,84; Whitmire and Jackson 1984) 

and Planet X (Whitmire and Matese 1985). Nemesis i s a 

postulated unseen s o l a r companion i n a h i g h l y e c c e n t r i c 

o r b i t that p e r i o d i c a l l y enters the Oort Cloud and perturbs 

comets, but such a theory has d i f f i c u l t i e s concerning 

i r r e g u l a r i t i e s i n the period of r e v o l u t i o n and dynamical 

i n s t a b i l i t y (Hut 1984; H i l l s 1984; Torbett and Smoluchowski 

1984; Clube and Napier 1984c; Weissman 1984). P l a n e t X i s a 

s i m i l a r idea, with t h i s time a planet c r e a t i n g comet showers 

whenever i t s p e r i h e l i o n passes c l o s e to the inner d i s c of 

the comet cloud, but i t seems t h a t there are major 
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d i f f i c u l t i e s i n the p l a n e t having enough mass to s c a t t e r 

enough comets (Kerr 1985? Trernaine 1986) . At the present 

time, n e i t h e r of these a l t e r n a t i v e s appears to be a v i a b l e 

explanation for the 30 My p e r i o d i c i t y of comet showers and 

so w i l l not be considered f u r t h e r . 

5.2 THE DEFINITION OF AM EXTINCTION SHOWER 

Long-period comets en t e r i n g the pl a n e t a r y system from 

the Oort Cloud are removed from t h e i r o r i g i n a l o r b i t s by 

planetary p e r t u r b a t i o n s , e i t h e r by e j e c t i o n i n t o 

i n t e r s t e l l a r space or by capture i n t o s h o r t period o r b i t s 

where they q u i c k l y decay, The f l u x of new comets from the 

Oort Cloud thus r e p r e s e n t s a steady l o s s of low angular 

momentum long period comets, which i s desc r i b e d i n v e l o c i t y 

space by a l o s s c y l i n d e r i n the comets' v e l o c i t y 

d i s t r i b u t i o n a t l a r g e h e l i o c e n t r i c d i s t a n c e s . Comets with 

v e l o c i t i e s i n s i d e the l o s s c y l i n d e r , i . e . with p e r i h e l i o n 

d i s t a n c e s q ^ @£ 15AU (B a i l e y 1984) are e f f e c t i v e l y 

removed from the Oort Cloud w i t h i n one o r b i t a l period. 

Provided that p e r t u r b a t i o n s (e.g. due to s t a r s or the 

G a l a c t i c t i d a l f o r ce) are strong enough to r e p l e n i s h these 

l o s s e s o c c u r r i n g on an o r b i t a l t i m e s c a l e with comets l y i n g 

on neighbouring low angular momentum o r b i t s , the l o s s 

c y l i n d e r i s kept f i l l e d and a more or l e s s steady i n f l u x of 

long period comets w i l l r e s u l t . For s m a l l e r semi-major 

axes, however, the o r b i t a l period and the e f f e c t i v e n e s s of 

ex t e r n a l p e r t u r b a t i o n s are both reduced, and a t some value 

of the semi-major a x i s the l o s s c y l i n d e r w i l l not be kept 

s t e a d i l y f i l l e d (Oort 1950? B a i l e y 1977; H i l l s 1981). 
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Occasional c l o s e , e x c e p t i o n a l l y strong p e r t u r b a t i o n s may 
s t i l l f i l l the loss c y l i n d e r , however, and i t i s these 
i n t e r m i t t e n t encounters which lead t o the p o s s i b i l i t y of 
comet showers, the instantaneous i n f l u x of long period 
comets being then much greater than the steady-state value. 
Therefore t o l i n k mass e x t i n c t i o n s t o the nature of the 
p e r t u r b e r s , the p r o p o r t i o n of shower t o background comets 
above which a mass e x t i n c t i o n may be expected t o occur must 
be estimated. Then the c r i t i c a l semi-major a x i s , a

ef.;^ * 
down t o which the loss c y l i n d e r must be f i l l e d i n order f o r 
such a shower t o occur may be evaluated. 
5.2.1. The p r o p o r t i o n of shower t o background comets 

The mechanisms by which comet showers a f f e c t the Earth 
are poorly understood. They range from explosions, caused 
by c o l l i s i o n s of large bodies (Napier and Clube 1979; 
Alvarez e t a l . 1980), t o the p o s s i b l y more important 
long-term environmental and c l i m a t i c e f f e c t s brought about 
by i n t e r a c t i o n s o f the Earth w i t h i n t e r p l a n e t a r y debris on a 
v a r i e t y of scales (e.g. Clube and Napier 1986a,b). 
Discussions of these questions may be found i n the volumes 
edit e d by Roddy e t a l . (1977), S i l v e r and Schultz (1982), 
Holland and T r e n d a l l (1984) and Smoluchowski e t a l . (1986). 
I n f a c t the l i n k between impact and b i o l o g i c a l change i s f a r 
from c l e a r (Heissig 1986; Clemens 1987), and may provide 
another major d i f f i c u l t y f o r comet showers as the cause of 
mass e x t i n c t i o n s . 

However, according t o the G a l a c t i c comet shower 
hypothesis under c o n s i d e r a t i o n , the showers of comets cause 
mass e x t i n c t i o n s and also an enhanced c r a t e r i n g r a t e on the 
Earth, t h i s being the cause of the apparent c o r r e l a t i o n 
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between the ages of dated c r a t e r s and times of mass 
e x t i n c t i o n s (e.g. Shoemaker and Wolfe 1984b). The r e l a t i v e 
number of c r a t e r s which appear t o be associated w i t h showers 
may thus be used t o give a rough i n d i c a t i o n of the r e q u i r e d 
r a t i o of shower t o background comets necessary t o cause a 
mass extinction„ 

Observations of t e r r e s t r i a l c r a t e r s (Grieve 1982) show 
t h a t the r a t e of production of c r a t e r s , f o r example w i t h 
diameter > 10 km, i n t e g r a t e d over the whole e a r t h i s 
(7 + 3),10 y = . Observations of dated c r a t e r s i n d i c a t e 
t h a t about 70% occur bunched i n time as i f associated w i t h 
comet showers (Muller et a l . 1984). The r a t i o of shower t o 
background c r a t e r s i s thus & 70/30, and i f c r a t e r - f o r m i n g 
p r o j e c t i l e s a r i s e from the long-period comet f l u x , a r a t i o 
of shower t o background comets (Rg^) on the order of 
70/30 g£, 2 would be i m p l i e d . However, i f a s i g n i f i c a n t 
p r o p o r t i o n of t e r r e s t r i a l c r a t e r s are caused by p r o j e c t i l e s 
having an unmodulated source, such as the a s t e r o i d b e l t , the 
required modulation of the comet f l u x would be much g r e a t e r . 

Although estimates concerning the c r a t e r i n g record have 
large u n c e r t a i n t i e s , i t i s g e n e r a l l y agreed t h a t most 
c r a t e r s can be explained as a r e s u l t of impacts w i t h bodies 
derived from the observed population of Earth-crossing 
asteroids (Grieve and Dence 1979; Shoemaker 1984). Barely 
5% of the t o t a l c r a t e r i n g r a t e can be a t t r i b u t e d t o the 
present long period comet f l u x (Weissman 1982; Olsson-Steel 
1987) . I f Earth crossing asteroids predominately a r r i v e as 
a r e s u l t of c o l l i s i o n s or g r a v i t a t i o n a l i n t e r a c t i o n s i n the 
a s t e r o i d b e l t ( W e t h e r i l l and Shoemaker 1982; W e t h e r i l l 
1985) , a Rg^ of about 50 would be r e q u i r e d i n order t o 
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e x p l a i n the c r a t e r i n g data. A l t e r n a t i v e l y / observed 
Earth-crossing a s t e r o i d s may o r i g i n a t e from the break up or 
decay of short p e r i o d comets (e.g. Bobrovnikoff 1931? Opik 
1963i Shoemaker 1977; Clube and Napier 
1982b,1984a,b,1986a,b), thus the t e r r e s t r i a l c r a t e r i n g 
record r e f l e c t s changes i n the p o p u l a t i o n of s h o r t p e r i o d 
comets, some of which c e r t a i n l y d e r i v e from the i s o t r o p i c 
near-parabolic f l u x * I f a l l s h o r t p e r i o d comets o r i g i n a t e d 
from t h i s f l u x , the c r a t e r i n g record might i n p r i n c i p l e be 
explained by Rĝ  s> 2. But i f some (possibly the m a j o r i t y 
e.g. Fernandez and I p 1983a,b? B a i l e y 1986b) o r i g i n a t e from 
a h y p o t h e t i c a l inner core t o the Oort Cloud, a presumably 
unmodulated source not d i r e c t l y connected t o the long p e r i o d 
f l u x , the r e q u i r e d v a r i a t i o n i n the l a t t e r would obviously 
be greater. 

Therefore, t o e x p l a i n the apparent p e r i o d i c i t y i n the 
c r a t e r i n g record the comet shower hypothesis ought t o 
p r e d i c t Rgtl > 2. Depending on the u l t i m a t e source of 
Earth-crossing a s t e r o i d s , i t may be t h a t the r e q u i r e d value 
of Rĝ  should have t o exceed 2 by more than an order of 
magnitude, p l a c i n g a correspondingly stronger c o n s t r a i n t on 
the theory. 

5.2.2 The c r i t i c a l semi-major axis 
The c r i t i c a l semi-major a x i s , a g f ^ i i s d e f i n e d as the 

value f o r which a s i n g l e f i l l i n g o f the loss c y l i n d e r down 
to aC(,|k ensures t h a t the p r o p o r t i o n of shower .to background 
comets during a time i n t e r v a l T ^ 30 My w i l l exceed the 
required value R^ > 2. 

Following B a i l e y (1983a,b), a s p h e r i c a l l y symmetrical 
model f o r the comet cloud i s defined so t h a t the number 
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N(E}dE of comets w i t h o r b i t a l energies per u n i t mass E i n 
the range E, E + dE i s given by 

N(E) = K I E / I r ^ , E m m 4 E ̂  E 
(5.1) 

= 0 otherwise 
where E = -GM#/2a, E = ~G%/2R0, E ^ = ~G%/R@ and 
EKiia = =GM^/2a@, K being a constant defined i n terms o f the 
observed near p a r a b o l i c f l u x and other parameters of the 
model, a i s the semi-major axis of the o r b i t , R@ £J 2. 10'* AU 
i s the outer radius of the comet cloud and a^ i s the 
semi-major axis corresponding t o the inner boundary Q f ^he 

cloud. For the Oort (1950) model of the comet cloud % = 5/2 
but f o r the arguably more p l a u s i b l e models ( H i l l s 1981; 
Bailey 1983b, 1986a) we gener a l l y expect =2 < eC < 0. Thus 
the cloud i s c e n t r a l l y condensed having most o f i t s mass i n 
r e l a t i v e l y t i g h t l y bound o r b i t s w i t h a ̂ 10 AU 

I t has r e c e n t l y been shown t h a t the dominant source f o r 
the quasi-steady background comet f l u x i n t o the inner 
planetary system i s the t i d a l force of the Ga l a c t i c d i s c 
(Torbett 1986a,b; Morris and Muller 1986; H e i s l e r and 
Tremaine 1986; Byl 1986; Delsemme 1987), although random 
s t e l l a r p e r t u r b a t i o n s are s t i l l r e q u i r e d t o r e p l e n i s h the 
low angular momentum o r b i t s on which the t i d e can operate. 
Following H e i s l e r and Tremaine (198 6) , the semi-major axis 
â  above which the t i d e keeps the loss c y l i n d e r s t e a d i l y 
f i l l e d may be w r i t t e n (Bailey 1986b) 

V 4071 p0

 K J 
where pQ i s the t o t a l mid-plane den s i t y of Ga l a c t i c 
m a t e r i a l . I n t h i s approximation the s o l a r o r b i t about the 
Galactic plane obeys simple harmonic motion w i t h the 
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i n t e r v a l between successive G a l a c t i c plane crossings 
T = ]i . (5.3) 

(4KG^;)fe 
Assuming T = 30 My gives p9 = 0.194 M #pc~ 3 ( c f . Bahcall 

and Bahcall 1985), so t h a t 
afe = 3.208.10 q AU (5.4) 

where q J g = q t f e /15AU. 
Bailey (1986b) has shown t h a t the i n j e c t i o n r a t e per 

u n i t semi-major axis by the Ga l a c t i c t i d e , f o r comets w i t h 
a > a^ and p e r i h e l i a q d i s t r i b u t e d u n i f o r m l y i n the range 
0 « q ^ q ( o i s 

Ftefe ta) = _K (GM@) R& a ,& Jh (a > a £) (5.5) 
^ 4R 

where 
i / i 

Jk = (2GM@ q|e) (5.6) 
i s the s p e c i f i c angular momentum of a n e a r l y p a r a b o l i c o r b i t 
on the loss c y l i n d e r . 

S e t t i n g x = a/a^, x^ = Re/2a^ and i n t e g r a t i n g (5.5) 
over a > a^, the background i n j e c t i o n r a t e of new comets 
i n t o the pl a n e t a r y system (a ^ a^ and q < q ( & ) becomes 

N^s = KgfiL (G%) q k afc * x ^ ^ d x (5.7) 

and the number of background comets i n j e c t e d d u r i n g a time 
i n t e r v a l T i s simply 

*W = V T" ( 5' 8 ) 

Now the number of shower comets i n j e c t e d as a r e s u l t of 
f i l l i n g the loss c y l i n d e r down t o a semi-major a x i s 
a©polh < % c a n a ^ s o k e c a l c u l a t e d . From (5.1) the t o t a l 
number of comets i n the cloud per u n i t semi-major axis i s 
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N(a) = K GP^ (a© ^ a 4 % / 2 ) (5.9) 

and i f a strong p e r t u r b a t i o n causes the loss c y l i n d e r t o 
become f i l l e d down t o a € r^ , the f r a c t i o n of such comets 
w i t h p e r i h e l i a less than q [ & i s ̂  2qj & /a. Hence the number 
of shower comets may be w r i t t e n 

x ^ d x (5,10) 

where x&f;^ = a&f;^ /a f e. Combining (5.7), (5.8) and (5.10) 
the r a t i o o f shower t o background comets i s obtained. 

R|fo = NgCi = B.fcfe) JxfcHlb x dx, (5.11) 
f X R tf-9/2 
J 1 x dx 

= 1/2 1/2 
where p ( a ^ ) = 2 R ( G M © ) % i s t n e p e r i o d of an o r b i t w i t h 
the semi-major axis a^. Figure 5.4 shows as a f u n c t i o n 
of x e r£ and the power law index ^ of the adopted model o f 
the Oort Cloud. S e t t i n g Rsh = 2 then defines the value of 
aerifc ( f o r a p a r t i c u l a r value of a^) below which the loss 
c y l i n d e r must t e m p o r a r i l y be f i l l e d i n order t o cause an 
e x t i n c t i o n shower. I t can be seen t h a t the o r i g i n a l 
n o n - c e n t r a l l y condensed model of Oort (1950), having 2.5, 
i s unable t o produce any s i g n i f i c a n t comet showers at a l l ; 
and secondly i f R^ i s required t o be greater than 2 on 
average, the loss c y l i n d e r must be f i l l e d down t o 

a-L < 2.10^AU (5.12) 
f o r = 3.2.10^11. 

Of course, the above discussion depends on the 
assumption (equation 5.1) t h a t the Oort Cloud model can be 
described by a simple power law w i t h constant index I t 
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0 0-5 10 

Figure 5.4; The r a t i o of shower t o background comets 
Rsh = Nsh /N<$s,T as a f u n c t i o n of xcrifc 
= aferit / afc- The curves are l a b e l l e d by the 
corresponding s p e c t r a l i n d e x , ^ , of the power 
law d i s t r i b u t i o n s f o r cometary energies 
(equation 5.1). A value of Rsh> 2 i s r e q u i r e d 
t o produce an ' e x t i n c t i o n ' shower. (A value of 
a^ = 3.208. 10^11 has been used) . 

may be t h a t Oort Cloud models are not ch a r a c t e r i s e d by a 
s i n g l e value of the slope of the energy d i s t r i b u t i o n (e.g. 
Delsemme 1977; Bailey 1983b,1986a) or even t h a t ^ may be 
time dependent (Kresak 1977; Yabushita 1979; Bail e y 1984; 
Clube and Napier 1984a,1986; Clube 1987a). We have 
discussed these p o s s i b i l i t i e s i n d e t a i l elsewhere (Bailey e t 
a l . 1987, h e r e a f t e r r e f e r r e d t o as Paper VI) and concluded 
t h a t there i s l i t t l e e f f e c t on the above value of aCff.j£ . I t 
i s t h i s value from the c o n d i t i o n Rg^ > 2 t h a t puts extremely 
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t i g h t c o n s t r a i n t s on the nature of any perturbers capable of 
causing e x t i n c t i o n showers w i t h a mean i n t e r v a l as s h o r t as 
30 My, 

5.3 THE SIGNAL PROBLEM 

Sepkoski and Raup (1986) appear t o have obtained an 
almost complete sequence of mass e x t i n c t i o n s every M 30 My 
during the past c£ 270 My, s p e c i f i c a l l y a t l e a s t 8 events out 
of 10 (Figures 5,1 and 5.2). I f these are due t o comet 
showers, the bodies which d i s t u r b the Oort Cloud must, have a 
Space de n s i t y and mass such t h a t they t r i g g e r a death shower 
w i t h almost u n i t p r o b a b i l i t y d u r i n g each 30 My i n t e r v a l . 
Assuming a mean mass d e n s i t y p = nM f o r the per t u r b e r s and a 
r e l a t i v e v e l o c i t y V t o the Solar System, both averaged along 
the s o l a r o r b i t about the Galaxy, dur i n g the time between 
Galactic plane crossings we expect an average of one 
encounter w i t h impact parameter 

b < b, = (KnVT)"'/2 (5.13) 
The p r o b a b i l i t y d i s t r i b u t i o n of minimum impact parameters, 
b m m , which occur dur i n g each c y c l e i s 

p(bmm * dhmin = 2 b m n exp (-biW;ft ) d b m ( n (5 .14) 

so t h a t the f r a c t i o n f of cycles i n which b , ^ exceeds a 
value b$ i s given by f = exp(=bg/b,). The f a c t t h a t l ess 
than 1/5 of the cycles are missing from a complete sequence 
of e x t i n c t i o n s t h e r e f o r e i n d i c a t e s t h a t encounters w i t h 
impact parameters up t o 

bi/s = /In5" b. =/ln5 M \ (5.15) I K ^9VT) 
must be able t o t r i g g e r an e x t i n c t i o n shower. The question 
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i s , now, i s t h i s p ossible f o r a s t r o p h y s i c a l l y p l a u s i b l e 
p e r t u r b a t i o n s of the Oort Cloud? 

For a given encounter w i t h impact parameter b, the 
semi-major axis down t o which the loss c y l i n d e r i s f i l l e d 
depends on whether the impulse approximation i s v a l i d or 
not, and, i f i t i s , on whether the perturber passes at a 
large distance or close enough to the Sun t o pass d i r e c t l y 
through the Oort Cloud. Long period comets w i t h semi-major 
axes a, l i e a t mean h e l i o c e n t r i c distances on the order of 
3a/2. Following Fernandez and I p (1987), i f the impulse 
approximation i s v a l i d and b < 3a/2, then the loss c y l i n d e r 
w i l l be f i l l e d down t o a shower semi-major a x i s , a«^ , given 
by 

r 2 a^V_ (M®\ 
3 GM© lM / 

b < 3a^j (5.16) 
2, 

For more d i s t a n t impulsive p e r t u r b a t i o n s , H i l l s (1981) 
obtained 

r 2. ^'/^ 

L 2 ? i f e v OH J (! a < b < b™») 
where bmQX i s the impact parameter beyond which the impulse 
approximation breaks down. 

At large values o f the impact parameter, the d u r a t i o n 
2b/V of the encounter becomes long compared w i t h the o r b i t a l 
period 2ft(GMQ) a of the perturbed comet w i t h semi-major 
axis a. This y i e l d s a rough estimate of the maximum impact 
parameter b ^ ^ above which (5.17) breaks down, i . e . 

•a " 2 

b m a a QL Vta^/GM®) . I n t h i s s i t u a t i o n , a.%^ may be estimated 
from equation (5.2) w i t h the f a c t o r replaced by M/b3 

(Byl 1983) which gives 

-177-



a*, = (3JT q,c b M̂ A (b > ) (5.18) 
^ 10 M / 

The c o n t i n u i t y of equations ( 5 . 1 7 ) and ( 5 . 1 8 ) a t b = 

*W ?ives 
J/2 

-W ( a ) = I*™' V ( * * - \ ( 5 . 1 9 ) 243 \G%/ 
Equations ( 5 . 1 6 ) - ( 5 . 1 8 ) determine the value of ag^ 

down t o which the loss c y l i n d e r i s f i l l e d by a s i n g l e 
encounter w i t h impact parameter b. S e t t i n g b - byg gives 
values of a ^ f o r which bodies w i t h parameters M, p and V 
are able t o f i l l the loss c y l i n d e r down t o a^ du r i n g a 
s p e c i f i e d time i n t e r v a l T i n 8 0 % of cycles. These equations 
w i t h equation ( 5 . 1 5 ) thus become 

a % (AU) = 5. 659. 10* q w V ^ T ^ ^ f M ^ (M < M, ) ( 5 . 2 0 ) 1f> J/ZTJ/2^1/Z 

,M . 

Hh ( A U ) = 3' 1 7 i'10*^^'pi"* <M, ,< M 4 MZ) ( 5 . 2 1 ) 
a* (AU) = 2. 670. 10^q !/;v^ / TT2^;f (M > Ma) ( 5 . 2 2 ) 

where M, and M2 are given by 

ML\= fifflcV!) = 3.184 q J f ( 5 . 2 3 ) 

and 

= 3 , 3 3 1 ' 1 0 V^ T s e P<>5 ' ( 5 ' 2 4 ) 

w i t h V 2 Q = V/20 kms"1 , T^ = T/30 My and pos = 

^p/0.05 M^pc . As emphasised by Fernandez and I p ( 1 9 8 7 ) , 

equation (5.20) should be used whenever the mean mass of the 
perturbers i s less than M(, t h a t i s f o r p e r t u r b a t i o n s by 
t y p i c a l s t a r s and by h y p o t h e t i c a l smaller bodies such as 
brown dwarfs. 

These expressions show t h a t a^ i s l e a s t when M l i e s i n 
the range M, ^ M ^ M̂  and t h a t f o r t h i s broad range of 
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masses the value of a ^ i s independent of both M and V, 
Equation (5.12) means t h a t a ^ ^ 2.10 AU i n order f o r a 
shower t o r e g i s t e r i n the t e r r e s t r i a l record, and t h e r e f o r e 
p e r t u r b e r s , i n order t o produce mass e x t i n c t i o n s a t 30 My 
i n t e r v a l s , must have a mean mass de n s i t y p> 0.1 M^pc 
averaged along the solar o r b i t (equation 5.21). This 
depends on the assumption t h a t Rg^ 2 f o r detectable 
showers; i f the re q u i r e d value of Rg^ i s l a r g e r , then a&P'^ 

w i l l be lower and the minimum mass de n s i t y of perturbers 
even higher. Since the l i m i t on the perturber density i s 
already close t o the maximum allowable l o c a l density of a l l 
Galactic m a t e r i a l ( i . e . yDQ m, 0.2 M^pc"^ , from s t e l l a r 
observations and i n order t h a t the mean time between 
Galactic plane crossings should be % 30 My), i t i s c l e a r 
t h a t the G a l a c t i c model cannot produce shower-to-background 
r a t i o s much greater than 2 f o r 30 My comet showers. 

The above conclusions depend on the use of (5.11) t o 
c a l c u l a t e the r a t i o of shower t o background comets. 
Fernandez and I p (1987) c a l l t h i s c o n t r i b u t i o n t o a shower 
the 'halo' component, since i t comprises comets coming i n t o 
the p l a n e t a r y system from a l l d i r e c t i o n s , d i s t r i b u t e d more 
or less i s o t r o p i c a l l y about the Sun. However, comets whose 
o r b i t s l i e close t o the path of the perturber may also be 
s t r o n g l y a f f e c t e d , thereby p o s s i b l y c o n s t i t u t i n g a second 
'clustered' c o n t r i b u t i o n t o a comet shower. Assuming t h a t 
comets w i t h semi-major axes a l i e a t h e l i o c e n t r i c distances 
close t o r = 3a/2, encounters w i t h an impact parameter b 
w i l l thus only a f f e c t comets i n a c l u s t e r e d sense i f 
a > 2b/3. Thus, as noted by Fernandez and I p (1987), a 
non-zero c l u s t e r e d c o n t r i b u t i o n w i l l be associated w i t h 
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r e l a t i v e l y low mass p e r t u r b e r s , i . e . M < M (, or (equation 
5.23) less than or equal t o the mass of a t y p i c a l s t a r . 
Since molecular clouds have M >> M 5, a f u l l d e r i v a t i o n o f 
t h i s t o p i c w i l l not be given here, but can be found i n Paper 
VI . I t i s shown there t h a t the c l u s t e r shower t o background 
r a t i o i s given f o r various models of the Oort Cloud by 

= 0.17 q i S ^ T^' p /M_\ (8=-l) (5.25) 

= 0.32 q | 5 ^ <tf=-2) 

= 0.57 q w V^ ^ rt«-3) 

These expressions show t h a t i f the Oort Cloud i s only 
moderately c e n t r a l l y condensed ( i . e . % > - 2 ) , the maximum 
value of R^iy^ , reached f o r high d e n s i t i e s and M £ M| 3MQ, 
i s of order u n i t y . Therefore f o r such models, showers of 
cl u s t e r e d comets at 30 My i n t e r v a l s w i l l be too weak t o 
r e g i s t e r i n the t e r r e s t r i a l record. I f , however, the Oort 
Cloud i s extremely c e n t r a l l y condensed, = -3, R^j^ r i s e s 
as the mass of the perturbers decreases, which could lead t o 
very large values of R&|u3 f o r small masses. For example, 
one could p o s t u l a t e a model i n which ^ = -3 (corresponding 
to a cloud w i t h density n e(r)eC r**"") and assume t h a t a l l the 
missing mass i n the Galactic d i s c , resided i n low mass brown 
dwarfs, i . e . p S£ 0.1 M^pc"^ and M 2f 0.01 M@. This would 
imply ReJws ^ 30. Thus showers of c l u s t e r e d comets might 
a f f e c t the t e r r e s t r i a l record i f ( i ) the missing mass i n the 
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G a l a c t i c d i s c i s composed e n t i r e l y of low mass bodies with 

M *L l ( f a M @ (cfo S tothers 1984) and ( i i ) the Oort Cloud 

i t s e l f i s extremely massive > 10 and c e n t r a l l y condensed 

T h i s l a t t e r c o n d i t i o n presents great d i f f i c u l t y and may 

prove p r o h i b i t i v e (Paper VI)„ 

In summary, for the G a l a c t i c hypothesis to produce 

s i g n i f i c a n t v a r i a t i o n s i n the cometary f l u x (i.e., R§^ ^ 2) 

on a r e g u l a r 30 My tim e s c a l e , the perturbers must have a 

high mass d e n s i t y > O.lM^pc , and la r g e masses M > 3M@,. 

The l o c a l d e n s i t y of molecular clouds (fi; 1-3.10 M@pc ; 

e.g. SSS 1984; Bhat e t a l . 1985; Dame e t a l . 1987; 

Sec t i o n 4.6), even co n s i d e r i n g the un c e r t a i n t y i n , i s 

much too small to impose a recognizable 30 My modulation of 

the cometary f l u x , p e r i o d i c or otherwise ( c f . Thaddeus 1986 

S c o v i l l e and Sanders 1986) . I n f a c t , 28 would be 

needed to account for 30 My comet showers! Such a la r g e 

value of ef̂ Q i s i n c o n s i s t e n t with reasonable estimates from 

^ - r a y s and other methods (Chapter 1 ) . I n add i t i o n such 

l a r g e GMC masses implied by such a larg e Ô Ô would have 

c a t a s t r o p h i c consequences for the s u r v i v a l of the whole of 

the Oort Cloud ( S e c t i o n 5.5). Therefore, no u s e f u l 

c o n s t r a i n t can be derived on the mass d e n s i t y of GMCs from 

30 My p e r i o d i c i t i e s i n the t e r r e s t r i a l record. The 

suggestion t h a t known molecular clouds produce the 

pertu r b a t i o n s leading to 30 My comet showers (Clube and 

Napier 1984a; Rampino and Stothers 1984a,1986; Stothers 

1985) cannot be v a l i d , i r r e g a r d l e s s of arguments concerning 

the value of s c a l e heights or phase problems. Comet 

showers however, with a much longer c h a r a c t e r i s t i c i n t e r v a l 

may s t i l l be produced by known bodies, for example 
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200 = 500 My f o r molecular clouds or s t a r s ( c f . Morris and 
Muller 1986) . 

The mass de n s i t y o f perturbers necessary on the 
Galact i c model exceeds any which can be associated w i t h 
known bodies. The t o t a l v i s i b l e mass observed i n the s o l a r 
neighbourhood i s , ^ 0.1 M^pc ( H i l l e t a l . 1979,° Stothers 
1984). The p o s s i b i l i t y , however, t h a t the p e r t u r b a t i o n s are 
by massive dark bodies i s d i f f i c u l t t o r u l e out completely, 
as the d e n s i t y l i m i t i s j u s t w i t h i n the maximum allowed f o r 
the dark matter i n the solar neighbourhood (Bahcall 1984, 
1986a). However, Section 4.4 has reviewed evidence f o r the 
nature of the dark matter and concluded t h a t the dark matter 
( i f i t e x i s t s a t a l l ) i s probably i n the form of low mass 
sta r s (Bahcall 1986b). Observations of the existence of 
wide b i n a r i e s i n the s o l a r neighbourhood may even place an 
upper l i m i t o f 2M@ on the masses of the dark bodies 
(Bahcall e t a l . 1985), r u l i n g out the idea of > 3M@ 
perturbers a l t o g e t h e r (but see Wasserman and Weinberg 1987). 

I t has been suggested (Clube 1987a,b) t h a t the r e q u i r e d 
dark matter may resi d e i n the GMCs themselves, as 'primary 
condensations' such as brown dwarfs and g i a n t comets. Clube 
(1987c) f u r t h e r suggests t h a t t h i s could e x p l a i n why the 
mass of H^ from v i r i a l analysis appears t o be greater than 
derived from ^-rays (Table A.1.1). However, Bhat et a l . 
(1986) have argued t h a t there i s e s s e n t i a l l y l i t t l e 
discrepancy between v i r i a l masses and &-ray masses when the 
more appropriate o p t i c a l l y t h i n n e r l i n e s are used. I f a l l 
of the dark matter resided i n GMCs ( i . e . p** O . l t ^ p c " 3 ) , 
using the v i r i a l mass arguments even of SSS (1984), i t i s 
d i f f i c u l t t o see how t h i s could occur w i t h o u t s i g n i f i c a n t l y 
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i n c r e a s i n g t h e i r i n t e r n a l v e l o c i t y d i s p e r s i o n above t h a t 
observed. I t i s also d i f f i c u l t t o see how such a large 
p o p u l a t i o n of brown dwarfs could be confined t o GMCs close 
t o the plane. 

Low mass pertur b e r s may c o n s t i t u t e the dark matter, but 
are i n e f f e c t i v e unless t h e i r masses are extremely small 
(M < 10 % f o r O.lM^pc ) and the Oort Cloud model i s 
both exceedingly massive and c e n t r a l l y condensed. H i l l s 
(1985, 1986) has considered possible l i m i t s t o the space 
de n s i t y of low mass perturbers i n the Gal a c t i c d i s c , but f o r 
bodies w i t h masses 10 M^ the a v a i l a b l e c o n s t r a i n t s are 
extremely weak. However, such a massive and c e n t r a l l y 
condensed Oort Cloud seems u n l i k e l y . 

We thus conclude t h a t i t i s most u n l i k e l y t h a t the 
req u i r e d p e r t u r b a t i o n s of the Oort Cloud can be provided by 
missing mass i n the Galactic d i s c . Whether larg e mass or 
low mass p e r t u r b e r s , p> i s required t o be greater than 
0,1 M^pc . This value i s m a r g i n a l l y c o n s i s t e n t w i t h 
estimates of the dark matter mass d e n s i t y made by Bahcall 
(1984, 1987), but i s f a r greater than more recent estimates 
made by other workers (e.g. Gilmore and Wyse 1987; Bienayme 
et a l . 1987; Rana 1987a). Even i f the dark matter can 
provide > 0.1 M@pc w i t h s u i t a b l e p e r t u r b e r s , the next 
s e c t i o n describes two f u r t h e r d i f f i c u l t i e s f o r the Galactic 
explanation o f p e r i o d i c comet showers: the s i g n a l - t o - n o i s e 
problem and the phase problem. 

5.4 THE SIGNAL-TO-NOISE AND PHASE PROBLEMS 

According t o the Galactic hypothesis, mass e x t i n c t i o n s 
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are most l i k e l y t o occur when the Solar System i s close t o 
the G a l a c t i c plane. This i s where the space density of 
perturb e r s i s greatest, and where the l i k e l i h o o d of a close 
encounter i s highest. Following Thaddeus and Chanan (1985), 
the assumption i s made i n t h i s Section t h a t the cometary 
i n f l u x i s simply p r o p o r t i o n a l t o the r a t e of encounters w i t h 
p e r t u r b e r s , which are taken t o be m a t e r i a l w i t h gaussian 
scale height hp = §h^, where hg i s the corresponding scale 
height of known molecular clouds. (The assumption of a 
gaussian d i s t r i b u t i o n f i t s the large scale CO surveys and i s 
gen e r a l l y accepted by radioastronomers; the f o l l o w i n g 
a n alysis i s not s e n s i t i v e t o t h i s assumption and remains 
e s s e n t i a l l y unchanged i f an exponential or other p l a u s i b l e 
form i s taken). Observations of molecular clouds i n the 
sola r neighbourhood and i n the region presumably covered by 
the Solar System during the l a s t 270 My i n d i c a t e t h a t the 
h a l f - w i d t h h a l f maximum of the d i s t r i b u t i o n i s 
z\l%= 8 5 ± 2 0 P C (Sanders 1981; Dame and Thaddeus 19 85; 
Bronfman e t a l . 1987). I n p a r t i c u l a r , Dame et a l (1987) 
f i n d Z|/a= 87pc from l o c a l measurements which are independent 
of assumptions concerning the distance t o the Galactic 
Centre. Thus, recent measurements do not favour the value 
of z,/2 = 60 pc advocated by Stothers (1985). I n general, 
whatever the nature of the perturbers, t h e i r scale height hp 
must be at l e a s t as great as t h a t of the young st a r s and 
molecular clouds i n the Galactic d i s c , so "$ > 1, 

The approximation of Thaddeus and Chanan (1985) favours 
the Galactic modulation model, because by ig n o r i n g the more 
or less steady background f l u x of comets due t o d i s t a n t 
s t e l l a r perturbations and the Galactic t i d e , i t a r t i f i c i a l l y 

-184-



e n h a n c e s any p e r i o d i c s i g n a l i n t h e c o m e t a r y influx„ I t 

a l s o i m p l i c i t l y assumes t h a t e n c o u n t e r s a r e s h o r t r a n g e , t h e 

e f f e c t o f l o n g r a n g e e n c o u n t e r s i s t o r e d u c e t h e m o d u l a t i o n . 

N e v e r t h e l e s s d e s p i t e t h e s e b i a s e s t o g r e a t e r 

s i g n a l - t o - n o i s e r a t i o s , i t has p r o v e d d i f f i c u l t f o r t h e 

G a l a c t i c h y p o t h e s i s t o a c h i e v e a s i g n a l = t o - n o i s e r a t i o i n 

t h e e n c o u n t e r r a t e w i t h m o l e c u l a r c l o u d s as h i g h as t h a t 

o b s e r v e d i n t h e t e r r e s t r i a l r e c o r d o f mass e x t i n c t i o n s 

( £f 2) o T h i s d i f f i c u l t y a r i s e s b e c a u s e t h e p r e s e n t 

a m p l i t u d e , zQ, o f t h e s o l a r m o t i o n p e r p e n d i c u l a r t o t h e 

G a l a c t i c p l a n e i s c o m p a r a b l e o r l e s s t h a n t h e s c a l e h e i g h t 

o f t h e p r o p o s e d p e r t u r b e r s . 

A r e l a t e d d i f f i c u l t y , t h e so c a l l e d phase p r o b l e m , 

a r i s e s b e c a u s e a l t h o u g h t h e r e c o r d o f mass e x t i n c t i o n s i s 

e s s e n t i a l l y c o m p l e t e o v e r t h e p a s t er 270 My and t h e Sun's 

p r e s e n t p o s i t i o n i s c l o s e t o t h e G a l a c t i c p l a n e , we now seem 

( u n e x p e c t e d l y on t h e m o d e l ) t o be r o u g h l y h a l f w a y b e t w e e n 

e x t i n c t i o n s (Raup and S e p k o s k i 1984) „ 

A p o s s i b l e s o l u t i o n t o b o t h p r o b l e m s i s t o assume ( e . g . 

Thaddeus 1986; B a i l e y e t a l . 1986) t h a t t h e r e q u i r e d 

e n c o u n t e r s b e t w e e n t h e p e r t u r b e r s and t h e S o l a r S y stem w e r e 

more s t r o n g l y m o d u l a t e d i n t h e p a s t t h a n now. T h i s may be 

j u s t i f i e d b e c a u s e t h e a m p l i t u d e s o f o s c i l l a t i o n o f s t a r s as 

o l d as t h e Sun a r e m o s t l y s i g n i f i c a n t l y g r e a t e r (££250pc, 

W i e l e n 1977; Fuchs and W i e l e n 1987) t h a n t h e p r e s e n t s o l a r 

v a l u e ( z e ^ 8 0 p c ) . C l u b e and N a p i e r (1986a) have t h e r e f o r e 

a r g u e d t h a t o v e r t h e p a s t §1 270 My t h e Sun's a m p l i t u d e o f 

o s c i l l a t i o n m i g h t h a ve been more t y p i c a l o f o t h e r G s t a r s o f 

i t s age and t h a t a r e c e n t c l o s e e n c o u n t e r w i t h a n o t h e r b o d y , 

f o r e x a m p l e G o u l d ' s B e l t ( N a p i e r 1986) has r e d u c e d i t s 
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v e l o c i t y t o t h e p r e s e n t v a l u e , s i m u l t a n e o u s l y c h a n g i n g t h e 

o r b i t a l p h a s e . 

I n o r d e r t o s t u d y t h i s p o s s i b i l i t y , t h e s o l a r m o t i o n i s 

assumed t o be a p p r o x i m a t e l y h a r m o n i c p e r p e n d i c u l a r t o t h e 

p l a n e , t h a t i s 

z ( t ) = z @ s i n [ w ( t + t e ) ] ( 5 . 2 6 ) 

w h e r e t = 0 d e n o t e s t h e p r e s e n t t i m e , w i s t h e a n g u l a r 

f r e q u e n c y and t s i s t h e t i m e o f t h e l a s t c r o s s i n g o f t h e 

G a l a c t i c p l a n e . I f t h e p r e s e n t z - p o s i t i o n and z - v e l o c i t y o f 

t h e Sun a r e t a k e n t o be ^ 8pc n o r t h o f t h e p l a n e and 

££8 k m s = l away f r o m t h e p l a n e ( M i h a l a s and B i n n e y 1 9 8 1 ; 

S t o t h e r s 1985) t h e n t& Q£, 1 My. I t s h o u l d be n o t e d t h a t 

o t h e r s t u d i e s e s p e c i a l l y t h o s e i n r e l a t i o n t o y o u n g s t a r s 

(de V a u c o u l e u r s and M a l i k 1980) s u g g e s t a p r e s e n t z - p o s i t i o n 

o f S£ 20-30 p c , b u t t h i s has l i t t l e e f f e c t on t h e 

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

Now, i f a c l o s e e n c o u n t e r w i t h a n o t h e r b ody o c c u r r e d a t 

a t i m e t = - t ^ , l e a d i n g t o a s t r o n g p e r t u r b a t i o n o f t h e 

s o l a r o r b i t , t h i s i t s e l f w o u l d a l s o p r o d u c e an i n t e n s e c o m e t 

shower and an e p i s o d e o f mass e x t i n c t i o n . A c c o r d i n g t o t h e 

d a t a o f Raup and S e p k o s k i ( 1 9 8 4 ) , t g H My, b u t an e x a c t 

d e t e r m i n a t i o n o f t h e d a t e o f t h e m o s t r e c e n t e x t i n c t i o n 

e v e n t i s d i f f i c u l t a nd o t h e r e s t i m a t e s c o v e r a w i d e r a n g e 

( N a p i e r 1 9 8 6 ) . I n w h a t f o l l o w s , a l t h o u g h t h i s i s n o t a 

c r u c i a l a s s u m p t i o n , 3 ^ t g 4 ^ My i s t a k e n . 

The o r b i t o f t h e Sun p r i o r t o t h e e n c o u n t e r i s 

t h e r e f o r e 

z ( t ) = zi s i n [ w ( t + t<g) + 8 ] ( 5 . 2 7 ) 

w h e r e z* > z @ i s t h e p r i o r a m p l i t u d e o f o s c i l l a t i o n and S i s 

a phase f a c t o r i n t r o d u c e d t o d e s c r i b e t h e d i s t a n c e o f t h e 
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Sun f r o m t h e p l a n e a t t h e t i m e t ^ , o f t h e e n c o u n t e r . 

T h e r e f o r e f r o m ( 5 . 2 6 ) and ( 5 . 2 7 ) 

Z<B = z© s i n [ w ( t @ - % ) ] = s i n S ( 5 . 2 8 ) 

o r s i n S = sin© (5 , 2 9 ) 

w h e r e © = w(t<g, - t<g,) . (5 = 30) 

The p r e and p o s t - e n c o u n t e r v e l o c i t i e s o f t h e Sun c a n a l s o be 

d e r i v e d , 

% ( - t ^ ) = wz; cosS ( 5 . 3 1 ) 

and z a ( ~ t ^ ) = wz Q C O S © ( 5 . 3 2 ) 

The r e q u i r e d i m p u l s e ^ v a i n t h e z d i r e c t i o n i s 

t h e r e f o r e , 

& v 2 = wz Q C O S © - wz^ cos S ( 5 . 3 3 ) 

o r 4 v g = cos© + ( r ^ - s i n ® ) (5 . 3 4 ) 

w h e r e r'a = z ^ / z Q . The s o l u t i o n f o r &vz as a f u n c t i o n o f 

zj /z© t h u s has t w o b r a n c h e s , d e p e n d i n g on w h e t h e r t h e 

e n c o u n t e r m e r e l y s l o w s t h e Sun down o r a c t u a l l y r e v e r s e s i t s 

d i r e c t i o n o f m o t i o n . Now f o r T = 30 My, t h e r a n g e i n © 

c o r r e s p o n d s t o t h e r a n g e i n t@,, t h a t i s -1.6 4: Q 4 - 0 . 2 . 

However, w h a t e v e r t h e e x a c t p h a s e , i t i s r e a d i l y v e r i f i e d 

t h a t t h e s o l u t i o n s f o r &v 2 /wz e a r e b o unded f o r a l l ® by 

s o l u t i o n s c o r r e s p o n d i n g t o © = 0, i . e . &v £ = w z e ( 1 + r £ ) . 

S i n c e r j | > 1 ( b e c a u s e z\ > z@) , t h e e n c o u n t e r m u s t p r o d u c e 

an i m p u l s e i n t h e z d i r e c t i o n whose m a g n i t u d e 

\&v%{ > w z e ( r i - 1) . 

Thaddeus and Chanan (1985) showed t h a t a minimum r j 

v a l u e o f ^ 3 was n e c e s s a r y i n o r d e r t o a c h i e v e a 

s i g n a l - t o - n o i s e r a t i o o f 2 i n t h e e n c o u n t e r r a t e w i t h 

m o l e c u l a r c l o u d s . I n o r d e r t o be e x t r e m e l y c o n s e r v a t i v e , i t 

w i l l be assumed t h a t r ^ & 3/2 w i l l p r o d u c e a s u f f i c i e n t 
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s i g n a l - t o - n o i s e r a t i o i n t h e t e r r e s t r i a l r e c o r d . Thus, 

a l l o w i n g any o t h e r p e r t u r b e r s t o have a s c a l e h e i g h t % t i m e s 

t h a t o f m o l e c u l a r c l o u d s , f o r ZQ £L 80 p c , t h e i n i t i a l 

a m p l i t u d e o f t h e s o l a r m o t i o n p r i o r t o t h e h y p o t h e t i c a l 

m a s s i v e e n c o u n t e r m u s t be z j 120§ pc. F o r % = 1 , s i n c e 

t h e p r e s e n t m i d p l a n e v e l o c i t y , wz@ ̂  8 kms"" , t h e minimum 

z - v e l o c i t y c h ange n e c e s s a r y t o p r o d u c e t h e r e q u i r e d change 

i n a m p l i t u d e i s *L 4 kms"' „ T h e r e f o r e , f o r an e n c o u n t e r 

w i t h a p o i n t mass M, i m p a c t p a r a m e t e r b and r e l a t i v e 

v e l o c i t y V, t h e t o t a l i m p u l s i v e v e l o c i t y change &v m u s t 

s a t i s f y 

&v = 2GM > U v 2 f £ §V r a j n = wz e ( r ; - 1)§ = 4jkms~' ( 5 . 3 5 ) 
bV 

T h i s i n e q u a l i t y p l a c e s s t r i n g e n t l i m i t s on t h e l i k e l y 

mass o f t h e b o d y e n c o u n t e r e d . A c o n s t r a i n t i s o b t a i n e d by 

r e q u i r i n g t h a t t h e i n t e n s i t y o f t h e a c c o m p a n y i n g comet 

shower s h o u l d n o t be t o o g r e a t , s i n c e t h e e v i d e n c e o f t h e 

t e r r e s t r i a l r e c o r d does n o t s u g g e s t t h a t t h e m o s t r e c e n t 

e v e n t was p a r t i c u l a r l y e x t r e m e ( F i g u r e 5 . 1 ) . T h i s p r o b a b l y 

r e q u i r e s a§^ > 10 AU ( c f . F i g u r e 5 . 4 ) , and so c o m b i n i n g 

e q u a t i o n s ( 5 . 3 5 ) and ( 5 . 1 7 ) , 

5 -1/2 % , y . % f v 2 , M_ > 1.681.10' 
^ 3 \ 4kms=' / V 10*A14 / 

T h e r e f o r e , i f t h e S o l a r System has i n d e e d been r e c e n t l y 

d e c e l e r a t e d i n t h e z - d i r e c t i o n as r e q u i r e d f o r t h e G a l a c t i c 

h y p o t h e s i s t o s a t i s f y t h e s i g n a l - t o - n o i s e and phase 

c o n s t r a i n t s o f t h e t e r r e s t r i a l r e c o r d , t h e body w h i c h c a u s e d 

t h e i m p u l s e m u s t have had M >> 1 1 % . The mass r a n g e i m p l i e d , 

s u g g e s t s t h a t a s u f f i c i e n t l y m a s s i v e GMC may h ave c a u s e d 

s u c h a p e r t u r b a t i o n ( e . g . C l u b e and N a p i e r 1 9 8 6 a ) , a l t h o u g h 

i f § > 3 ( c o r r e s p o n d i n g t o a d a r k m a t t e r s c a l e h e i g h t 
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c o m p a r a b l e w i t h t h a t o f t h e s t e l l a r d i s c ) t h e r e q u i r e d mass 

o f t h e c l o u d i s e x c e s s i v e l y l a r g e . U s i n g t h e CO d a t a o f 

Dame e t a l . ( 1 9 8 7 ) , o b s e r v a t i o n s o f m o l e c u l a r c l o u d s i n t h e 

s o l a r n e i g h b o u r h o o d (< 350 pc) do n o t show t h e e x i s t e n c e o f 

any s u f f i c i e n t l y m a s s i v e c e n t r a l l y c o n d e n s e d body i n t h e 

r i g h t d i r e c t i o n and i n any c a se t h e r e q u i r e d i m p a c t 

p a r a m e t e r w o u l d p r o b a b l y c o r r e s p o n d t o a p e n e t r a t i n g 

e n c o u n t e r o f t h e c l o u d w i t h a t t e n d a n t r e d u c e d n e t e f f e c t . 

The d a t a o f T a y l o r e t a l . (1987) on G o u l d ' s B e l t show i t t o 

be t o o l a r g e a s t r u c t u r e and n o t m a s s i v e enough t o p r o v i d e 

t h e r e q u i r e d i m p u l s e . I f t h e h a l o i s composed o f m a s s i v e 

b l a c k h o l e s ( L a c e y and O s t r i k e r 1985) o r d a r k c l u s t e r s ( C a r r 

and L a c e y 1 9 8 7 ) , t h e n t h e i r mass o f >v lO^M^ i s o f t h e 

r e q u i r e d o r d e r , b u t t h e r e l a t i v e v e l o c i t y as t h e y pass 

t h r o u g h t h e d i s c i s A/250 kms°' ( I p s e r and Semenzato 1 9 8 5 ) , 

w h i c h r u l e s t h e m o u t as s u i t a b l e c a n d i d a t e s . M o r e o v e r , as § 

i n c r e a s e s t h e r e q u i r e d change i n v e l o c i t y o f t h e Sun becomes 

q u i t e p r o h i b i t i v e . 

U n l e s s t h e s c a l e h e i g h t o f t h e h y p o t h e t i c a l p e r t u r b e r s 

i s l e s s t h a n 200 pc ( i . e . % < 3 ) , t h e s i g n a l - t o - n o i s e and 

phase p r o b l e m s a r e most u n l i k e l y t o be overcome by 

p o s t u l a t i n g a r e c e n t c l o s e e n c o u n t e r o f t h e S o l a r System 

w i t h a GMC. C u r r e n t l y a c c e p t e d v a l u e s f o r t h e s c a l e h e i g h t s 

o f d a r k m a t t e r t e n d t o be l a r g e r t h a n t h i s ( e . g . Bienayme e t 

a l . 1 9 8 7 ) . 

L a s t l y , t w o f u r t h e r d i f f i c u l t i e s f o r t h e G a l a c t i c 

e x p l a n a t i o n o f mass e x t i n c t i o n s by p e r i o d i c comet s h o w e r s 

need t o be m e n t i o n e d . F i r s t , i n t e r a c t i o n s w i t h p e r t u r b e r s 

o f any k i n d w i l l i n e v i t a b l y change b o t h t h e a m p l i t u d e and 

phase o f t h e s o l a r o r b i t a b o u t t h e G a l a c t i c p l a n e , so t h a t 
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t h e e x t e n t t o w h i c h s t r i c t p e r i o d i c i t y i s p r e s e n t i n t h e 

g e o l o g i c a l r e c o r d i m p o s e s a t i g h t c o n s t r a i n t o n t h e t h e o r y -

I n g e n e r a l , an a s t r o n o m i c a l h y p o t h e s i s o f t h e k i n d 

c o n s i d e r e d h e r e w i l l n o t p r e d i c t a c o n s t a n t s i g n a l - t o - n o i s e 

r a t i o o r phase o v e r a v e r y e x t e n d e d p e r i o d o f t i m e . 

S e c o n d l y , t h e g e o m e t r y o f t h e a s t r o n o m i c a l m o d e l n a t u r a l l y 

p r e d i c t s t h a t a f e w e n c o u n t e r s w i l l have much s m a l l e r i m p a c t 

p a r a m e t e r s t h a n t h e r e s t , and t h i s w i l l be r e f l e c t e d i n t h e 

d i s t r i b u t i o n o f v a l u e s o f ( e q u a t i o n s 5.20 - 5.22) w h i c h 

s c a l e s r o u g h l y i n p r o p o r t i o n t o b. S i n c e t h e O o r t C l o u d 

m u s t be c e n t r a l l y c o n d e n s e d on t h e mode l ( F i g u r e 5 . 4 ) , t h i s 

i m p l i e s a r a p i d l y f a l l i n g f r e q u e n c y d i s t r i b u t i o n o f 

i n d i v i d u a l shower i n t e n s i t i e s w h i c h i s n o t m a t c h e d a t a l l by 

t h e t e r r e s t r i a l r e c o r d o f mass e x t i n c t i o n s ( F i g u r e 5 . 1 ) . 

N e i t h e r o f t h e s e d i f f i c u l t i e s c a n be a c c u r a t e l y q u a n t i f i e d 

w i t h p r e s e n t k n o w l e d g e ( t h e f i r s t b e c ause t h e n a t u r e o f t h e 

p e r t u r b e r s i s s t i l l unknown, t h e s e c o n d b e c a u s e t h e l i n k 

b e t w e e n t h e comet f l u x and t h e mass e x t i n c t i o n r a t e has n o t 

been f i r m l y i d e n t i f i e d ) , a l t h o u g h b o t h a p p e a r t o m i l i t a t e 

a g a i n s t a d i r e c t a s t r o n o m i c a l l i n k w i t h p e r i o d i c mass 

e x t i n c t i o n s . 

I n c o n c l u s i o n , i f t h e s t r o n g 30 My p e r i o d i c i t y a p p a r e n t 

i n t h e g e o l o g i c a l r e c o r d i s c o n f i r m e d , d i r e c t a s t r o n o m i c a l l y 

i n d u c e d p r o c e s s e s c a n be p a r a d o x i c a l l y a l m o s t c e r t a i n l y be 

r u l e d o u t , as no known o b s e r v e d o r d a r k m a t t e r c a n d i d a t e s 

have s u f f i c i e n t mass d e n s i t y o r s m a l l enough s c a l e h e i g h t . 

T h i s s u g g e s t s t h a t any p e r i o d i c i t y , e s p e c i a l l y i n t h e 

c r a t e r i n g r e c o r d i s p r o b a b l y s p u r i o u s ( c . f . Shoemaker and 

W o l f e 1986; T r e m a i n e 1 9 8 6 ) . The c l a i m t h a t an a p p a r e n t 

30 My p e r i o d i c i t y i n v o l c a n i c a c t i v i t y i s i n d u c e d by 
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c o m e t a r y s h o w e r s (Pandey and N e g i 1 9 8 7 ) , i r r e g a r d l e s s o f t h e 

u n c e r t a i n l i n k b e t w e e n comets and i n d u c e d v o l c a n i s m (Rampino 

1 9 8 7 ) , m u s t a l s o be i n c o r r e c t . A p a r t f r o m t h e c r a t e r i n g 

r e c o r d , p e r i o d i c i t i e s i n t h e o t h e r t e r r e s t r i a l i n d i c a t o r s 

m u s t t h e n be a s c r i b e d t o p r o c e s s e s i n t r i n s i c t o t h e E a r t h . 

I f t h e e v i d e n c e f o r p e r i o d i c i t y i n t h e g e o l o g i c a l 

r e c o r d i s shown t o be f a l s e , i t may s t i l l be p o s s i b l e t o 

a t t r i b u t e g l o b a l mass e x t i n c t i o n s t o a w e a k l y m o d u l a t e d r a t e 

o f a r r i v a l o f v e r y m a s s i v e comets i n n e a r - E a r t h o r b i t , as 

p r e v i o u s l y s u g g e s t e d f o r p e r i o d i c e x t i n c t i o n s ( C l u b e and 

N a p i e r 1 9 8 6 a ) . The mean i n t e r v a l b e t w e e n mass e x t i n c t i o n s 

w o u l d t h e n d e p e n d , among o t h e r t h i n g s , on t h e mass 

d i s t r i b u t i o n o f t h e l a r g e s t comets ( l a r g e enough t o c a u s e a 

s i g n i f i c a n t t e r r e s t r i a l t r a u m a ) , and t h e b i o l o g i c a l r e a c t i o n 

t o s u c h e v e n t s . 

The c l a i m e d 30 My p e r i o d i c i t y c a n t h e r e f o r e n o t be u s e d 

t o c o n s t r a i n t h e masses o f GMCs. F i n a l l y , t h e n e x t s e c t i o n 

b r i e f l y r e v i e w s one more a s p e c t o f t h e i n t e r a c t i o n o f GMCs 

w i t h t h e O o r t C l o u d w h i c h has i n t h e p a s t been u s e d t o 

c o n s t r a i n GMC masses. 

5.5. THE SURVIVAL OF THE OORT CLOUD 

I t has b e e n s u g g e s t e d t h a t v e r y c l o s e e n c o u n t e r s w i t h 

GMCs o v e r t h e l i f e t i m e o f t h e S o l a r System w o u l d l e a d t o a 

c o m p l e t e s t r i p p i n g o f comets f r o m t h e O o r t C l o u d ( C l u b e a nd 

N a p i e r 1982b; N a p i e r and S t a n i u c h a 1 9 8 2 ) . I f t h i s i s 

c o r r e c t , t h e n a p r e s e n t l y o b s e r v e d O o r t C l o u d i m p l i e s 

r e p l e n i s h m e n t o f co m e t s f r o m some s o u r c e . I t i s w e l l known 

t h a t comet c a p t u r e f r o m i n t e r s t e l l a r space i s an i n e f f i c i e n t 
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p r o c e s s , e v e n t a k i n g i n t o a c c o u n t t h r e e body e n c o u n t e r s w i t h 

p l a n e t s ( V a l t o n e n and I n n a n e n 1982; T o r b e t t 1986c)„ C l u b e 

an d N a p i e r ( i 9 8 2 a , 1984a) t h e r e f o r e s u g g e s t e d a t h r e e b ody 

p r o c e s s u s i n g GMCs. T h e r e a r e some a r g u m e n t s f o r b e l i e v i n g 

t h a t t h e r e e x i s t s a h i g h s pace d e n s i t y o f comets i n 

m o l e c u l a r c l o u d s ( C l u b e and N a p i e r 1982a, 1985; B a i l e y 

1 9 8 7 ) , and i n an e n c o u n t e r o f t h e S o l a r System w i t h a GMC, 

i t was p o s t u l a t e d t h a t t h e O o r t C l o u d as w e l l as b e i n g 

d i s r u p t e d was t h e n r e p l e n i s h e d w i t h new c o m e t s . On t h i s 

p i c t u r e , a l t h o u g h t h e S o l a r S y stem may have had a p r i m o r d i a l 

comet c l o u d , t h e p r e s e n t l y o b s e r v e d c o m e t s a r e o f 

i n t e r s t e l l a r o r i g i n . T h e r e a r e , h o w e v e r , many p r o b l e m s w i t h 

t h i s v i e w i n c l u d i n g w h e t h e r GMCs c a n c o n f i n e c o m e t s f o r a 

l o n g enough t i m e ( v a n den B e r g h 1982) and w h e t h e r t h i s 

r e p l e n i s h m e n t c a n o c c u r o f t e n enough ( T o r b e t t 1 9 8 6 c ) . 

I f t h e O o r t C l o u d was n o t t o t a l l y s t r i p p e d o v e r t h e 

l i f e t i m e o f t h e S o l a r S y stem, t h e n o f c o u r s e t h e r e w o u l d be 

no need f o r comet r e p l e n i s h m e n t . B h a t e t a l . (1986) p o i n t e d 
5 

o u t t h a t i f t h e m e d i a n mass o f c l o u d s was 1.3.10 M@ r a t h e r 

t h a n t h e c o n v e n t i o n a l 5.10 M@ (SSS 1984) a s i g n i f i c a n t 

f r a c t i o n o f t h e O o r t C l o u d s h o u l d i n f a c t r e m a i n i n t a c t up 

t o t h e p r e s e n t d a y , r e m o v i n g t h e need f o r O o r t C l o u d 

r e p l e n i s h m e n t ( c f . H u t and T r e m a i n e 1 9 8 5 ) . T h i s may be 

i n t e r p r e t e d , i n t h e l i g h t o f p r o b l e m s w i t h t h e r e p l e n i s h m e n t 

mechanism as e v i d e n c e once a g a i n f o r a l o w e r ©^2© t h a n 

a d v o c a t e d by SSS ( 1 9 8 4 ) . 

However, t h e r e i s a n o t h e r a l t e r n a t i v e , and t h a t i s t o 

p o s t u l a t e a m a s s i v e i n n e r c o r e t o t h e O o r t C l o u d w h i c h i s 

s t a b l e t o e v e n t h e v e r y c l o s e e n c o u n t e r s ( H i l l s 1 9 8 1 ; v a n 

den B e r g h 1982; B a i l e y 1 9 8 3 a , b ) . The d i s r u p t e d o u t e r O o r t 
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C l o u d i s t h e n r e p l e n i s h e d w i t h comets f r o m t h e i n n e r c o r e . 

I t may be t h a t c o n s t r a i n t s on s u c h a m o d e l c a n be p r o v i d e d 

by t h e t o t a l mass o f t h e O o r t C l o u d , e f f e c t on p l a n e t a r y 

o r b i t s a nd t h e s h o r t p e r i o d comet f l u x ( B a i l e y 1983a, 1986b? 

Paper V I ) b u t a t p r e s e n t s u c h c o n s t r a i n t s o n l y a r g u e a g a i n s t 

e x t r e m e c e n t r a l l y c o n d e n s e d m o d e l s o f t h e O o r t C l o u d 

( S e c t i o n 5.3)„ A m o d e l w i t h ¥ ̂  ~2 w o u l d mean t h a t a 

s i g n i f i c a n t f r a c t i o n o f t h e O o r t C l o u d w o u l d s u r v i v e e v e n 

w i t h t h e h i g h e r v a l u e s f o r t h e masses o f GMCs. 

T h e r e f o r e , i f t h e model o f t h e O o r t C l o u d c a n be b e t t e r 

s p e c i f i e d t h e n t h e s u r v i v a l o f t h e C l o u d may be u s e d t o 

c o n s t r a i n GMC masses. However, c o n s i d e r a b l e u n c e r t a i n t y i n 

how c e n t r a l l y c o n d e n s e d t h e O o r t C l o u d i s , means t h a t a t 

p r e s e n t t h e h i g h e r masses o f SSS (1984) c a n n o t be t o t a l l y 

r u l e d o u t by t h i s a r g u m e n t . 
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CHAPTER SIX 

THE LIFETIME OF GIANT MOLECULAR CLOUDS AND 

Hft I N THE VIRGO CLUSTER SPIRALS 

6.1 INTRODUCTION 

The e a r l y s u r v e y s o f CO i n t h e G a l a x y , a d o p t i n g a l a r g e 

v a l u e o f , had i n d i c a t e d a l a r g e amount o f Hg i n t h e 

i n n e r G a l a x y , > 5 t i m e s t h e mass o f H I a t t h e peak o f t h e 

m o l e c u l a r r i n g ( e . g . Solomon, S a n d e r s and S c o v i l l e 1 9 7 9 ) , 

From t h i s r e s u l t S c o v i l l e and H e r s h (1979) a r g u e d t h a t H 

atoms w o u l d u s u a l l y be i n t h e f o r m o f Hg r a t h e r t h a n H I 

w h i c h s u g g e s t e d t h a t t h e l i f e t i m e o f GMCs > 10 - 10 y. I n 

f a c t , e a r l y e s t i m a t e s o f t h e g r o w t h o f 10 - 10 r % c l o u d s 

a l s o i n d i c a t e d l i f e t i m e s 10 y w h i c h seemed t o c o n f i r m t h i s 

p i c t u r e . 

However, w o r k on t h e c h e m i c a l e v o l u t i o n o f t h e G a l a x y 

( S e c t i o n 4.6) and t h e &~ray d a t a ( B h a t e t a l . 1985; S t r o n g 

e t a l . 1987) has s u g g e s t e d t h a t t h e mass o f H^ i n t h e i n n e r 

G a l a x y i s r o u g h l y e q u a l t o t h e mass o f H I , t h e c o n v e r s i o n 

f a c t o r ©4^© b e i n g e 3 i n t h e s o l a r n e i g h b o u r h o o d and v a r y i n g 

as a f u n c t i o n o f G a l a c t o c e n t r i c r a d i u s . T h i s w o u l d i n d i c a t e 

t h a t t h e l i f e t i m e o f GMCs 4 1 0 9 y ( B l i t z and Shu 1 9 8 0 ) . I t 

i s t h e i n t e n t i o n o f t h i s C h a p t e r t o a s k w h e t h e r t h i s i s 

c o n s i s t e n t w i t h c u r r e n t e s t i m a t e s o f t h e l i f e t i m e o f GMCs. 

The a r g u m e n t c a n o f c o u r s e be i n v e r t e d and e v i d e n c e f o r 

' s h o r t ' GMC l i f e t i m e s may i n d i c a t e l o w e r H a e s t i m a t e s i n t h e 

i n n e r G a l a x y . 

The q u e s t i o n i s q u i t e c o m p l e x and so S e c t i o n 6.2 

r e - e x a m i n e s t h e a r g u m e n t o f S c o v i l l e and H e r s h (1979) and 
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i t s v a r i o u s a s s u m p t i o n s . E v i d e n c e i s p r e s e n t e d t h a t i t i s 

t h e r a d i a l dependence o f t h e l i f e t i m e o f t h e H I phase w h i c h 

c o n t r o l s t h e mass r a t i o o f H^/HI. P r e v i o u s a r g u m e n t s f o r a 

l o n g l i f e t i m e o f GMCs a r e shown t o be no l o n g e r v a l i d a n d 

e v i d e n c e f a v o u r i n g a s h o r t l i f e t i m e i s p r e s e n t e d . 

I t i s a g a i n s t t h i s b a c k g r o u n d t h a t r e c e n t CO s u r v e y s o f 

g a l a x i e s i n t h e V i r g o c l u s t e r h a v e b e e n u s e d t o c l a i m GMC 

l i f e t i m e s ^ 1 0 u - 10 y (Kenney and Young 1986; S t a r k e t a l . 

1986) . As t h e p o s s i b i l i t y o f m a k i n g a n e s t i m a t e o f t h e 

l i f e t i m e o f t h e m o l e c u l a r gas ( o r e v e n p u t t i n g a l o w e r l i m i t 

t o i t ) i s c l e a r l y a t t r a c t i v e a n d i m p o r t a n t f o r t h e mass o f 

gas i n t h e i n n e r G a l a x y , t h e s e c l a i m s a r e c r i t i c a l l y 

e x a m i n e d i n S e c t i o n 6.3. 

T h i s l e a d s on t o a c o n s i d e r a t i o n o f i n t h e V i r g o 

s p i r a l g a l a x i e s . The c o n v e n t i o n a l a p p r o a c h i n e s t i m a t i n g 

t h e mass o f H^ i n e x t e r n a l g a l a x i e s h a s been t o assume t h a t 

t h e v a l u e o f d e t e r m i n e d l o c a l l y , a p p l i e s u n i v e r s a l l y 

( e . g . Young and S c o v i l l e 1982a; D i c k m a n e t a l . 1 9 8 6 ) . 

S e c t i o n 6.4 s u g g e s t s t h a t t h e c l u s t e r e n v i r o n m e n t i n V i r g o 

changes ©S^o w i t h r e s p e c t t o i s o l a t e d g a l a x i e s and us e s 

e v i d e n c e f r o m SFRs and I R r e s u l t s t o c o n f i r m t h i s c l a i m . 

F i n a l l y , t h e c o n s e q u e n c e s o f t h e s e r e s u l t s f o r t h e e v o l u t i o n 

o f t h e V i r g o g a l a x i e s a r e b r i e f l y d e s c r i b e d . 

6.2 THE LIFETIME OF GIANT MOLECULAR CLOUDS 

6.2.1 The mass o f H% i n t h e i n n e r G a l a x y 

S c o v i l l e and H e r s h (1979) p r o p o s e d t h a t i f t h e ISM 

c o n s t a n t l y c y c l e s gas t h r o u g h t h e H^, H I and H I I p h a s e s , and 

t h e r e l a t i v e abundances a r e m a i n t a i n e d i n s t e a d y s t a t e , 
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c o n t i n u i t y demands t h a t t h e mass f l o w r a t e o u t o f t h e Hg 

phase (Mju^ ) must e q u a l t h e f l o w r a t e o u t o f t h e HI and 

H I I p h a s e s i n t o H^ ( M ^ g / 1 ^ ) , t h a t i s 

The t i m e s c a l e f o r a t y p i c a l l o w d e n s i t y a t o m i c o r i o n i s e d 

h y d r o g e n r e g i o n t o e x i s t i s ̂  10^y, so t h a t i f > 

t h e n X{j > 'feftx •> The q u a n t i t y was d i r e c t l y i d e n t i f i e d 

w i t h t h e GMC l i f e t i m e . 

However, s i n c e GMCs have d i f f e r e n t masses, t h e 

d e f i n i t i o n o f t h e i r l i f e t i m e as a g r o u p , "̂ M̂  , depends o n t h e 

t i m e s c a l e o f e v o l u t i o n o f a c l o u d as a f u n c t i o n o f i t s 

mass, t ( m ) and on t h e mass d i s t r i b u t i o n o f c l o u d s 

f (m) dm = m dm ( 6 . 2 ) 

where V*£ 1.5 ( S t a r k e t a l . 1 9 8 7 ) . I f GMCs a r e p r o d u c e d 

f r o m H I b e h i n d s h o c k s ( e . g . Bash e t a l . 1977) t h e n i s 

unamb i g u o u s , b e i n g t h e a v e r a g e mass w e i g h t e d p e r i o d b e t w e e n 

c l o u d f o r m a t i o n and d i s r u p t i o n . However, i f GMCs a r e f o r m e d 

by c l o u d - c l o u d c o l l i s i o n s , w i t h l a r g e r m o l e c u l a r c l o u d s 

g r o w i n g a t t h e e x p e n s e o f s m a l l e r o n e s , i n c l u d e s b o t h 

t h e t i m e span o f t h e g i a n t c l o u d (^g^g) and t h e t i m e t a k e n 

f o r s m a l l e r c l o u d s t o grow t o t h a t mass. T h e r e f o r e , i n t h e 

f o l l o w i n g TEh^ w i l l be t e r m e d t h e l i f e t i m e o f t h e m o l e c u l a r 

phase w i t h X M L . 

A t t h e peak o f t h e m o l e c u l a r r i n g , t h e e s t i m a t e o f H^ 

p r e s e n t e d i n t h i s w o r k ( F i g u r e 4.9) g i v e s M^/M M^ tvl.O 

w h i c h i m p l i e s by e q u a t i o n ( 6 . 1 ) TG^ ££10 y. I n c o n t r a s t , 

t h e d i s t r i b u t i o n o f SSS (1984) g i v e s M M a/M W s 5 and 
rsi 

t h e r e f o r e XR ^ 5 . 1 0 y. I t i s i m p o r t a n t t o be c l e a r a b o u t 

t h e u n c e r t a i n t i e s i n t h i s a n a l y s i s . The f i r s t i s t h e 

a s s u m p t i o n t h a t t h e r e l a t i v e a b u n dances o f H I and H^ a r e 
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m a i n t a i n e d i n a s t e a d y s t a t e . T h i s i s n o t s t r i c t l y t r u e as 

gas i s c o n t i n u a l l y d e p l e t e d due t o s t a r f o r m a t i o n , some o f 

t h e gas b e i n g r e t u r n e d t o t h e ISM b u t some b e i n g l o c k e d up 

i n l o n g l i v e d s t a r s o r d e a d s t e l l a r r e m n a n t s . The a s p e c t o f 

s t a r f o r m a t i o n may be e x a m i n e d c r u d e l y i n t h e f o l l o w i n g way. 

The r a t e o f change o f i s g i v e n by 

£5?Ma
 = - Mipjg + M^. ( 6 . 3 ) 

Assum i n g t h a t a l l c y c l e s b a c k t o H I t h r o u g h s t a r s , w h i c h 

l o c k up a f r a c t i o n (l-@4) , t h e n 

dMt« = " Mjjs_ + r t M t f a . ( 6 . 4 ) 

S c o v i l l e and H e r s h (1979) assumed ©C = 1 and d M ^ / d t = 

dM H£ / d t = 0 i n o r d e r t o o b t a i n e q u a t i o n ( 6 . 1 ) . I n S e c t i o n 

2.4, t h e f r a c t i o n o f m o l e c u l a r gas t o t h e t o t a l h y d r o g e n was 

shown t o be e m p i r i c a l l y c o r r e l a t e d w i t h t h e m e t a l l i c i t y Z, 

suc h t h a t 

Mifa. = AZ ( 6 . 5 ) 
<M B L + M H £ ) 

where b ^ 1.3 - 1.4. T h i s e x p r e s s i o n y i e l d s 

1 dMw>. = _ ± _ d M M X + 2.3b / d l o g Z \ / M B + l Y ( 6 . 6 ) 
M « 2 d t M M £ d t \ d t /\M M S / 

S u b s t i t u t i n g e q u a t i o n s ( 6.3) and ( 6 . 4 ) i n t o ( 6 . 6 ) g i v e s 

1 /M M X +OCMMU^ = 1 /M H g\- 2.3b d l o g Z ( 6 . 7 ) 
Xh\MH + M H * / t w U M a ) d t 

w h i c h r e d u c e s i n t h e l i m i t &.—*1 and d l o g Z / d t — » 0 t o 

e q u a t i o n ( 6 . 1 ) . From F i g u r e ( 4 . 1 0 ) , d l o g Z / d t o v e r t h e p a s t 

5Gy a t R @ = 6kpc may be e s t i m a t e d t o be ^ 1 0 dex y w h i c h 
a 

o v e r 10 y makes a n e g l i g i b l e c o n t r i b u t i o n i f M ^ j / M H 1 . 

S e c t i o n 4.2 e s t i m a t e d t h e r e t u r n e d f r a c t i o n as 0.4 - 0.6, 

b u t eC w i l l be e f f e c t i v e l y much h i g h e r as n o t a l l t h e H% w i l l 

f o r m s t a r s ( s a y 50%) . We t h e r e f o r e c o n c l u d e t h a t t h e 

e f f e c t s o f t h e r e l a t i v e abundances n o t b e i n g c o n s t a n t w i l l 
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o n l y a l t e r l i f e t i m e s d e r i v e d f r o m e q u a t i o n ( 6 . 1 ) by a t m o s t 

20%. 

On t h e b a s i s o f t h i s , we may now go on and exa m i n e 

e q u a t i o n ( 6 . 1 ) i n t h e c o n t e x t o f v a r i a t i o n w i t h 

G a l a c t o c e n t r i c r a d i u s . I n F i g u r e 6.1 t h e v a r i a t i o n o f 

M^/M^ ^ a s b e e n d e r i v e d as a f u n c t i o n o f Rg, u s i n g t h e Hg 

d i s t r i b u t i o n s o f SSS (1984) and t h e p r e s e n t w o r k ( F i g u r e 

4 . 9 ) . A s s u m i n g t h a t e a c h - d i s c a n n u l u s i s c l o s e d ( i . e . t h e r e 

a r e no s i g n i f i c a n t gas f l o w s ) , t h i s v a r i a t i o n a l s o 

r e p r e s e n t s ^^/^^gQ w h i c h v a r i e s by a t l e a s t an o r d e r o f 

m a g n i t u d e o v e r t h e d i s c o f t h e G a l a x y . 

P r e s e n t t h e o r i e s o f c l o u d f o r m a t i o n , w h e t h e r by l a r g e 

s c a l e g r a v i t a t i o n a l i n s t a b i l i t y o r c l o u d - c l o u d c o l l i s i o n s 

a r e n o t d e p e n d e n t on w h e t h e r t h e gas i s o r HI, and i n 

f a c t t h e o b s e r v a t i o n t h a t t h e s i z e s p e c t r u m o f m o l e c u l a r 

c l o u d s b o t h i n t h e i n n e r and o u t e r G a l a x y i s v e r y s i m i l a r t o 

t h e H I s i z e s p e c t r u m as measured i n t h e s o l a r n e i g h b o u r h o o d 

( T e r e b y e t a l . 1986) i n d i c a t e s t h a t t h e f o r m a t i o n mechanism 

i s t h e same. The p r o b l e m i s t h e r e f o r e , why does M ^ / M M j 

v a r y by o v e r an o r d e r o f m a g n i t u d e . E l m e g r e e n and E l m e g r e e n 

(1987b) have f o u n d a s i m i l a r t r e n d i n i n d i v i d u a l 
1 s u p e r c l o u d s ' o f mass ^ 1 0 M§. The t o t a l c l o u d mass a p p e a r s 

t o be c o n s t a n t as a f u n c t i o n o f Rg ( G r a b e l s k y e t a l . 1987) 

b u t m o l e c u l a r c o r e s become l e s s m a s s i v e and a t o m i c e n v e l o p e s 

become more m a s s i v e w i t h i n c r e a s i n g RQ. F i g u r e 6.1 s u g g e s t s 

t h a t t h e i n c r e a s e o f Mya/M^x w i t h d e c r e a s i n g Rg c o u l d be due 

t o e i t h e r i n c r e a s i n g i n t h e i n n e r G a l a x y o r d e c r e a s i n g 

I f m o l e c u l a r c l o u d s were h e l d up f r o m c o l l a p s e l o n g e r 

i n t h e i n n e r G a l a x y t h e n " t ^ c o u l d be h i g h e r . However, 
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F i g u r e 6.1 ; The r a t i o o f t h e mass o f t o t h e mass o f H I 
as a f u n c t i o n o f G a l a c t o c e n t r i c r a d i u s . H I 
v a l u e s have been a v e r a g e d f r o m T a b l e A.2.1 
( A p p e n d i x ) w h i l e H a has been t a k e n f r o m SSS 
(1984) and t h e p r e s e n t w o r k ( F i g u r e 4 . 9 ) . 
F o l l o w i n g t h e a r g u m e n t o f S c o v i l l e and H e r s h 
(1979) t h i s v a r i a t i o n a l s o r e p r e s e n t s t h e r a t i o 
o f t h e l i f e t i m e o f t h e m o l e c u l a r and a t o m i c 
p h a s e s . 
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f i r s t l y i f 1?K)a were r e s p o n s i b l e f o r t h e v a r i a t i o n , a v a l u e 

o f ŝ . 10°y a t t h e 6kpc r i n g w o u l d i m p l y 4 10 y i n t h e 

o u t e r G a l a x y . I f GMCs a r e b u i l t up f r o m c l o u d - c l o u d 

c o l l i s i o n s ( S e c t i o n 6 . 2 . 2 ) , t h e t i m e - s c a l e f o r f o r m i n g 

10^ - 10^M^> c l o u d s i s > 10^y, i m p l y i n g t h a t t h e s i z e 

s p e c t r u m o f m o l e c u l a r c l o u d s i n t h e o u t e r G a l a x y w o u l d be 

v e r y d i f f e r e n t . However, o b s e r v a t i o n s o f t h e s i z e s p e c t r u m 

show no s u c h e f f e c t ( T e r e b y e t a l . 1 9 8 6 ) . T h i s s u g g e s t s 

t h a t may be r o u g h l y c o n s t a n t w i t h r a d i u s . 

S e c o n d l y , e v i d e n c e f o r a r o u g h l y c o n s t a n t may be 

d e r i v e d f r o m t h e o b s e r v e d SFR. The r a t e o f f l o w o f H^ i n t o 

H I m u s t be c o n n e c t e d t o t h e SFR ( C h a p t e r 2 ) . The•SFR (^ g) 

w i l l be a p p r o x i m a t e l y g i v e n b y 

% ^ T\ MMa ( 6 . 8 ) 

where Tj i s t h e e f f i c i e n c y o f s t a r f o r m a t i o n , o r e s s e n t i a l l y 

t h e amount o f R% t h a t f o r m s s t a r s . The r e s u l t s o f S e c t i o n 

2.3.1 showed a c o r r e l a t i o n i n t h e d i s c o f t h e G a l a x y o f 
1 Cc 

jL e£ M H w i t h k c l o s e t o u n i t y . E q u a t i o n ( 6 . 8 ) t h e r e f o r e 

i m p l i e s "Bjj eC f j as a f u n c t i o n o f R^. Myers e t a l . (1986) 

have r e c e n t l y e s t i m a t e d t h e s t e l l a r c o n t e n t o f m o l e c u l a r 

c l o u d s i n t h e i n n e r G a l a x y f r o m t h e f a r - I R and Lyman ©4 

l u m i n o s i t i e s . The mass o f s t a r s (M§) d e r i v e d i n t h i s way 

r e p r e s e n t s o n l y t h e s t a r s c u r r e n t l y p r e s e n t i n t h e m o l e c u l a r 

c l o u d and f o r t h e t o t a l mass o f s t a r s i t m u s t be m u l t i p l i e d 

by a f a c t o r R'> 1 i n o r d e r t o a c c o u n t f o r s t e l l a r p r o d u c t i o n 

d u r i n g t h e w h o l e o f t h e c l o u d l i f e t i m e . T h e r e i s no way t o 

r e l i a b l y e s t i m a t e R' f o r each c l o u d , b u t u s i n g t h e r a t i o o f 

Mg t o t h e c l o u d mass (Mg) may g i v e some i n d i c a t i o n o f t h e 

t r e n d o f ^ (s£M§/M@) w i t h R@. 
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F o l l o w i n g Myers e t al„ (1986), d e r i v i n g Mg from t h e CO 

data o f Dame e t a l . (1986) u s i n g @%s> = 4, t h e q u a n t i t y Ms/M<g 

i s shown as a f u n c t i o n o f G a l a c t o c e n t r i c r a d i u s i n F i g u r e 

6.2. There i s c o n s i d e r a b l e spread, b u t t h e r e i s no evidence 
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F i g u r e 6.2 : The r a t i o o f t h e s t e l l a r mass i n m o l e c u l a r 
c l o u d s , e s t i m a t e d from f a r - i n f r a r e d and Lyman®* 
l u m i n o s i t i e s , t o t h e mass o f t h e c l o u d as a 
f u n c t i o n o f G a l a c t o c e n t r i c r a d i u s . Data are 
ta k e n from Myers e t a l . (1986) f o l l o w i n g t h e i r 
a d o p t i o n o f &-a© = 4 f o r t h e e s t i m a t e o f Me. 
The h o r i z o n t a l bars r e p r e s e n t mean v a l u e s . 

f o r M§/Mg (and hence ifj ) d e c r e a s i n g w i t h i n c r e a s i n g Rg,, which 

would be needed t o e x p l a i n ^ i f a *5H v a r i a t i o n i s 

r e s p o n s i b l e f o r t h e M^/Mj^ v a r i a t i o n . I n f a c t t h e t r e n d i n 

F i g u r e 6.2 i s i n t h e o p p o s i t e sense. I t i s i n t e r e s t i n g i n 

t h i s c o n t e x t t o e x p l o r e t he e f f e c t o f a m e t a l l i c i t y 

c o r r e c t i o n t o ©t^s. Using t h e m e t a l l i c i t y measurements o f 

F i g u r e 2.5, t h e d i f f e r e n c e i n mean m e t a l l i c i t y between 

= lOkpc and = 6kpc i s ̂ 0 . 4 dex. I f were 
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i n v e r s e l y p r o p o r t i o n a l t o m e t a l l i c i t y (Bhat e t a l . 1985), 

t h i s would decrease t h e e s t i m a t e d c l o u d mass and t h e r e f o r e 

i n c r e a s e log(M g/M @) by ^ 0.4dex a t 6kpc compared t o lOkpc, 

t h u s f l a t t e n i n g o u t any g r a d i e n t . I t t h e r e f o r e appears a 

v a r i a t i o n i n 1 ^ cannot account f o r t h e M M a /MMX v a r i a t i o n , 

and i f a m e t a l l i c i t y c o r r e c t i o n t o i s used, % ^ and t h e 

s t a r f o r m a t i o n e f f i c i e n c y (assuming t h a t t h i s i s r e p r e s e n t e d 

by M§,/ M©) a r e c o n s t a n t w i t h R^. 

R e t u r n i n g t o F i g u r e 6.1, t h e v a r i a t i o n o f M H /M ŝ must 

t h e n be due t o a v a r i a t i o n i n "̂ taE as a f u n c t i o n o f Rg, t h a t 

i s , t h e l i f e t i m e o f t h e m o l e c u l a r phase i s f a i r l y c o n s t a n t , 

b u t t h e r a t e o f c o n v e r s i o n o f HI—*>H a i n c r e a s e s w i t h 

d e c r e a s i n g R̂ . This i s c o n s i s t e n t w i t h t h e s u g g e s t i o n o f 

S e c t i o n 2.4 t h a t i n a r e g i o n o f more g r a i n s per cm more Hi 

e v o l v e s i n t o H^. Assuming t h a t t h e c a t a l y t i c process f o r 

H + H=-=e>Ĥ  i s c o m p l e t e l y e f f i c i e n t f o r a l l H atoms a r r i v i n g 

a t a g r a i n s u r f a c e , t h e n t h e r a t e o f f o r m a t i o n o f H^ i s 

dn(Ha,) = 1 n(H)Ka an«V M (6.9) 
d t , 2 3 

f o r g r a i n s o f r a d i u s a, number d e n s i t y n^ and where V M i s 

t h e p r o b a b l e v e l o c i t y o f H atoms (Dyson and W i l l i a m s 1980). 

Of course f o r a mass t o be a l l c o n v e r t e d t o H^, 

d n ( H a ) / d t e C (Mor/Twr) and t h e r e f o r e 

(6.10) 

I f T*Ha i a and V H are r o u g h l y c o n s t a n t w i t h Rg, t h e n t h e 

decrease i n T^jg from R^ = lOkpc t o 6kpc r e q u i r e d t o g i v e 

/M^ f o r t h e r a d i a l d i s t r i b u t i o n o f M M j advocated i n t h i s 

work ( F i g u r e 6.1) i s «v 2.5. T h i s i s r o u g h l y t h e i n c r e a s e i n 

m e t a l l i c i t y over the same r e g i o n , w h i c h i s c o n s i s t e n t w i t h 

t h e g r a i n d e n s i t y f o l l o w i n g t h e m e t a l l i c i t y . ( S e c t i o n 2.5 
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and Appendix A. 2. 5 have argued t h a t t h e d u s t - t o ~ g a s r a t i o i s 

p r o p o r t i o n a l t o t h e m e t a l l i c i t y , b u t t h e t o t a l gas i s 

r o u g h l y c o n s t a n t over t h i s r e g i o n ) . The v a r i a t i o n f o r SSS 

(1984) can a l s o be e x p l a i n e d by an i n c r e a s e i n m e t a l l i c i t y 

combined w i t h an i n c r e a s e i n t o t a l gas. 

The s i t u a t i o n c o n c e r n i n g i n d i v i d u a l c l o u d s w i l l no 

doubt be more complex. Elmegreen and Elmegreen (1987b) 

suggest t h a t super c l o u d s o f mass /vlO^M^ c o u l d form by 

g r a v i t a t i o n a l i n s t a b i l i t i e s i n t h e ambient i n t e r s t e l l a r gas 

(Elmegreen 1987d) w h i l e m o l e c u l a r c l o u d s i n s i d e form 

d i f f e r e n t l y by a g g l o m e r a t i o n o f s m a l l e r c l o u d s . They 

a s c r i b e t h e v a r i a t i o n i n m o l e c u l a r f r a c t i o n per c l o u d as due 

t o t h e v a r i a t i o n i n average p r e s s u r e i n t h e d i s c o f t h e 

Galaxy, a r g u i n g t h a t g r e a t e r p r e s s u r e i m p l i e s g r e a t e r 

d e n s i t y and t h e r e f o r e m o l e c u l a r l i n e s h i e l d i n g b e i n g more 

i m p o r t a n t . However, i t may be s i m p l y t h a t t h e d u s t - t o - g a s 

r a t i o c o n t r o l s t h e m o l e c u l a r f r a c t i o n , n o t o n l y by enhancing 

e v o l u t i o n o f HI-—^H^ b u t a l s o by i n c r e a s i n g o p a c i t y . Franco 

and Cox (1986) have shown t h a t any o f t h e proposed 

mechanisms t o agglomerate i n t e r s t e l l a r c l o u d s w i l l be 

e f f e c t i v e i n t h e m o l e c u l a r i z a t i o n o f t h e ISM as l o n g as t h e y 

can g e n e r a t e column d e n s i t i e s above 

where t h e m e t a l l i c i t y has been t a k e n p r o p o r t i o n a l t o t h e 

d u s t - t o - g a s r a t i o . Thus f o r h i g h e r m e t a l l i c i t i e s , i t i s 

e a s i e r t o form m o l e c u l a r c l o u d s , as d u s t g r a i n s p r o v i d e t h e 

o p a c i t y necessary t o p r e v e n t t h e e x t e r n a l UV r a d i a t i o n f l u x 

f r om p e n e t r a t i n g . 

We t e n t a t i v e l y suggest t h e r e f o r e t h a t the observed 

v a r i a t i o n i n M$j a/M H X w i t h R^, b o t h i n d i s c a n n u l i and 

2 5.10 N cm (6.11) 
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i n d i v i d u a l s u p e r c l o u d s can be understood i n terms o f t h e 

v a r i a t i o n i n due to. t h e v a r i a t i o n i n m e t a l l i c i t y and 

hence d u s t - t o - g a s r a t i o . I t s h o u l d be not e d t h a t t h i s 

mechanism does n o t d i f f e r e n t i a t e between t h e two d i f f e r e n t 

H^ d i s t r i b u t i o n s u n t i l % ^ i s f i x e d by o t h e r means. 

However, c a u t i o n i s needed i n any a p p l i c a t i o n o f e q u a t i o n 

(6 = 1) as 'Eos i s a f u n c t i o n o f G a l a c t o c e n t r i c radius., Any 

d e r i v a t i o n o f from t h i s e q u a t i o n p r o b a b l y needs as much 

car e w i t h e v a l u a t i n g as w i t h X^. 

N e v e r t h e l e s s , we t a k e S i 10 y a t 6kpc and now 

c o n s i d e r t h e evidence c o n c e r n i n g an e s t i m a t e o f T*^ . 

6.2„2 The f o r m a t i o n and growth o f GMCs 

One o f th e main arguments f o r a l i f e t i m e o f t h e 

m o l e c u l a r phase > 10 - 10 y came from i n i t i a l e s t i m a t e s o f 

th e t i m e needed t o 'grow 1 GMCs by c l o u d - c l o u d c o l l i s i o n s 

( S c o v i l l e and Hersh 1979; Kwan 1979). The t i m e r e q u i r e d t o 

b u i l d up c l o u d s o f 10 - 10 M@ sim p l y by random c l o u d - c l o u d 

c o l l i s i o n s o f s m a l l e r c l o u d s i s 2.10 -. 10 y i m p l y i n g o f 

cou r s e , 1 ^ a t l e a s t g r e a t e r t h a n these v a l u e s . 

However, these models n e g l e c t e d t h e tendency o f s p i r a l 

arm g r a v i t a t i o n a l f i e l d s t o enhance s u b s t a n t i a l l y t h e number 

d e n s i t y o f c l o u d s and t h e r e b y i n c r e a s e c l o u d - c l o u d 

c o l l i s i o n s . Recent n u m e r i c a l s i m u l a t i o n s have shown t h a t 

much s h o r t e r f o r m a t i o n t i m e s are p o s s i b l e when a s p i r a l 

p o t e n t i a l i s imposed (Tomisaka 1986; Combes and G e r i n 1987). 

Kwan and Valdes (1983) found t h a t t h e r a t e o f gro w t h o f 

massive c l o u d s near a p o t e n t i a l minimum such as a s p i r a l arm 

was enhanced by a f a c t o r 3-6 over t h e s i m p l e random case, 

l a r g e GMCs f o r m i n g w i t h i n 4.10^. Mutual g r a v i t a t i o n a l 

a t t r a c t i o n between n e i g h b o u r i n g c l o u d s can a l s o i n c r e a s e t h e 

-204 = 



r a t e o f coalescence. Kwan and Valdes (1987) modelled t h e 

l o c a l g r a v i t a t i o n a l i n t e r a c t i o n between c l o u d s c l o s e r t h a n 

400pc and found t h e r a t e o f coalescence o f l a r g e r c l o u d s 

i n c r e a s e d by a f a c t o r o f 3. Large s c a l e g r a v i t a t i o n a l 

i n t e r a c t i o n s have y e t t o be m o d e l l e d , b u t once a g a i n i t i s 

t h o u g h t t h a t t h e r a t e o f coalescence w i l l be i n c r e a s e d 

(Roberts and Steward 1987)„ Elmegreen (1987a) has a l s o 

shown t h a t growth t i m e s can be reduced t o u G.lO^y, s i m p l y 

by t a k i n g account o f t h e e f f e c t o f m a g n e t i c a l l y enhanced 

c o l l i s i o n c r o s s - s e c t i o n s . 

An a l l i e d argument concerns t h e c l o u d - c l o u d v e l o c i t y 

d i s p e r s i o n o f m o l e c u l a r c l o u d s . S t a r k (1979, 1983, 1984) 

found t h a t t h e v e l o c i t y d i s p e r s i o n o f c l o u d s was r o u g h l y 

c o n s t a n t over t h e c l o u d mass range 10 - 10 M^. 

E q u i p a r t i t i o n o f t h e random k i n e t i c energy o f t h e c l o u d s , 

due t o t h e c l o u d s s u r v i v i n g s e v e r a l c l o u d - c l o u d c o l l i s i o n 

t i m e s would p r e d i c t t h e v e l o c i t y d i s p e r s i o n p r o p o r t i o n a l t o 

Mg . Since e q u i p a r t i t i o n i s n o t observed, mechanisms 

o t h e r t h a n c l o u d a g g l o m e r a t i o n must dominate t h e k i n e t i c 

energy o f t h e c l o u d ensemble. This may be t a k e n as evidence 

t h a t c l o u d s do n o t form by a g g l o m e r a t i o n o r t h a t t h e r e 

e x i s t s some process which i n j e c t s k i n e t i c energy i n t o l a r g e r 

c l o u d s . Jog and O s t r i k e r (1987) have suggested t h a t t h e 

g r a v i t a t i o n a l s c a t t e r i n g o f massive c l o u d s o f f each o t h e r i n 

t h e d i f f e r e n t i a l l y r o t a t i n g G a l a c t i c d i s c c o n s t i t u t e s an 

e f f e c t i v e g r a v i t a t i o n a l v i s c o s i t y which c o u l d be such a 

process. Clouds w i t h mass £ 10 M @ do show a v e l o c i t y 

d i s p e r s i o n c o n s i s t e n t w i t h e q u i p a r t i t i o n ( S t a r k 1983; 

S c o v i l l e e t a l . 1987) . However, t h e r e l e v a n c e f o r c l o u d 

l i f e t i m e s i s t h a t a l t h o u g h e a r l y c a l c u l a t i o n s had suggested 
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t h a t e q u i p a r t i t i o n t h r o u g h c l o u d - c l o u d c o l l i s i o n s c o u l d be 

achieved o n l y i n fa 10° - 10 y, r e c e n t c a l c u l a t i o n s i n d i c a t e 

t h a t e q u i p a r t i t i o n can be achi e v e d i n 5„10 y ( S c o v i l l e e t 

a l . 1987; Jog and O s t r i k e r 1987). I n f a c t these r e c e n t 

c a l c u l a t i o n s do n o t i n c l u d e t h e e f f e c t s o f g r a v i t a t i o n a l 

f o c u s i n g o r t h e e f f e c t o f s p i r a l arms, b o t h o f which would 

s h o r t e n t h i s t i m e s c a l e even f u r t h e r . 

I f t h e v e l o c i t y d i s p e r s i o n o f m o l e c u l a r c l o u d s , ( o r 

clouds <10 M@) can be taken as evidence f o r f o r m a t i o n 

mechanisms o t h e r t h a n c l o u d - c l o u d c o l l i s i o n s , these 

f o r m a t i o n mechanisms have even s h o r t e r t i m e s c a l e s . The 

Parker i n s t a b i l i t y (Mouschovias e t a l . 1974; B l i t z and Shu 

1980) where c l o u d f o r m a t i o n proceeds due t o magnetic 

i n s t a b i l i t i e s m t h e gas l a y e r has a g r o w t h t i m e o f £s 2.10 y 

(Elmegreen 1982), w h i l e f o r m a t i o n o f c l o u d s due t o l a r g e 

s c a l e g r a v i t a t i o n a l i n s t a b i l i t y a l s o has a growth t i m e o f 

£?2.10 7y (Cowie 1981; Elmegreen 1987d) . 

We t h e r e f o r e conclude t h a t e a r l i e r v a l u e s o f 

S£ 10 - 10 y fro m a c o n s i d e r a t i o n o f t h e growth o f GMCs 

are no l o n g e r v a l i d ; t h e r e i s s t i l l no g e n e r a l agreement on 

th e mechanism o f g r o w t h , but a l l c u r r e n t mechanisms f a v o u r 
i 

growth t i m e s < 10 y. 

6.2.3 S p i r a l arms 

The q u e s t i o n o f whether GMCs are c o n f i n e d and formed i n 

s p i r a l arms has been used t o argue f o r b o t h l o n g and s h o r t 

l i f e t i m e s , t h e argument being t h a t i f GMCs are c o n f i n e d t o 

s p i r a l arms, t h e n t h e i r l i f e t i m e must be < 4.10 y o t h e r w i s e 

t h e y w i l l d i f f u s e i n t o the i n t e r - a r m r e g i o n (e.g. Turner 

1984). 

Consequently, t h e r e have been e x t e n s i v e searches f o r 
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s p i r a l s t r u c t u r e w i t h c o n f l i c t i n g r e s u l t s ( L i s z t 1985)„ 

Solomon and Sanders (1980) from t h e e a r l y CO surveys c l a i m e d 

no s p i r a l p a t t e r n b u t these o b s e r v a t i o n s p r o v i d e d l i t t l e 

i n f o r m a t i o n because o f random and s y s t e m a t i c motions ( B l i t z 

and Shu 1980). On t h e o t h e r hand, Cohen e t a l . (1980) 

c l a i m e d GMCs were o n l y found i n s p i r a l arms, c o n s i s t e n t w i t h 

a s h o r t l i f e t i m e . 

The p i c t u r e , at. .present i s much more c o m p l i c a t e d , 

l a r g e - s c a l e surveys o f t h e G a l a c t i c p l a n e showing two 

d i s t i n c t c l o u d p o p u l a t i o n s , ( i ) c l o u d s w i t h warm cores (> 

10K) c o n s t i t u t i n g ^ 25% o f th e t o t a l p o p u l a t i o n and ̂  50% o f 

the t o t a l e m i s s i o n , c l e a r l y a s s o c i a t e d w i t h H I I r e g i o n s and 

G a l a c t i c s p i r a l arms, and ( i i ) c l o u d s w i t h c o l d m o l e c u l a r 

cores {< 10K) c o n s t i t u t i n g 75% o f t h e t o t a l number and 

50% o f t h e t o t a l e m i s s i o n , d i s t r i b u t e d u n i f o r m l y 

t h r o u g h o u t the d i s c (Sanders 1981; Solomon e t a l . 1985; 

S c o v i l l e e t a l . 1986, 1987). Recent o b s e r v a t i o n s o f 

e x t e r n a l s p i r a l g a l a x i e s c o n f i r m t h i s p i c t u r e (Rydbeck e t 

a l . 1985; Lo e t a l . 1987b). I t appears t h a t t h e s i z e 

spectrum o f clo u d s i s n o t g r e a t l y d i f f e r e n t between arm and 

i n t e r a r m r e g i o n s ( S c o v i l l e e t a l . 1987) a l t h o u g h t h e r e i s 

c l e a r evidence f o r c l u s t e r i n g o f c l o u d s w i t h warm cores i n t o 

a g gregates ( R i v o l o e t a l . 1986). The e s t i m a t i o n o f t h e mass 

o f t h e two p o p u l a t i o n s i s c o m p l i c a t e d by th e t e m p e r a t u r e 

e f f e c t , b u t v i r i a l theorem mass e s t i m a t e s by S c o v i l l e e t a l . 

(1987) e s s e n t i a l l y show no d i f f e r e n c e between t h e two 

p o p u l a t i o n s ( b u t see S e c t i o n 1.2 f o r u n c e r t a i n t i e s i n t h i s 

a n a l y s i s ) . 

E a r l y t h e o r i e s o f c l o u d f o r m a t i o n had suggested GMCs 

were formed i n s p i r a l arms from HI and launched from them i n 
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b a l l i s t i c o r b i t s (Bash e t al„ 1977). S t a r k e t al„ (1987) 

have c h a l l e n g e d t h i s view t h a t m o l e c ules form f r o m i n t e r a r m 

atomic gas i n a s p i r a l d e n s i t y wave. From a s t u d y o f 

e x t e r n a l s p i r a l g a l a x i e s , t h e r e appears t o be no obvious 

c o r r e l a t i o n between t h e s u r f a c e b r i g h t n e s s o f CO and t h a t 

t h e arm c l a s s , which suggests t h a t d e n s i t y waves are n o t 

r e q u i r e d t o form m o l e c u l e s , A s i m p l e i n t e r p r e t a t i o n 

t h e r e f o r e i s t h a t m o l e c u l a r c l o u d s form t h r o u g h o u t t h e d i s c , 

and t h a t s p i r a l d e n s i t y waves merely o r g a n i s e t h e e x i s t i n g 

c l o u d s (and o t h e r g a l a c t i c m a t e r i a l ) i n t o a s p i r a l p a t t e r n . 

T h i s i s c o n s i s t e n t w i t h m o l e c u l a r c l o u d s b e i n g found i n t h e 

i n t e r a r m r e g i o n s , an i n t e r a r m / a r m c o n t r a s t f o r HI (Elmegreen 

and Elmegreen 1987a) and t h e o b s e r v a t i o n t h a t t h e average 

SFR per u n i t area o f a g a l a x y i s r e l a t i v e l y independent o f 

t h e presence o f an o b v i o u s wave mode (Elmegreen and 

Elmegreen 1986). 

The c l u s t e r i n g o f clouds i n t o aggregates c o u l d e x p l a i n 

some r e s u l t s t h a t m o l e c u l a r c l o u d s are b r i g h t e r i n d e n s i t y 

wave s p i r a l arms (Dame e t a l . 1986). I t i s a w e l l known 

p r o p e r t y o f s p i r a l g a l a x i e s t h a t p a r t i c l e o r b i t s have a 

tendency t o l i n g e r i n s p i r a l arms i n response t o t h e 

g r a v i t a t i o n a l a t t r a c t i o n toward t h e l o c a l p o t e n t i a l minimum 

i n t he arm. As a r e s u l t i n d i v i d u a l c l o u d p a r t i c l e s w i l l 

o f t e n t a k e as much t i m e t o move across s p i r a l arms as i n 

between. I n a d d i t i o n , n e i g h b o u r i n g p a r t i c l e t r a j e c t o r i e s 

t e n d t o converge as t h e y e n t e r a s p i r a l arm. T h i s o r b i t 

c r o w d i n g phenomenon has been shown i n t h e n u m e r i c a l 

s i m u l a t i o n s o f Roberts and Steward (1987) t o a l l o w l a r g e r 

c l o u d s t o assemble f r o m s m a l l e r c l o u d s and i s t h e p r i m a r y 

mechanism which u n d e r l i e s t he o r g a n i s a t i o n o f GMC complexes 
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a l o n g s p i r a l arms. These complexes are l o o s e l y a s s o c i a t e d 

and are d i s s o c i a t e d upon e x c i t i n g t h e arm t h r o u g h t h e 

postarm d i v e r g e n c e i n t h e system's v e l o c i t y f i e l d . R oberts 

and Steward (1987) p o i n t out on t h e b a s i s o f t h e i r r e s u l t s , 

d e t e r m i n a t i o n o f i n d i v i d u a l c l o u d l i f e t i m e s i s d i f f i c u l t , as 

t h e i n d i v i d u a l c l o u d s i n t h e i r computed models l i v e f o r e v e r 

and y e t t h e y show s t r o n g c o n c e n t r a t i o n s i n s p i r a l arms. 

T h i s c o u n t e r s e a r l i e r arguments t h a t m o l e c u l a r c l o u d s must 

be l o n g l i v e d because o f the l a c k o f s p i r a l s t r u c t u r e as 

w e l l as t h e c o u n t e r arguments t h a t m o l e c u l a r c l o u d s a r e 

s h o r t l i v e d because t h e y are observed p r i m a r i l y i n s p i r a l 

arms. 

However, i f the s c e n a r i o i s t h a t c l o u d s f o r m t h r o u g h o u t 

t h e d i s c and are b u i l t up i n t o t h e l a r g e s t complexes by 

o r b i t crowding i n s p i r a l arms, what does t h i s mean f o r t h e 

l i f e t i m e o f t h e m o l e c u l a r phase? Kwan and Valdes (1987) i n 

d e t a i l e d n u m e r i c a l s i m u l a t i o n s have s t u d i e d t h i s process and 

modelled t h e f r a g m e n t a t i o n o f c l o u d s . I n o r d e r t o f i t t h e 

observed mass spectrum o f clouds t h e y f i n d 4 2.10 y, a 

v a l u e a l s o found by Turner (1984) i n h i s s i m i l a r e x a m i n a t i o n 

o f t h e SFR i n t h e Galaxy. T h i s upper l i m i t i s a l i t t l e 

h i g h e r t h a n the "C^e^ 10 y r e q u i r e d f o r t h e i n t h e i n n e r 

Galaxy advocated by t h i s work, b u t w e l l below t h e 

M 5.10®y r e q u i r e d by the M„ o f SSS (1984). 

A number o f q u e s t i o n s are s t i l l u n c l e a r , f o r example 

th e s i g n i f i c a n c e o f warm c l o u d c o r e s . I n the n u m e r i c a l 

s i m u l a t i o n s , g i a n t c l o u d complexes are c l e a r l y c o n f i n e d t o 

s p i r a l arms but when compared t o t h e warm core c l o u d 

p o p u l a t i o n o f Solomon e t a l . (1985) appear t o have a 

d i f f e r e n t d i s t r i b u t i o n a l ong t h e arm, s u g g e s t i n g t h a t t h e 
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warm cores may n o t t r a c e o u t t h e s p i r a l arms u n i f o r m l y . 

N e v e r t h e l e s s , once a g a i n we see t h a t e a r l y arguments f o r 

l o n g l i f e t i m e GMCs from t h e s p i r a l arm d i s t r i b u t i o n (e.g. 

Solomon and Sanders 1980) are n o t w e l l founded, t h e evidence 

f a v o u r i n g %m&4 2.10%. 

6.2.4 Other c o n s i d e r a t i o n s 

There are a number o f a d d i t i o n a l arguments t o th e ones 

p r e v i o u s l y o u t l i n e d which" suggest s h o r t l i f e t i m e s , £ S.lO^y, 

c e r t a i n l y f o r GMCs and p o s s i b l y %^ . Many ar e w e l l known, 

b u t here we b r i e f l y r e v i e w them f o r completeness. 

The g r a v i t a t i o n a l b i n d i n g energy o f a c l o u d o f mass 

<^2.10^M@, and d i a m e t e r 40pc i s A/10 5®ergs. B l i t z and Shu 

(1980) showed t h a t ^ 10 ergs was a v a i l a b l e from OB s t a r 

f o r m a t i o n i n s i d e t h e c l o u d (assuming a s m a l l e f f i c i e n c y o f 

10 - 10 i n c o n v e r t i n g r a d i a n t energy i n t o expansion) 

over 10 y t o d i s r u p t t h e p a r e n t c l o u d . Even i f OB s t a r 

f o r m a t i o n i s slow i n b e g i n n i n g a f t e r GMC f o r m a t i o n , c l o u d s 

would s t i l l be d i s r u p t e d i n a few x 10 y (Turner 1984). For 

clou d s w i t h mass < 10 M@, Mazurek (1980) c a l c u l a t e d a 

d i s r u p t i o n t i m e - s c a l e o f ^ 4.10 y. T h e r e f o r e i t seems v e r y 

u n l i k e l y t h a t GMCs where s t a r s a r e f o r m i n g can e x i s t 

* 5 . 1 0 V 

I t i s now w e l l e s t a b l i s h e d t h a t GMCs appear t o be l o o s e 

a s s o c i a t i o n s o f s m a l l e r c l o u d s o r clumps (e.g. B l i t z and 

St a r k 1986; B l i t z 1987). Random c o l l i s i o n s between these 

clumps, a t r a t e s d e t e r m i n e d by t h e i r observed random 

mot i o n s , w i l l ensure t h a t t hey must c o a l e s c e i n t o a 

c e n t r a l l y condensed c l o u d s t r u c t u r e i n a* 10^y ( B l i t z and Shu 

1980). Elmegreen (1985) has re-examined t h i s p o i n t and 

added i n t o t h e c a l c u l a t i o n t h e e f f e c t o f t h e magnetic f i e l d s 
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o f t h e clumps t o o b t a i n a t i m e s c a l e o f §2. 2.10 y. The 

o b s e r v a t i o n t h a t such c e n t r a l l y condensed s t r u c t u r e s a r e n o t 

seen i n g e n e r a l , w i t h t h e one e x c e p t i o n o f the pOph c l o u d , 

once a g a i n suggests t h a t GMCs have l i f e t i m e s o f a few 10^y. 

An a d d i t i o n a l problem f o r l o n g e r l i f e t i m e GMCs 

(>, 2.10 y) i s a s u i t a b l e mechanism t o s u p p o r t these c l o u d s 

a g a i n s t c o l l a p s e . The problem f o r t h e o r e t i c i a n s has always 

been t o p r o l o n g GMC l i f e t i m e s f o r much l o n g e r t h a n t h e f r e e 

f a l l t i m e s c a l e ( ^ l O ^ y ) . I t has been suggested t h a t t h i s 

c o u l d be done by magnetic f i e l d s (Mouschovias 1976a,b), 

r o t a t i o n a l s u p p o r t ( F i e l d 1978), t h e winds o f T-T a u r i s t a r s 

(Norman and S i l k 1980) o r supe r s o n i c t u r b u l e n c e w i t h i n t h e 

c l o u d s (Scalo and Pumphrey 1982), b u t each o f these 

mechanisms can be shown n o t t o have enough energy t o s u p p o r t 

c l o u d s f o r l o n g e r t h a n ^ 4.10 - 1.10 y ( B l i t z and Shu 1980; 

Turner 1984; Elmegreen 1985). Even when g l o b a l t u r b u l e n c e 

o r i g i n a t i n g from g a l a c t i c r o t a t i o n p r o v i d e s a f r e s h i n p u t o f 

energy (He n r i k s e n and Turner 1984), GMCs can o n l y be 

sup p o r t e d f o r a few x 10 y b e f o r e f o r m i n g s t a r s . 

F i n a l l y , t h e o r e t i c a l arguments and l a b o r a t o r y d a t a 

s u p p o r t t h e s u g g e s t i o n t h a t CO and l o n g c h a i n molecules can 

s t i c k e a s i l y t o g r a i n s u r f a c e s a t t h e low t e m p e r a t u r e s 

p r e v a i l i n g i n GMCs ( A l l e n and Robinson 1977; Leger 1983). 

I f GMCs are l o n g - l i v e d i n comparison w i t h t h e t i m e s c a l e f o r 

a b s o r p t i o n o n t o g r a i n s u r f a c e s (< 10 y ) , i t i s s u r p r i s i n g 

t h a t l a r g e r d e p l e t i o n s o f such molecules are n o t seen. I n 

or d e r t o have much l o n g e r GMC l i f e t i m e s , e f f i c i e n t 

mechanisms must be found t o r e t u r n molecules back t o t h e gas 

phase, which may be d i f f i c u l t ( W i l l i a m s 1985; van Dishoeck 

and B l a c k 1987). 
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I n summary, t h e r e f o r e , p r e s e n t o b s e r v a t i o n a l and 

t h e o r e t i c a l e vidence from the f o r m a t i o n o f GMCs, s p i r a l arm 

s t r u c t u r e and o t h e r c o n s i d e r a t i o n s f a v o u r 1̂ &.4 5.10*^ w i t h 

t h e l i f e t i m e o f t h e m o l e c u l a r phase 4 2„10^y. From t h e 

c o n t i n u i t y argument o f S c o v i l l e and Hersh (1979), t h i s i s 

c o n s i s t e n t w i t h t h e H^ d i s t r i b u t i o n i n t h e i n n e r Galaxy 

proposed i n S e c t i o n 4.6 o f t h i s work, much lower than t h e 

d i s t r i b u t i o n o f SSS (1984). I t i s i n t h e l i g h t o f t h i s 

r e s u l t , t h a t c l a i m s have been made from CO o b s e r v a t i o n s o f 

the V i r g o c l u s t e r o f g a l a x i e s f o r a much l o n g e r l i f e t i m e o f 

GMCs and t h e m o l e c u l a r phase. I n t h e f o l l o w i n g we 

c r i t i c a l l y examine these c l a i m s . 

6.3 THE LIFETIME OF THE MOLECULAR PHASE FROM GAS STRIPPING 

IN THE VIRGO GALAXIES 

Recent CO surveys o f g a l a x i e s i n t h e V i r g o c l u s t e r 

(Young 1985b; Kenney and Young 1985, 1986; S t a r k e t a l . 

1986) have l e d t o t h e c l a i m t h a t t h e l i f e t i m e o f the 

mo l e c u l a r p h a s e , , i s ̂  10 - 10 y. S p e c i f i c a l l y , S t a r k 

e t a l . (1986, h e r e a f t e r r e f e r r e d t o as S) and Kenney and 

Young (1986, h e r e a f t e r r e f e r r e d t o as KY) s t u d i e d t o t a l 

g a l a x y c o n t e n t s o f HI and CO as a f u n c t i o n o f a n g u l a r 

d i s t a n c e from t h e c e n t r e o f V i r g o , assumed t o be c o i n c i d e n t 

w i t h M87. The i n t e r e s t i n g r e s u l t s found were t h a t t h e r a t i o 

o f CO/HI i n c r e a s e d towards the c l u s t e r c e n t r e , as d i d t h e 

r a t i o o f the CO 'diameter' t o t h a t o f H I . S found no 

evidence f o r d i f f e r e n c e s i n r e s u l t s f o r e a r l y - t y p e g a l a x i e s 

(Sab and e a r l i e r ) and l a t e - t y p e ( l a t e r t h a n Sab). These 

r e s u l t s were e x p l a i n e d i n terms o f HI b e i n g removed 
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p r e f e r e n t i a l l y , , compared w i t h Hg, by ram p r e s s u r e due t o t h e 

i n t e r c l u s t e r medium (ICM)„ The argument then proceeds t h a t 

i f HI i s removed from t h e i n n e r d i s c , t h e m o l e c u l a r gas must 

s u r v i v e f o r a t l e a s t t h e c l u s t e r c r o s s i n g t i m e 

(3.10 - 10My» s i n c e c o n v e r s i o n from H^—=cHI would have l e d 

t o i t s d i s a p p e a r a n c e , i n view o f HI b e i n g swept away r a t h e r 

r e a d i l y * 

T h i s argument f o r l o n g m o l e c u l a r l i f e t i m e s i s c r u c i a l l y 

dependent on t h e n a t u r e o f gas s t r i p p i n g and on t h e 

assumption t h a t ©̂ as i s n o t a f f e c t e d by t h e c l u s t e r 

e n vironment. I n t h i s S e c t i o n , we examine gas s t r i p p i n g and 

i n S e c t i o n 6.4 t h e v a l u e o f i n t h e V i r g o s p i r a l s . 

6.3.1 The HI d e f i c i e n c y 

I t was suggested some t i m e ago (Davies and Lewis 1973) 

t h a t g a l a x i e s i n t h e V i r g o c l u s t e r are d e f i c i e n t i n t o t a l HI 

mass w i t h r e s p e c t t o f i e l d g a l a x i e s o f t h e same 

m o r p h o l o g i c a l t y p e . A l t h o u g h t h e r e have been some doubts 

(e.g. T u l l y and Shaya 1984) a m a j o r i t y o f a u t h o r s now a r r i v e 

a t t h e same c o n c l u s i o n t h a t a s i g n i f i c a n t number o f V i r g o 

s p i r a l s a r e d e p l e t e d o f HI (e.g. Chamaraux e t a l . 1980; 

Haynes e t a l . 198 4; Haynes 1985; G u i d e r d o n i and 

Rocca-Volmerange 1985; Huchtmeier 1985; Warmels 1986). 

Haynes and G i o v a n e l l i (1986) found t h a t f o r g a l a x i e s l e s s 

t h a n 2.5® from t h e c e n t r e o f t h e c l u s t e r , 75% o f t h e 

observed g a l a x i e s are HI d e f i c i e n t . Between 2.5 and 5 t h e 

d e f i c i e n c y i s s t i l l observed, b u t t h e f r a c t i o n f a l l s , 

d i s a p p e a r i n g a t ̂  5 0. This d e f i c i e n c y has been a t t r i b u t e d 

t o g a l a x y f o r m a t i o n i n the c l u s t e r e nvironment, o r t h e 

s t r i p p i n g o f t h e gas by t i d a l e n c o u n t e r s o r i n t e r a c t i o n w i t h 

t h e ICM. HI d e f i c i e n c y has been shown t o be a phenomenon i n 
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some o t h e r c l u s t e r s such as A 2 6 2 , A 2 1 4 7 and Coma b u t i s by 

no means u n i v e r s a l (Bothun e t al„ 1 9 8 2 ; G i o v a n e l l i and 

Haynes 1 9 8 5 ) , t h e gas removal mechanism b e i n g e f f i c i e n t i n 

some environments b u t n o t i n o t h e r s . The c o r r e l a t i o n o f HI 

d e f i c i e n c y and c l u s t e r X-ray l u m i n o s i t y , r a t h e r t h a n l o c a l 

g a l a x y d e n s i t y , suggests the predominance o f galaxy~ICM 

i n t e r a c t i o n as t h e cause ( G i o v a n e l l i and Haynes 1 9 8 3 ; Haynes 

and G i o v a n e l l i 1 9 8 6 ) . 

I n a d d i t i o n , i t has a l s o been shown t h a t HI d i s c s o f 

g a l a x i e s w i t h i n 5 o f t h e c e n t r e o f t h e V i r g o c l u s t e r a r e 

s m a l l e r compared t o i s o l a t e d g a l a x i e s o f t h e same o p t i c a l 

s i z e (e.g. van Gorkom and K o t a n y i 1 9 8 5 ; Warmels 1 9 8 5 ; Haynes 

and G i o v a n e l l i 1 9 8 6 ) . G i o v a n a r d i e t a l . ( 1 9 8 3 ) and 

G i o v a n e l l i and Haynes ( 1 9 8 3 ) f u r t h e r c l a i m e d t h a t t h e gas 

was d e p l e t e d i n such a way t h a t t h e s u r f a c e d e n s i t y remained 

r o u g h l y c o n s t a n t . Using t he d a t a o f G i o v a n e l l i and Haynes 

( 1 9 8 3 ) , F i g u r e 6.3 i l l u s t r a t e s t h i s , p l o t t i n g t h e ' s u r f a c e 

d e n s i t y ' o f HI ( M ^ J / D ^ J ) f o r g a l a x i e s Sab and l a t e r as a 

f u n c t i o n o f t h e a n g u l a r d i s t a n c e (<9) from M87. We have a l s o 

p l o t t e d t h e i s o l a t e d g a l a x y sample o f H e w i t t e t a l . ( 1 9 8 3 ) . 

The s u r f a c e d e n s i t y appears t o be r o u g h l y c o n s t a n t , a l t h o u g h 

t h e s t a t i s t i c s a re poor a t t h e s m a l l e s t v a l u e s o f @, where 

f o r @ < 2 ° t h e r e m i g h t be a s m a l l r e d u c t i o n . A s i m i l a r 

a n a l y s i s has been c a r r i e d o u t f o r t h e independent sample o f 

Helou e t a l . ( 1 9 8 4 ) and t h e t r e n d c o n f i r m e d . T h i s sample i s 

n o t s t r i c t l y d i r e c t l y comparable i n a b s o l u t e s u r f a c e 

d e n s i t i e s t o G i o v a n e l l i and Haynes ( 1 9 8 3 ) because o f a 

d i f f e r e n t d e f i n i t i o n o f D H S . T h i s r e s u l t s t r o n g l y 

i n d i c a t e s t h a t i f HI i s removed, i t i s t a k e n from t h e o u t e r 

p a r t s o f g a l a c t i c d i s c s , t h e r e b y d e c r e a s i n g 
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F i q u r e 6.3 ; The s u r f a c e d e n s i t y o f HI ( M ^ / ( D ^ ) ) i n 
s p i r a l g a l a x i e s (Sab and l a t e r ) as a f u n c t i o n 
o f a n g u l a r d i s t a n c e form M87 (©). The d a t a o f 
G i o v a n e l l i and Haynes (1983) and H e w i t t e t a l . 
(1983) d e f i n e D M K as t w i c e t h e d i s t a n c e f r o m 
t h e g a l a c t i c c e n t r e w i t h i n which t h e b e s t f i t 
model c o n t a i n s 70% o f i t s t o t a l HI mass. Helou 
e t a l . (1984) d e f i n e as t w i c e t h e d i s t a n c e 
from t h e g a l a c t i c c e n t r e where t h e HI f l u x . 
f a l l s t o 1/e o f t h e peak v a l u e . These measures 
are s t r i c t l y n o t d i r e c t l y comparable, however 
f o r g a l a x i e s i n common, <£>m ( G i o v a n e l l i and 
Haynes) /D^g (Helou e t a l . ) > = 1.09 w i t h a 
s t a n d a r d d e v i a t i o n o f 0.14. Common g a l a x i e s 
are l i n k e d by v e r t i c a l b a r s . H o r i z o n t a l l i n e s 
r e p r e s e n t median v a l u e s . For comparison, t h e 
i s o l a t e d g a l a x y sample o f H e w i t t e t a l . (1983) 
i s shown w i t h an assumed d i s t a n c e t o V i r g o o f 
15Mpc. 

b o t h 1 % and D M X . 

Of p o s s i b l e gas removal mechanisms, g a l a x y - g a l a x y 

i n t e r a c t i o n s ( S p i t z e r and Baade 1951; I c k e 1985) can be 

shown t o be n o t f r e q u e n t enough i n V i r g o ( G i o v a n e l l i and 
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Haynes 1983) w h i l e g a l a c t i c winds (Matthews and Baker 1971) 

p r e f e r e n t i a l l y d e p l e t e t h e c e n t r a l g a l a c t i c r e g i o n s so 

i n c r e a s i n g r a t h e r t h a n t h e observed decrease„ A l t h o u g h 

t h e d e t a i l s a r e complex, two mechanisms, ram-pressure 

s t r i p p i n g (Gunn and G o t t 1972) and t h e r m a l e v a p o r a t i o n 

(Cowie and S o n g a i l a 1977) b o t h p r e d i c t s t r i p p i n g o f t h e 

o u t e r r e g i o n s and t h e r e f o r e a decrease i n D^g . As b o t h S 

and KY have suggested ram-pressure s t r i p p i n g i n o r d e r t o 

e x p l a i n t h e i r r e s u l t s , t h e n e x t s e c t i o n examines t h e 

l i k e l i h o o d o f t h i s mechanism i n t h e V i r g o s p i r a l s . 

6.3.2 The l i k e l i h o o d o f ram-pressure s t r i p p i n g 

Since t h e o r i g i n a l s u g g e s t i o n o f Gunn and G o t t ( 1 9 7 2 ) , 

ram-pressure s t r i p p i n g has been s t u d i e d t h e o r e t i c a l l y by a 

number o f w o r k e r s ( G i s l e r 1976; Lea and de Young 1976; Kent 

1980; F a r o u k i and S h a p i r o 1980; Shaviv and Sal-peter 1982). 

I n i t s s i m p l e s t f o r m i t p r e d i c t s t h a t g a l a c t i c gas w i l l be 

removed i f i t s d e n s i t y i s below n, S N where 
n«SM « f \ • n | e p J (6.12) 

Vg b e i n g t h e v e l o c i t y o f t h e g a l a x y w i t h r e s p e c t t o t h e ICM 

( t h e component p e r p e n d i c u l a r t o t h e g a l a c t i c p l a n e ) , Vg S e , 

t h e escape v e l o c i t y from t h e g a l a x y a t t h e p o i n t i n q u e s t i o n 

and n ! e { ; ! a t h e d e n s i t y o f t h e i n t e r c l u s t e r medium. 

A number o f o b s e r v a t i o n s have suggested i t s o c c u r r e n c e 

i n g a l a x i e s i n t h e V i r g o c l u s t e r . As d e s c r i b e d above, t h e 

e x i s t e n c e o f a r a d i a l d e f i c i e n c y i n HI d e s p i t e damping 

p r o j e c t i o n e f f e c t s c o u p l e d w i t h s m a l l e r HI d i s c s can be 

e x p l a i n e d i n p r i n c i p l e by ram-pressure s t r i p p i n g . I n t h e 

core o f t h e c l u s t e r t h e r e appears t o be a m a r g i n a l 

c o r r e l a t i o n o f HI d e f i c i e n c y w i t h v e l o c i t y ( G i o v a n e l l i and 

Haynes 1983) a l t h o u g h a l a r g e r sample (Haynes and G i o v a n e l l i 
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1986) shows no s i g n i f i c a n t correlation„ D e f i c i e n t s p i r a l s 

seem to be on r a d i a l o r b i t s ( D r e s s i e r 1986? Giraud 1986) 

while the n o n - d e f i c i e n t are on more c i r c u l a r o r b i t s and 

the r e f o r e avoid the high d e n s i t y ICM. Warmels (1985) found 

asymmetric HI d i s t r i b u t i o n s i n the Virgo core which are 

expected fo r ram-pressure stripping„ However, Haynes and 

G i o v a n e l l i (1986) found that dwarf g a l a x i e s which have a 

lower r e s t o r i n g f o r c e were not more HI d e f i c i e n t than 

s p i r a l s c o n t r a r y to expectation. 

Stark e t a l . (1986) evaluated expression (6.2) to 

obtain n ^ = 0.6 cm and concluded t h a t a major p a r t of 

the ISM was s t r i p p e d . However, t h i s i s due to what appears 

to be an overestimate of both n [ & M and . The value used 

for the ICM, n ! & M =3.10 cm (Stark 1987b) i s even higher 

than the d e n s i t y reasonable models would p r e d i c t r i g h t a t 

the c e n t r e of Virgo. Taking the model of F a b r i c a n t and 

Gorenstein (1983) f o r the X-ray s u r f a c e b r i g h t n e s s 

d i s t r i b u t i o n about M87, may be evaluated as 

1 + (If (6.13) 

where the core r a d i u s a = 1.6'. At (S>££2°, n , ^ ^ 10 ^cm*® 

(Gorenstein e t a l . 1977; Forman e t a l . 1979) which g i v e s 

(njg^ ) @ ~ 2.7.10 cnT . A more r e a l i s t i c average value for 

© < 2° t h e r e f o r e would be at l e a s t an order of magnitude 

lower than t h a t quoted by S. Secondly, S use V| = lSOOkms"" 

which i s again too l a r g e for Virgo. The u s u a l v e l o c i t y 

d i s p e r s i o n i s quoted to be 720-800kms= 11 ( F t a c l a s e t a l . 

1984; Huchra 1985) which gives v<j 1300kms~" ( i . e . 

/ ? x 760). 

Using V^g & 400kms"°11 (for a t y p i c a l g a l a c t i c p o s i t i o n 

e q u i v a l e n t to t h a t of the Sun i n our own Galaxy), 
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V|.g. 1300 kms" and 3 o l 0 = cm" i n equation ( 6 d 2 ) 

gives 

n,G,^ ^ 0„032 cm"5 6£ 7.7 1 ( f ^ M^pcT® (.6.14) 

Although Bosraa (1981a) has argued t h a t V @g G may be an upper 

estimate as the t o t a l mass d e n s i t y of the Galaxy may be 

higher than the t o t a l mass d e n s i t y found a t comparable r a d i i 

i n many other g a l a x i e s , t h i s e f f e c t w i l l be l e s s than a 

f a c t o r of 2. 

Therefore the f a c t that i t i s only d e n s i t i e s ^ 10 cm 

t h a t are s u s c e p t i b l e to ram-pressure l o s s i n d i c a t e s t h a t i t 

i s only the extreme outer p a r t s of g a l a x i e s i n the sense of 

large g a l a c t o c e n t r i c r a dius t h a t are a t r i s k . I n order to 

i l l u s t r a t e t h i s , we have taken the CO and HI r a d i a l p r o f i l e s 

(Young 1985b; War rue I s and van Woerden 1985) for the s p i r a l 

galaxy NGC4254, and c a l c u l a t e d the t o t a l gas as a f u n c t i o n 

of g a l a c t o c e n t r i c r a d i u s . I f i t were w i t h i n l e of the 

centre of the c l u s t e r , equations (6.12) and (6.13) imply 

that only gas with radius > 15 kpc w i l l be swept by 

ram-pressure s t r i p p i n g . (As the GO f a l l s o f f e x p o n e n t i a l l y , 

even a high value of 6^2® = 8 for the conversion of CO—*>Ha 

does not a f f e c t t h i s r e s u l t ) . The inner regions of 

galaxies.,- where the value of V^^g w i l l be higher by w 2 and 

t h e r e f o r e s t i l l lower by a f a c t o r 3-4, should be s a f e . 

I t i s t h i s f a c t which has important consequences for the 

understanding of the CO r e s u l t s . 

6.3.3 Comparison of the CO and HI r e s u l t s 

The d e t a i l e d time evolution of HI and H a and t h e i r 

i n t e r - r e l a t i o n i s quite a complex process (Chapter 2 and 

Section 6.2) and there i s thus an a t t r a c t i o n i n studying the 

Virgo g a l a x i e s , i f due to gas s t r i p p i n g , the HI=—sfl^ process 
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has been turned o f f . As S note, i f t h i s i s c o r r e c t and 

there i s no environmental e f f e c t on the CO l u m i n o s i t y , then 

the process H a—c>HI can be studied i n n e a r - i s o l a t i o n . 

S and KY argue t h a t , i n c o n t r a s t to the HI deficiency,, 

the CO contents are roughly normal. Further, Young (1985b) 

presents CO p r o f i l e s as a function of g a l a c t o c e n t r i c r a d i u s 

which are s i m i l a r to the p r o f i l e s of nearby s p i r a l s i n t h a t 

the bulk of the CO i s found w i t h i n 10 kpc of the g a l a c t i c 

centre following a roughly exponential d i s t r i b u t i o n . 

Figure 6.4 reproduces from KY the r a t i o of the CO d i s c 
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Figure 6. 4 : The r a t i o of angular diameter for CO (Dc© ).to 
that f o r HI (Dts ) for s p i r a l g a l a x i e s i n Virgo 
versus angular d i s t a n c e to the c e n t r e of the 
c l u s t e r , reproduced from Kenney and Young 
(1986). The h o r i z o n t a l l i n e s r e p r e s e n t median 
val u e s . Squares denote types Sbc-Sc, c i r c l e s 
denote Sab-Sb. DH£ and are the diameters 
at which HI f a l l s to a s u r f a c e d e n s i t y of 
5.10,4a atoms cm"%, and H a (using et'a©. = 8) f a l l s 
to 4. lO2® molecules cm~a . 

to the HI d i s c as a function of ®. The i n c r e a s e i n t h i s 

q u a n t i t y may be explained as Dg Q being constant while D M S 

f a l l s c l o s e r to the c l u s t e r c e n tre. This i s c o n s i s t e n t with 

ram-pressure s t r i p p i n g removing HI from the outer d i s c , with 
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the CO, which i s concentrated i n the inner p a r t s , being l e f t 

aloneo I t i s to be noted that i f t h i s e x p l a n a t i o n i s 

c o r r e c t , nothing can be i n f e r r e d concerning the Hg«- >HI 

process and l i f e t i m e s as both HI and H a are unaffe c t e d i n 

the inner p a r t s of a galaxy. Only i f HI i s removed from the 

whole of the d i s c , as KY point out, do the arguments f o r a 

long l i f e t i m e of H% hold. 

I n a more d e t a i l e d examination of t h i s problem, the 

r a t i o of mean s u r f a c e density of H^(CO) to t h a t of HI has 

been derived by the present author as a fun c t i o n of @ and 

t h i s i s given i n Fi g u r e 6.5. I f HI were being swept out 
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2 
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Figure 6.5 Ratio of surface d e n s i t i e s of '11%'. and HI 
ag a i n s t angular d i s t a n c e from the ce n t r e of the 
Virgo c l u s t e r . The data are taken from Kenney 
and Young (1986) and Mwa i s c a l c u l a t e d u s i n g 
t h e i r constant value of eî © = 8. The 
h o r i z o n t a l l i n e s represent median v a l u e s . 

r a t h e r uniformly i n the inner parts of the g a l a x i e s w h i l e 

the GMCs were l e f t unaffected due to t h e i r higher d e n s i t y 

- 2 2 0 -



(Kent 1980i K r i t s u k 1983) t h i s r a t i o would be expected to 

r i s e with decreasing 1® . I n f a c t , the r a t i o i s roughly 

constant, and may even f a l l somewhat below © < 2 . A 

p o s s i b l e reason for t h i s i s advanced i n the next s e c t i o n . 

Therefore, the arguments favouring l i f e t i m e s of the 

molecular phase l a r g e r than (3=10).10^y are not w e l l 

founded. I n d e r i v i n g these long l i f e t i m e s i t i s a l s o 

assumed t h a t there i s no environmental e f f e c t on . The 

next s e c t i o n shows t h a t t h i s assumption may a l s o be 

questionable. 

6.4 THE CO CONVERSION FACTOR, IN, THE VIRGO GALAXIES 

6.4.1 The e f f e c t s of the i n t e r - c l u s t e r wind on GMC 

I m p l i c i t i n the arguments advanced elsewhere, and by 

t h i s Chapter so f a r , i s the assumption t h a t the i n t e r c l u s t e r 

wind has no e f f e c t on the GMC. Whilst i t i s t r u e t h a t ram 

pressure has probably a n e g l i g i b l e e f f e c t on the t i g h t l y 

bound clouds (Kent 1980; K r i t s u k 1983) i t s e f f e c t on the 

dust g r a i n s , and the thermal p r o p e r t i e s of the clouds may be 

quite c o n s i d e r a b l e . As the CO l i n e s are o p t i c a l l y t h i c k , 

only e f f e c t s i n the outer l a y e r s of the GMC would be enough 

to change the CO/H^ r a t i o . Two e f f e c t s are l i k e l y , p a r t i a l 

evaporation of g r a i n s returning more CO i n t o the gas phase, 

and an i n c r e a s e i n gas temperature which would a f f e c t 

as ol-^ @g Tg (Kutner and Leung 1985) . 

I t has not proved p o s s i b l e to e v a l u a t e the magnitude of 

these e f f e c t s , d e t a i l e d modelling of GMCs (e.g. van Dishoeck 

and Black 1986) being outside the scope of t h i s work. 

However, i t i s apparent that both e f f e c t s r e s u l t i n an 
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apparent i n c r e a s e i n the. CO s i g n a l f o r the same amount of 

Hg„ I f t r u e , F i g . 6 05 would i n d i c a t e an even g r e a t e r l o s s 

of Hg at <§ < 4 @ o A consequence would be t h a t the formation 

of GMC was i n h i b i t e d by the ICM as an i n c r e a s e d l o s s of 

by way of s h o r t - l i f e clouds which c y c l e to HI which i s then 

l o s t , cannot be invoked, without a l s o l o s i n g the HI i n the 

denominator of the ordinate of F i g . 6.5. 

Whatever the d e t a i l s i t appears t h a t one should expect 

a lower ©tg© for many g a l a x i e s i n the Virgo c l u s t e r than f o r 

i s o l a t e d g a l a x i e s . Both o p t i c a l and IR information are now 

used to examine t h i s e f f e c t . 

6.4.2 The s t a r formation r a t e 

D i r e c t measurements of the SFR from HeS f l u x e s show t h a t 

for a given morphological type, the SFR i n l a t e type s p i r a l s 
® 

w i t h i n 6 of the centre of Virgo i s l e s s than i n e q u i v a l e n t 

f i e l d g a l a x i e s by a f a c t o r of approximately 2 (Kennicutt 

1983a, 1985). 

This seems to be supported by the l a c k of high s u r f a c e 

brightness d i s c g a l a x i e s ( P h i l l i p s and Disney 1986) and 

smaller s t e l l a r d i s c s (Peterson e t a l . 1979) again w i t h i n 6® 

of the Virgo core. The observation t h a t n u c l e a r H*S emission 

( S t a u f f e r 1983) and nuclear IR emission (Devereux e t a l . 

1987) do not appear to be s i g n i f i c a n t l y depressed i n s p i r a l s 

i n the same region seems to i n d i c a t e once again t h a t the 

c l u s t e r environment has p r e f e r e n t i a l l y a f f e c t e d the outer 

regions of the g a l a x i e s . The d e f i c i e n c y of HI i s c o r r e l a t e d 

with UV c o l o u r s ( G i o v a n e l l i and Haynes 1983), g a l a x i e s being 

f a i n t e r than those with normal HI contents. 

The c o l o u r s of s p i r a l s w i t h i n 6 of the core are redder 

than those i n the f i e l d but are normal r e l a t i v e to f i e l d 
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g a l a x i e s of the same HI content (Kennicutt 1983a? S t a u f f e r 

1983). Kennicutt (1983a) has used t h i s to argue a g a i n s t 

recent gas s t r i p p i n g as t h i s would make g a l a x i e s anomalously 

blue r e l a t i v e to t h e i r HI content. However, i n 

understanding the SFR, i t i s the Ĥ  r a t h e r than HI t h a t i s 

important, the SFR ( ^ ) being w e l l c o r r e l a t e d with the mass 

of H a (Chapter 2 ). Using the r e c e n t CO data, a comparison 

of these two q u a n t i t i e s i s much more u s e f u l i n g i v i n g 

information about the Virgo environment. 

CO data have been compiled from KY and Knapp e t a l . 

(1987) and M{». has been derived using a datum value of 

&m = 8 (f o l l o w i n g KY) i n the f i r s t i n s t a n c e . Following 

Kennicutt (1983b), the Uei data of Kennicutt and Kent (1983) 

have been used to d e r i v e . T h i s process i n v o l v e s 

estimating e x t i n c t i o n and the use of an IMF and the r e s u l t 

i s u n c e r t a i n to a t l e a s t 50%. Figure 6.6 shows the r a t i o 

/ Mt3 2
 a s a f u n c t i o n of angular d i s t a n c e from M87 for 

g a l a x i e s Sab and l a t e r . 

Turner (1984) has shown t h a t under some circumstances a 

GMC may break up i n t o smaller molecular clouds which may 

once again be r e - c y c l e d through g a l a c t i c s p i r a l d e n s i t y 

waves on t i m e s c a l e s £ 2.10 y to form more GMCs. Haying 

delayed s t a r formation i n t h i s way he obtains a t h e o r e t i c a l 

r a t i o ^f$/MH£ s£ 5.10 y . I t can be seen t h a t a l l of the 

Virgo s p i r a l s are lower than t h i s , on average by a f a c t o r of 

3.5. This i s c o n s i s t e n t of course, with the c l a i m t h a t the 

SFR i s lower (Kennicutt 1983a) while the H a content i s 

approximately normal (Young 1985; K? S) . 

I t has been argued that f o r some s p i r a l s the SFRs 

estimated from ffet could be underestimated, the SFRs only 
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V / M m j of Turner (1984) . 

being c o r r e c t f o r blue g a l a x i e s with l a r g e e q u i v a l e n t widths 

(Lonsdale-Persson and Helou 1987). Unfortunately, very few 

of the i s o l a t e d g a l a x i e s i n the HeS data of Kennicutt and 

Kent (1983) have CO measurements, so i t i s a t present 

impossible to see whether t h i s may be the reason f o r the 

above r e s u l t . 

However, an independent check of t h i s can be made usi n g 
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IRAS data for the Virgo galaxies„ Knapp et al„ (1987) give 

the 60^/LITI and 100/OTI f l u x e s t a k i n g i n t o account extended 

emission,, Following equations (2.12) and (2.13) of S e c t i o n 

2.5.1, an estimate can be made of the SFR of 0, B and A 

s t a r s from the IR and blue luminosity (derived from RG2)„ 

The d i s t a n c e to Virgo has been taken to be 15Mpc SFRs 

derived i n t h i s way are a l s o shown i n Figure 6.6, the same 

g a l a x i e s being joined by a v e r t i c a l bar to t h e i r H®£ 

determination. The trend suggested by the H@S determination 

i s confirmed, with some s c a t t e r as expected. 

I t may be argued t h a t the u n c e r t a i n t i e s i n d e r i v i n g 

i n these ways make d i r e c t comparison with the value of 

Turner (1984) meaningless. Equation (2.12) obviously does 

not account for e i t h e r the formation of low mass s t a r s or 

the r e - c y c l i n g of gas i n the ISM, although to some extent 

these e f f e c t s may balance. I n a d d i t i o n , although IR 

emission i s often a s s o c i a t e d with s t a r formation (e.g. de 

Jong e t a l . 1984; Telesco e t a l . 1986) the s i t u a t i o n may be 

qu i t e complex. The IR emission may be only p a r t i a l l y 

a s s o c i a t e d with s t a r formation, a second c o n t r i b u t i o n 

a s s o c i a t e d with the i n t e r s t e l l a r r a d i a t i o n f i e l d h e ating of 

d i f f u s e m a t e r i a l , and t h i s f r a c t i o n may vary c o n s i d e r a b l y 

amongst g a l a x i e s (e.g. P a j o t e t a l . 1985; Cox e t a l . 1986; 

Sekiguchi 1987; Lonsdale-Persson and Helou 1987; Walterbos 

and Schwering 1987; Wainscoat e t a l . 1987). However, i t i s 

encouraging that i n Fig u r e 6.6 the BBS and IR determinations 

show good agreement. 

Furthermore, using e x a c t l y the same method as d e s c r i b e d 

above f o r the IR determination, we have a l s o d e r i v e d ^/M^ 

for 27 IRAS bright g a l a x i e s of Young e t a l . (1986a) and 13 
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g a l a x i e s taken from the Karachentseva Catalogue of I s o l a t e d 

G a l a x i e s (1973) presented by Young e t a l . (1986b). The 

average v a l u e s of each of these samples are a l s o p l o t t e d i n 

Figure 6.6„ 

I f the SFR can reasonably be derived from equations 

(2„12) and (2.13), and i f Turner's (1984) model of s t a r 

formation i s v i a b l e , t h i s immediately suggests that the use 

of @^2Q ~ 8 for even the i s o l a t e d g a l a x i e s i s an overestimate 

by a f a c t o r of approximately two. I f <̂ a© ̂  4 were used then 

the IRAS b r i g h t g a l a x i e s would have a higher e f f i c i e n c y of 

s t a r formation, a r e s u l t to be expected as many are 

i n t e r a c t i n g systems (Kennicutt e t a l . 1987), and the 

i s o l a t e d galaxy sample would be c o n s i s t e n t with the model of 

Turner (1984) . Due to the u n c e r t a i n t i e s involved, t h i s may 

not be t r u e , but what does seem c l e a r i s that the g a l a x i e s 

w i t h i n 5 e of the c e n t r e of the c l u s t e r have on average a 

much lower compared to i s o l a t e d g a l a x i e s of the same 

type. 

This l a s t r e s u l t i n d i c a t e s e i t h e r of two t h i n g s . I f 

the Hg contents are 'normal', t h a t i s , there i s no 

environmental e f f e c t on the conversion f a c t o r e*2© ' then the 

e f f i c i e n c y of s t a r formation i s reduced i n the Virgo 

g a l a x i e s . The other p o s s i b i l i t y , as suggested i n S e c t i o n 

6.4.1 above, i s t h a t decreases because of the ICM and so 

a low mass appears to be 'normal', i . e . the use of the 

same for the Virgo and i s o l a t e d s p i r a l s overestimates 

My and so decreases ^/M^. 

Concerning the f i r s t p o s s i b i l i t y , most of the 

t h e o r e t i c a l s t u d i e s suggest an enhancement i n ty§ r a t h e r than 

a lower e f f i c i e n c y (e.g. D r e s s i e r and Gunn 1983) . Bothun 
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and D r e s s i e r (1987) argue that the ram-pressure phenomenon, 

as w e l l as s t r i p p i n g HI, could enhance s t a r formation. 

Using J u r a ' s (1976) r e l a t i o n i n v o l v i n g the minimum mass 

re q u i r e d f o r cloud c o l l a p s e as a fun c t i o n of e x t e r n a l 

pressure, i t appears t h a t t h i s mass i s 20-30M@ for r i c h 

c l u s t e r s l i k e Coma, which i s 10-100 times l e s s than the 

minimum c o l l a p s e mass induced by the passage of G a l a c t i c 

d e n s i t y waves or supernovae shocks (Shu e t al„ 1972; Turner 

1984). As the e x t e r n a l pressure i n c r e a s e s with d e c r e a s i n g 

©, one should see a greate r enhancement c l o s e r to the core. 

Therefore, i n c l u s t e r s with high ICM d e n s i t i e s , ram pr e s s u r e 

induced s t a r formation i s a r e a l p o s s i b i l i t y . Of course, 

Virgo i s not such a r i c h c l u s t e r as Coma, h ^ being lower 

by a f a c t o r of ™ 3 (Shanks 1987). Repeating the same 

c a l c u l a t i o n f o r Virgo, we obtain minimum masses of 35-50M@ 

which shows t h a t even i n Virgo, induced s t a r formation i s 

s t i l l a p o s s i b i l i t y . 

I n r e a l i t y , of course, the s i t u a t i o n i s l i k e l y to be 

much more complicated and d i f f i c u l t to model. I f ram 

pressure i s very e f f e c t i v e i n removing the HI medium, 

r e p l a c i n g i t with a hot, but t h i n ICM, then c o l d GMC may 

r a p i d l y evaporate. At present the theory of thermal 

evaporation (e.g. Balbus and McKee 1982) does not adequately 

d e s c r i b e the e f f e c t s on cold dense clouds with a hot ICM, 

although S e c t i o n 6.3.3. argued t h a t ram pressure was not 

able to remove HI i n the regions of GMC. Kent.(1980) 

s p e c u l a t e s t h a t the molecular clouds could even experience a 

drag f o r c e which causes them to c o l l e c t i n the centre of the 

Galaxy. He a l s o shows that i f a hydrodynamical code i s used 

to model the i n t e r a c t i o n , a bow shock forms a t the i n t e r f a c e 
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of the galaxy with the ICM which f a c i l i t a t e s the flow of 

m a t e r i a l around r a t h e r than through the d i s c . T h i s may even 

i n h i b i t the e x c i t a t i o n of cloud c o l l a p s e , but i t i s u n l i k e l y 

t h a t t h i s would reduce the e f f i c i e n c y of s t a r formation as 

compared to i s o l a t e d g a l a x i e s . 

Apart from the above u n c e r t a i n t i e s , the general view 

seems to be t h a t the ICM should i n c r e a s e the e f f i c i e n c y of 

s t a r formation r a t h e r than reduce i t . Compression of gas i n 

the inner p o r t i o n of the galaxy may induce s t a r formation 

while the outer d i s c i s s t r i p p e d of HI (Haynes and 

G i o v a n e l l i 1986). Therefore, the reason t h a t ^ i s low i n 

the Virgo g a l a x i e s i s because the H a content i s low. To 

e x p l a i n t h i s low value, then w i t h i n © = 5 , 

^2© (Virgo) 0. 5 ©<a® ( i s o l a t e d g a l a x i e s ) (6.15) 

I n f a c t , i f the ICM does i n c r e a s e the e f f i c i e n c y of 

s t a r formation with decreasing 0, ©t̂ @ (Virgo) would be even 

lower. More data on CO contents and SFRs as a f u n c t i o n of @, 

as w e l l as a g r e a t e r t h e o r e t i c a l understanding of the 

e f f i c i e n c y of s t a r formation, could even lead to an 

e v a l u a t i o n of Gt-^ as a function of <B. We would expect <̂ a® 

to be lower for s m a l l e r <S>, but the data a t present do not 

allow such an a n a l y s i s . I n p a r t i c u l a r , more CO observations 

are needed for g a l a x i e s i n the range @= 6 -12°. The next 

s e c t i o n , f u r t h e r examines the IR evidence f o r a low ^ 2 © . 

6.4.3 IR r e s u l t s 

F igure 6.7 shows the r a t i o of the t o t a l FIJR l u m i n o s i t y 

(40 - 300/yim) as c a l c u l a t e d above (equation 2.13) to 

(with = 8 ) , as a function of angular d i s t a n c e from M87. 

The mean of the i s o l a t e d galaxy sample (Young e t a l . 1986b) 

i s c a l c u l a t e d i n the same way. Rengarajan and Verma (1986) 
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Figure 6.7 % The r a t i o of t o t a l IR l u m i n o s i t y to mass of Hg 
as a function of angular d i s t a n c e from the 
centre of Virgo. The i s o l a t e d galaxy sample i s 
t h a t of Young et a l . (1986b). M M a i n both 
cases has been c a l c u l a t e d using'••'e«aB,- =- 8. 

e a r l i e r had found L sa/M^ 21 13 ( c o r r e c t i n g t h e i r value to 

® W = 3) f ° r a sample of i n t e r a c t i n g and i s o l a t e d g a l a x i e s . 

I t can be seen t h a t g a l a x i e s with &< 5® are on average w e l l 

below the value for the i s o l a t e d g a l a x i e s . 

Young e t a l . (1986a) found t h a t f o r IRAS b r i g h t 

g a l a x i e s L X R depended roughly on the f i r s t power of the 

mass and a temperature defined from the r a t i o of the 60yym 

and lOO^im f l u x e s . Tacconi and Young (1987) from CO surveys 

of dwarf i r r e g u l a r g a l a x i e s extend t h i s r e l a t i o n s h i p over 
v '** II 

three more orders of magnitude. Assuming a A e m i s s i v i t y 

law, the "dust temperature' as defined by Young e t a l . 

(1986a,b) has been derived for the Virgo g a l a x i e s using the 

60/100/Am f l u x r a t i o s of Knapp e t a l . (1987) and the IRAS 

E x t r a g a l a c t i c Catalogue (Lonsdale e t a l . 1985). Although 

the p h y s i c a l i n t e r p r e t a t i o n of T f o r a galaxy i s f a r from 

c l e a r (e.g. Thronson e t a l . 1987b), there appears to be no 
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r e a l d i f f e r e n c e between the Virgo sample and the i s o l a t e d 

galaxy sample (Figure 6.8a). A s i m i l a r r e s u l t for a much 
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Figure 6.8 : (a) Temperature d e r i v e d from the r a t i o of the 
60/Am and lOO^im f l u x e s assuming a br" e m i s s i v i t y 
law, as a function of angular d i s t a n c e from the 
centre of Virgo, compared to the i s o l a t e d 
galaxy sample of Young e t a l . (1986b). 
(b) Ratio of 'warm' dust ( c a l c u l a t e d from the 
lOOpim f l u x ) to t o t a l gas as a fu n c t i o n of 
angular d i s t a n c e from the centre of Virgo, 
compared to the i s o l a t e d galaxy sample of Young 
et a L (1986b) . i s c a l c u l a t e d from the CO 
data using ©ta© = 8 . 

sample of Virgo s p i r a l s w i t h i n 6 of the core has a l s o been 

found by Leggett e t a l . (1987a). I n a d d i t i o n , Bicay and 

G i o v a n e l l i (1987) a l s o found s i m i l a r dust temperatures to 

the ones c a l c u l a t e d above i n g a l a x i e s i n seven .other r i c h 

c l u s t e r s . 

Therefore, i n the absence of any temperature 

d i f f e r e n c e , i f i s c o r r e l a t e d with MK , Figure 6.7 

i n d i c a t e s once again t h a t p a r t i c u l a r l y w i t h i n ® = 5 , Mt 
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has been overestimated„ There have been a, number of r e c e n t 

claims t h a t the I R p r o p e r t i e s of the Virgo g a l a x i e s are 

'normal' or i n d i s t i n g u i s h a b l e from f i e l d g a l a x i e s (e.g. de 

Jong 1985; Devereux e t a l . 1987; Leggett e t a l . 1987a), 

which would appear to c o n t r a d i c t the above p i c t u r e . Leggett 

et a l . (1987b) have even used t h i s and the apparent "normal' 

H<| contents ( K Y ; S ) to argue t h a t the f a r IR f l u x i n d i s c 

g a l a x i e s i s dominated by emission from dust a s s o c i a t e d w i t h 

molecular gas. However, i t i s important to be c l e a r about 

what i s meant by the IR p r o p e r t i e s of Virgo g a l a x i e s being 

normal. For example, Devereux e t a l . (1987) compare the 

average L ^ , of g a l a x i e s with M'< 9 @ with f i e l d g a l a x i e s and 

f i n d no r e a l d i f f e r e n c e . As any e f f e c t on ©%g> i s l i k e l y to 

occur f o r <© < 5 @ a n y gross average over 9® w i l l smooth out 

any d i f f e r e n c e s . Leggett et a l . (1987a,b) have considered 

g a l a x i e s with @ < 6®. They f i n d t h a t (.S^ /S^ and ( L K ^ /L^) 

are s i m i l a r to f i e l d g a l a x i e s , and that r e l a t i o n s h i p s 

between these two q u a n t i t i e s and L j ^ are s i m i l a r to those 

found i n the f i e l d galaxy sample of Rieke and Lebofsky 

(19 86) . However, the spread i n absolute values of LJJ^ i s so 

l a r g e t h a t any comparison with the absolute value of L j ^ for 

f i e l d g a l a x i e s i s d i f f i c u l t . Young e t a l . (1986b) had i n 

f a c t noticed i n t h e i r study of i s o l a t e d and i n t e r a c t i n g 

g a l a x i e s that the ranges i n Lgp, for the two galaxy samples 

had s u f f i c i e n t overlap t h a t s e l e c t i o n on Lg^ alone would not 

d i s t i n g u i s h between the samples. The d i s t i n c t i o n between 

the two samples was shown c l e a r l y by L^/M^ a, the 

i n t e r a c t i n g g a l a x i e s having a mean value 6 times t h a t of the 

i s o l a t e d sample. The important i n d i c a t o r for comparisons i s 

t h e r e f o r e not a gross average of L , but the q u a n t i t y 
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L E K / M M 2 ° F o r g a l a x i e s w i t h i n <i>M 5® p t h i s q u antity i s found 

to be lower than t h a t f o r i s o l a t e d g a l a x i e s . We do not 

expect any t h e o r e t i c a l reason f o r a lower as compared to 

MJJJ for (D< 5 @ ( u n l i k e the s i t u a t i o n for i n t e r a c t i n g 

g a l a x i e s where a g r e a t e r e f f i c i e n c y of s t a r formation i s 

expected) , which leads once again to the c o n c l u s i o n t h a t 

i s lower f o r © < 5 than for i s o l a t e d g a l a x i e s . 

I n a d d i t i o n to the. t o t a l luminosity, the IR f l u x 

d e n s i t i e s can be used to estimate the mass of warm dust i n 

each galaxy. Using equations (2.15) and (2.16) of S e c t i o n 

2.5.3, the lOOjam f l u x e s and T from Figure 6.8a, F i g u r e 6.8b 

shows the dust-to-gas r a t i o (M@,/Mg) as a f u n c t i o n of 0. HI 

and H^ masses have been taken from KY and Knapp et a l . 

(1987) using ^gj© - 8„ There appears to be an enhancement i n 

M&/M^ for the Virgo g a l a x i e s over the i s o l a t e d g a l a x i e s but 

t h i s i s to be expected due to the w e l l known HI d e f i c i e n c y 

( S e c t i o n 6.3.1). 

As was noted i n S e c t i o n 2.5.3, the lOO^im f l u x only 

samples the warm dust and so underestimates the t o t a l amount 

of dust present. For four g a l a x i e s i n the Virgo sample, 

NGC4254, NGC4321, NGC4501 and NGC4527, Ghini e t a l . (1986) 

have obtained 1300^jm f l u x e s . T his wavelength samples dust 

of a l l temperatures and so a t o t a l dust-to-gas r a t i o can be 

computed, but only for the c e n t r a l 90" of the g a l a x i e s 

sampled by the 1300/yim beam. Young (1985b) shows t h a t the CO 

d i s t r i b u t i o n i n the Virgo g a l a x i e s i s roughly exponential, 

so f o l l o w i n g S e c t i o n 2.5.3 assuming that the HI s u r f a c e 

d e n s i t y i s approximately constant with g a l a c t o c e n t r i c r a d i u s 

while the CO follows an exponential d i s t r i b u t i o n with s c a l e 

length 5kpc (Young e t a l . 1985) allows the t o t a l Mg/M^ i n 
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the c e n t r a l 90" to be calculated„ Using the 1300̂ /im f l u x and 

temperature T i n equation (2,16) gives a range f o r the four 

g a l a x i e s as 

« (2=6),10 (6.16) 
M f 

compared to the c a n o n i c a l value for the s o l a r neighbourhood 

of 10,10 „ T h i s r e s u l t a t face value i s c o n s i s t e n t with 

the idea t h a t Hg has been overestimated e s p e c i a l l y noting 

the f a c t of the HI d e f i c i e n c y . 

However, the major u n c e r t a i n t y i n the above a n a l y s i s i s 

the use of a temperature derived simply from the 60/lOO^im 

f l u x , C h i n i e t a l . (1986) argue that t h e i r o bservations 

cannot be explained by dust emitting a t a uniform 

temperature and adopt a warm and cold component model with 

corresponding temperatures and T &„ The use of T e as 

given by C h i n i e t a l , (1986) i n c r e a s e s M@, by a f a c t o r 2-3 

over f % c a l c u l a t e d using T, This m a r g i n a l l y brings M6/M^ to 

the s o l a r neighbourhood value, but i t i s d i f f i c u l t to 

i n c r e a s e i t any more, except of course by reducing „ I n 

f a c t , i f the dust-to-gas r a t i o follows the m e t a l l i c i t y of a 

region (Appendix A,2,5) as the m e t a l l i c i t y i n c r e a s e s with 

decreasing g a l a c t o c e n t r i c r a d i u s , MQ/M^ should be > 10,10°^ 

i n the c e n t r a l regions of a galaxy. Therefore, although 

there are l a r g e u n c e r t a i n t i e s , the IR data seem to i n d i c a t e 

a lower i n g a l a x i e s w i t h i n 5° of the Virgo core than i n 

the s o l a r neighbourhood and i s o l a t e d g a l a x i e s . 

Recently, Knapp e t a l , (1987), by comparing the CO and 

HI f l u x e s and lOOywm f l u x e s for g a l a x i e s with <S < 12®, and 

assuming a constant dust-to-gas r a t i o concluded t h a t 

^2® = 12.6+7,0 i n the Virgo s p i r a l s . However, as pointed 

out above, the lOOyyim f l u x i s not a good i n d i c a t o r of the 
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t o t a l dust content and v a r i a t i o n s i n the dust-to-gas r a t i o 

could g r e a t l y a f f e c t t h i s r e s u l t . 

I t could be argued t h a t the low dust-to-gas r a t i o i n 

Virgo was due not to an overestimate of but t h a t the 

Virgo g a l a x i e s may have an i n t r i n s i c a l l y s m a l l dust-to-gas 

r a t i o o Although S e c t i o n 6.4.1 suggested t h a t evaporation of 

g r a i n s i n the outer envelopes of GMC could be caused by the 

ICM? t h i s e f f e c t i s not expected to a f f e c t the whole of the 

g a l a c t i c dust content (Dyson 1987). As Knapp e t a h (1987) 

point out, i t w i l l be observations a t longer wavelengths 

t h a t w i l l c o n s t r a i n from the IR data. 

6.4.4 The e v o l u t i o n of g a l a x i e s i n the Virgo c l u s t e r 

I t has been argued i n t h i s S e c t i o n , t h a t although the 

CO observations are normal r e l a t i v e to g a l a x i e s of the same 

morphological type (Young 1985b), d m and t h e r e f o r e are 

lower i n g a l a x i e s w i t h i n 5° of the Virgo core. This means 

tha t the Virgo s p i r a l s i n that region are d e f i c i e n t i n H a as 

w e l l as HI. 

Ram-pressure s t r i p p i n g could be r e s p o n s i b l e for the HI 

d e f i c i e n c y , but cannot be r e s p o n s i b l e for any H^ d e f i c i e n c y 

as the Ĥ  i s concentrated i n the inner regions and i s much 

denser (Kent, 1980; K r i t s u k 1983). The p o s s i b l e v a r i a t i o n 

i n with ® however means t h a t F i g u r e s 6.4 and 6.5 cannot 

be a t present i n t e r p r e t e d as evidence for a s t r i p p i n g 

mechanism of H^. A c o n s i d e r a t i o n of thermal evaporation or 

t u r b u l e n t v i s c o u s s t r i p p i n g (Cowie and Songaila 1977? Nulsen 

1982) i n r e l a t i o n to molecular clouds i s beyond the scope of 

t h i s work, although both processes could be involved. 

F i n a l l y , there i s always the p o s s i b i l i t y of a 

p r i m o r d i a l o r i g i n f o r the gas d e f i c i e n c y . P h i l l i p s (1987) 
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has shown t h a t HI d e f i c i e n t g a l a x i e s have a lower s u r f a c e 

b r i g h t n e s s which he i n t e r p r e t s as g a l a x i e s having been 

d e f i c i e n t i n HI for a s i g n i f i c a n t f r a c t i o n of t h e i r 

l i f e t i m e s and may favour a p r i m o r d i a l d e f i c i e n c y . I f the 

c l u s t e r environment a f f e c t s the formation of g a l a c t i c d i s c s 

i n some way so t h a t HI i s d e f i c i e n t (e.g. D r e s s i e r 1980), 

t h i s i n t u r n would lead to smaller H^ masses and s m a l l e r 

i n t e g r a t e d SFRs (Section 4.7). HI could a l s o be 

subsequently s t r i p p e d from the outer regions by ram-pressure 

s t r i p p i n g , the d e f i c i e n c y i n H^ i n the inner regions being 

of p r i m o r d i a l o r i g i n . This ' p r i m o r d i a l ' d e f i c i e n c y p i c t u r e , 

however, may not be c o n s i s t e n t i n Virgo with the kinematic 

evidence t h a t the c l u s t e r i s r e l a t i v e l y young, l a t e type 

s p i r a l s only a r r i v i n g i n the core some *v 6Gy ago ( T u l l y and 

Shaya 1984; Guiderdoni 1987; B i n g g e l i e t a l . 1987). 

Whatever the mechanism for the gas d e f i c i e n c y , the 

r e s u l t t h a t i s a f f e c t e d by the ICM environment i s 

important i n r e l a t i o n to the r e s t of t h i s thesis,, The 

standard assumption that the ^2JQ determined l o c a l l y a p p l i e s 

u n i v e r s a l l y (e.g. Young and S c o v i l l e 1982a), appears to 

i n v a l i d f o r g a l a x i e s w i t h i n 5 of the Virgo core. Of 

course, the low SFR, L s ^ / ] % 2 and dust-to-gas r a t i o might be 

explained by other independent reasons, but a c o n s i s t e n t and 

perhaps the s i m p l e s t i n t e r p r e t a t i o n i s t h a t MĤ  and 

t h e r e f o r e has been overestimated. 
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CHAPTER SEVEN 

CONCLUSIONS 

7.1 SUMMARY OF THE PRESENT WORK 

A q u a n t i t a t i v e d e s c r i p t i o n of the e v o l u t i o n of s p i r a l 

g a l a x i e s i s a complex problem r e q u i r i n g a wide ranging 

s y n t h e s i s of observation and theory. This t h e s i s has 

attempted to understand the key r o l e played by molecular 

hydrogen i n t h a t e v o l u t i o n , i n areas such as s t a r formation, 

chemical e v o l u t i o n and the r e l a t i o n s h i p between the Galaxy 

and the S o l a r System. The goal of t h i s work was not only a 

d e s c r i p t i o n of the g l o b a l physics of H^ i n g a l a x i e s , but 

a l s o to use t h a t p h y s i c s to c o n s t r a i n the mass and r a d i a l 

d i s t r i b u t i o n of H^, a problem of much contemporary debate. 

The r e l a t i o n s h i p of molecular hydrogen to the s t a r 

formation r a t e (SFR) i n g a l a x i e s has been examined. 

Although i t i s now w e l l e s t a b l i s h e d o b s e r v a t i o n a l l y t h a t 

s t a r formation takes place p r i m a r i l y i n the molecular gas, 

previous p a r a m e t e r i s a t i o n s of the SFR had not e x p l i c i t l y 

taken t h i s i n t o account. Following Talbot (1980), from a 

comparison of the r a d i a l d i s t r i b u t i o n of the SFR, and HI 

i n the Galaxy, i t i s concluded t h a t the SFR ( ^ ) seems to be 

be t t e r c o r r e l a t e d with the s u r f a c e d e n s i t y of molecular 

hydrogen ( S ^ ) than the t o t a l gas or atomic hydrogen, such 

t h a t 

with k determined e m p i r i c a l l y to be 1.2+0.2 for the Bhat e t 

a l . (1985) d i s t r i b u t i o n of Hg , or 0.7+0.2 for the SSS (1984) 

d i s t r i b u t i o n of H g. Between s u r f a c e or volume d e n s i t i e s of 

S (7.1) 
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gas, the data a t present do not make a sharp d i s t i n c t i o n . 

We t h e r e f o r e suggest t h a t i t i s the amount of molecular 

hydrogen, as opposed to the t o t a l amount of gas, i n any 

p a r t i c u l a r region which determines the SFR. S p i r a l arms 

merely r e - o r g a n i s e matter w i t h i n d i s c s and do not -determine 

the SFR, i n agreement with recent o b s e r v a t i o n a l r e s u l t s from 

e x t e r n a l s p i r a l g a l a x i e s (Elmegreen and Elmegreen 1986)„ 

The molecular f r a c t i o n of the gas (p a) i s found to be 

c o r r e l a t e d with the m e t a l l i c i t y Z of a region with p^eC Z^, 

b ^ 1.3. I n i t s s i m p l e s t form t h i s r e l a t i o n s h i p can be 

understood i n terms t h a t a region of higher m e t a l l i c i t y w i l l 

have more g r a i n s and consequently more evo l u t i o n of HI••=*> % . 

I n a d d i t i o n , metals themselves could be important i n the 

formation of molecular clouds, a c t i n g as coolants and 

i n c r e a s i n g o p a c i t y . We suggest t h e r e f o r e that v a r i a t i o n s i n 

the mass r a t i o of % / H I as a f u n c t i o n of G a l a c t o c e n t r i c 

r a d i u s and from galaxy to galaxy are c o n t r o l l e d by the metal 

abundance (assumed to be p r o p o r t i o n a l to the dust-to-gas 

r a t i o ) , r a t h e r than the volume d e n s i t i e s (Tacconi and Young 

1986, 1987) or s p i r a l arms (Wyse 1986). Tacconi and Young 

(1987) have s i n c e suggested t h i s q u a l i t a t i v e l y from t h e i r 

study of dwarf i r r e g u l a r g a l a x i e s . T h i s p i c t u r e i s 

c o n s i s t e n t with r e c e n t observations of e x t e r n a l s p i r a l s t h a t 

suggest t h a t d e n s i t y waves do not t r i g g e r molecular cloud 

formation (Stark e t a l . 1987). 

The problem for models of g a l a c t i c e v o l u t i o n has always 

been to d e s c r i b e the time e v o l u t i o n of S H and ^ . Using 

the above c o r r e l a t i o n s derived from the r a d i a l d i s t r i b u t i o n s 

i n the Galaxy, a more e x p l i c i t form of the SFR i s obtained 

i n terms of the t o t a l gas f r a c t i o n f& and m e t a l l i c i t y , 
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% <s; (>;vx;;Z;V (7.2) 
where By i s the t o t a l s u r f a c e d e n s i t y of matter and X i s the 

chemical f r a c t i o n of hydrogen i n the ISM. The time 

dependence of t h i s modified "Schmidt law" of the SFR 

e x p l a i n s q u ite n a t u r a l l y the production of a m e t a l l i c i t y 

gradient and the constancy of the ^ over the l i f e t i m e of 

the d i s c , without the requirement of i n f a l l of gas from the 

halo. 

A p r e l i m i n a r y study of e x t e r n a l s p i r a l s seems to 

support the general nature of the above "law". The t o t a l 

SFR of a galaxy i s shown to be c o r r e l a t e d with i t s t o t a l 

content, although u n c e r t a i n t y concerning the CO—<>H^ 

conversion f a c t o r , , i n these g a l a x i e s means t h a t t h i s 

r e s u l t must be i n t e r p r e t e d at present with care'i Compiling 

r a d i a l d i s t r i b u t i o n s of HI, H a and Z for nine other s p i r a l s , 

we confirm the same c o r r e l a t i o n p^eS Z as observed i n the 

Galaxy. I n a f u r t h e r attempt to study t h i s c o r r e l a t i o n , the 

mass of dust i n a galaxy has been c a l c u l a t e d from the 60pjn 

and lOO^jm IRAS f l u x e s and t h i s 'warm' d u s t - t o - t o t a l gas 

r a t i o i s shown to be c o r r e l a t e d with the t o t a l p^ of a 

galaxy. The lOO^im f l u x however does not sample the t o t a l 

mass of dust i n a galaxy and so 1300/im observations have 

been used i n order to d e r i v e the t o t a l dust-to-gas r a t i o of 

a galaxy. This a n a l y s i s can only be at present c a r r i e d out 

for the c e n t r a l 90" of g a l a x i e s and there are l a r g e 

u n c e r t a i n t i e s concerning the temperature of the, dust and the 

r a d i a l d i s t r i b u t i o n of the gas. No c o r r e l a t i o n of t h i s 

dust-to-gas r a t i o with p^ i s found. However, there i s 

evidence that the dust-to-gas r a t i o and/or @1%Q v a r i e s from 

galaxy to galaxy. 
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Using the above form for the SFR, a s e l f - c o n s i s t e n t 

model of the chemical e v o l u t i o n of the Galaxy i s proposed 

arid compared with o b s e r v a t i o n s . This model i s presented i n 

terms of the instantaneous r e c y c l i n g approximation and 

i n c l u d e s an e x p l i c i t form for dark matter. Due to the 

o b s e r v a t i o n a l and t h e o r e t i c a l u n c e r t a i n t y concerning the 

e x i s t e n c e of i n f a l l of gas to the d i s c , we assume gas flows 

to have n e g l i g i b l e e f f e c t on the chemical e v o l u t i o n of the 

d i s c , and evolve each d i s c annulus as a c l o s e d system. The 

y i e l d of metals i s taken as y z = KZ n to study both the 

constant y i e l d case (n = 0) and v a r i a b l e y i e l d . The 

formalism i s developed f o r any value of n, but r e s u l t s are 

computed for n = 0 and n = 1. 

The G-dwarf problem i n the s o l a r neighbourhood i s 

solved by the requirement that the i n i t i a l m e t a l l i c i t y of 

the d i s c Z Q Zj/3.7 (Z, being the present m e t a l l i c i t y ) 

which f i n d s r e c e n t support from c o n s i d e r a t i o n of the t h i c k 

d i s c of the Galaxy (Gilmore and Wyse 1986). The 

a g e - m e t a l l i c i t y r e l a t i o n of s t a r s i n the s o l a r neighbourhood 

(Twarog 1980) i s w e l l reproduced by the same model. The 

case of constant y i e l d provides a b e t t e r f i t to the AMR, 

while v a r i a b l e y i e l d provides a b e t t e r f i t to the G-dwarf 

m e t a l l i c i t y d i s t r i b u t i o n , but co n s i d e r i n g present 

o b s e r v a t i o n a l u n c e r t a i n t i e s n e i t h e r case i s r u l e d out. The 

returned f r a c t i o n R i s found to be i n the range 0.3 - 0.65 

depending on the value of n and the gas f r a c t i o n i n the 

s o l a r neighbourhood. 

For both constant and v a r i a b l e y i e l d , the r a t i o of the 

present SFR ( ^ ) to the SFR when the d i s c formed { % ) i s 

found to be approximately u n i t y i n the s o l a r neighbourhood, 
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c o n s i s t e n t with o b s e r v a t i o n a l determinations of the p a s t 

h i s t o r y of the SFR. For n - 1, the gas a t present i n the 

s o l a r neighbourhood w i l l be depleted to zero i n a s h o r t , 

t i m e s c a l e of 3Gy, while for the constant y i e l d case the 

SFR decreases r a p i d l y a f t e r w lOGy and /A > 0 f o r G a l a c t i c 

l i f e t i m e s > 20Gy. 

Given an i n i t i a l d e n s i t y p r o f i l e of the t o t a l mass 

d i s t r i b u t i o n i n the d i s c , i t i s shown t h a t with time the 

Galaxy may n a t u r a l l y develop a r a d i a l gradient i n the gas 

f r a c t i o n and the m e t a l l i c i t y even though i t begins with a 

constant i n i t i a l gas f r a c t i o n and constant i n i t i a l 

m e t a l l i c i t y a t a l l r a d i i . The present observed m e t a l l i c i t y 

g radient can be generated simply from the r a d i a l 

d i s t r i b u t i o n of S T, provided t h a t the exponent k > 1. The 

m e t a l l i c i t y gradient i s not generated by i n f a l l or r a d i a l 

gas flows or n e c e s s a r i l y v a r i a b l e y i e l d (although t h i s 

h e l p s ) . We conclude t h e r e f o r e t h a t a c o n s i s t e n t model of 

the chemical e v o l u t i o n of the d i s c of the Galaxy i s p o s s i b l e 

without invoking i n f a l l or r a d i a l i n flow of gas. 

To f u r t h e r examine the c o n s i s t e n c y of t h i s model, we 

have studied the returned f r a c t i o n R, the dark matter 

f r a c t i o n D and the y i e l d of metals y x from the IMF and 

d e t a i l s of s t e l l a r n u c l e o s y n t h e s i s . With the IMF of M i l l e r 

and Scalo (1979), the usual remnant f r a c t i o n and the 

f r a c t i o n of e j e c t e d metals from Maeder (1984), we f i n d 

R*> 0.42, D ^ 0.05 and y s = 0.024. I t seems very d i f f i c u l t 

to simulate a case where y s@£ Z from c u r r e n t knowledge of 

the IMF and s t e l l a r n u c l e o s y n t h e s i s , the case of 

y s = constant i s much more l i k e l y . 

The consequences of t h i s constant y i e l d model of 
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G a l a c t i c chemical e v o l u t i o n for the nature of the dark 

matter i n the s o l a r neighbourhood have been d i s c u s s e d . I f 

from the d e t a i l s of s t e l l a r n u c l e o s y n t h e s i s the y i e l d i s 

0.015, the r e q u i r e d value of D/(l-R) i s m. 0.1 which i s 

c o n s i s t e n t with the form of the IMF of M i l l e r and S c a l o 

(1979) extended down to 0.0C4 M@. However, i f ̂  ^ 0.025, 

D/U-R) i s m. 0.4 for which the M i l l e r - S c a l o IMF i s 

inadequate and a separate population of brown dwarfs are 

needed. The IMF of Larson (1986) can provide D/(1-R) *L 0.2 

i n the form of dead s t e l l a r remnants r a t h e r than brown 

dwarfs but r e q u i r e s a small upper mass c u t - o f f to metal 

production, < 16M@, which may be u n r e a l i s t i c . The IMF of 

Rana (1987a) derived using the SFR of equation (7.2) 

r e q u i r e s a l a r g e population of brown dwarfs and an upper 

c u t - o f f < 100M©. The IMF of Scalo (1986) with a constant 

SFR cannot provide dark matter i n baryonic form to s o l v e the 

dark matter problem i n the d i s c . 

Assuming the a p p l i c a b i l i t y of the chemical e v o l u t i o n 

model to other s p i r a l s , abundance gradients i n e x t e r n a l 

s p i r a l s are examined. For a constant y i e l d , no i n f a l l and 

k = 1.4 the trend between Z and I2 T of Edmunds and Pagel 

(1984a) i s reproduced, the shape of the r e l a t i o n s h i p 

depending on the age of the d i s c . We suggest t h a t f o r 

s p i r a l g a l a x i e s with constant Z @ as a function of r a d i u s , 

the m e t a l l i c i t y gradient may be a d i r e c t i n d i c a t o r of the 

age of the d i s c . The evolution of r a d i a l g r a d i e n t s i n 

s t a r s , gas and metals are i l l u s t r a t e d . I t i s shown t h a t $ s 

i s exponential with r a d i u s for the f i r s t 7-8 Gy of a 

galaxy's l i f e t i m e and the t o t a l g a l a c t i c remains roughly 

constant. A c e n t r a l hole i n the gas d i s t r i b u t i o n i s shown 
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to a r i s e q u i t e n a t u r a l l y without invoking gas flow i n t o the 

bulgeo More d e t a i l e d observations and modelling f o r other 

s p i r a l s are r e q u i r e d but these i n i t i a l r e s u l t s are 

encouraging„ 

The r e l a t i o n s h i p of the molecular gas i n the Galaxy and 

other G a l a c t i c p r o p e r t i e s to the e v o l u t i o n of the S o l a r 

System has been studied, i n p a r t i c u l a r the hypothesis that: 

the observed 30My p e r i o d i c i t y i n the record of mass 

e x t i n c t i o n s has a G a l a c t i c cause, namely p e r t u r b a t i o n s of 

the Oort Cloud by known or unknown bodies i n the Galaxy. 

Our p r i n c i p a l r e s u l t i s that comet showers are hot produced 

e i t h e r with s u f f i c i e n t frequency or i n t e n s i t y by i n d i v i d u a l 

known bodies, whether s t a r s or molecular c l o u d s . I f showers 

do occur with a mean i n t e r v a l of 30My, i t may be p o s s i b l e to 

modify the G a l a c t i c hypothesis by invoking p e r t u r b a t i o n s of 

the Oort Cloud by h y p o t h e t i c a l dark matter, but only i f the 

dark matter has a mean density > 0.1 pc and i s confined 

c l o s e l y to the plane, both conditions being very u n l i k e l y . 

Therefore, i f there i s indeed an apparent 30 My p e r i o d i c i t y 

i n the mass e x t i n c t i o n and g e o l o g i c a l r e c o r d s , we argue t h a t 

a s t r o n o m i c a l l y induced processes are u n l i k e l y to be the 

primary cause. 

F i n a l l y , we have examined the question of the l i f e t i m e 

of GMCs showing t h a t previous arguments favouring long GMC 

l i f e t i m e s are no longer v a l i d . We suggest t h a t the l i f e t i m e 

of the molecular phase i s constant with G a l a c t o c e n t r i c 

radius while the l i f e t i m e of the atomic phase i s determined 

by the m e t a l l i c i t y . This e x p l a i n s the previous c o r r e l a t i o n 

of Pg and Z and p o s s i b l y the molecular f r a c t i o n of 
1superclouds' (Elmegreen & Elmegreen 1987b). A c o n s i s t e n t 
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and comprehensive p i c t u r e of the formation„ evo l u t i o n and 

d i s p e r s a l of GMCs i s s t i l l r e q u i r e d , but i t i s concluded 

from a number of arguments t h a t the l i f e t i m e of the 

molecular phase has an upper l i m i t of 2.10 y. 

Arguments favouring l i f e t i m e s of the molecular phase 

> (3-10)„10^ y as deduced from the Virgo s p i r a l s are shown to 

be not w e l l founded. These arguments depend on HI being 

s t r i p p e d throughout the whole of the g a l a c t i c d i s c , whereas 

i n Virgo HI s t r i p p i n g occurs ( i f a t a l l ) predominantly i n 

the outer regions of the d i s c . 

From a study of CO, HI, o p t i c a l and IR observations of 

l a t e type s p i r a l s i n Virgo, the e f f e c t of the i n t e r c l u s t e r 

medium on the CO-—oHa conversion f a c t o r has been examined 

and i t i s shown t h a t i s lowered i n these g a l a x i e s with 

r e s p e c t to i t s value i n the s o l a r neighbourhood and i n 

i s o l a t e d g a l a x i e s . 

7.2 IMPLICATIONS FOR THE Ha. —o CO CONVERSION FACTOR AND THE 

MASS OF Ha. IN THE GALAXY. 

Chapter 1 reviewed the c u r r e n t controversy surrounding 

the CO—*>Ha conversion f a c t o r (et 3 ( S >) and the mass arid r a d i a l 

d i s t r i b u t i o n of Hg i n the Galaxy. The debate c e n t r e s on the 

value of el2@ l o c a l l y and whether i t v a r i e s as a fun c t i o n of 

G a l a c t o c e n t r i c r a d i u s and from galaxy to galaxy. Methods to 

determine <s%g> e m p i r i c a l l y have l a r g e u n c e r t a i n t i e s and have 

le d to c o n f l i c t i n g r e s u l t s . SSS (1984) from e x t i n c t i o n and 

v i r i a l mass es t i m a t e s determined ®^a© = 7.2 l o c a l l y and 

throughout the Galaxy. Although more recent work has 

reduced t h i s value to tM, 6.0 (Solomon and Rivolo 1 9 8 7 ) , such 
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a high and constant value of <§%@ means th a t Hg i s the 

dominant gas component i n the inner Galaxy. Bhat e t a l . 

( 1 9 8 6 ) from the cosmic ¥-ray evidence and other arguments 

c l a i m a value of © t ^ ® ^ 3 o 0 i n the s o l a r neighbourhood, 

decreasing towards the inner Galaxy. This v a r i a t i o n i n @%s>, 

a s c r i b e d to e i t h e r m e t a l l i c i t y or temperature e f f e c t s 

r e s u l t s i n the mass of--H^ i n the inner Galaxy to be only 

o n e - f i f t h of t h a t claimed by SSS ( 1 9 8 4 ) . 

The i n t e n t i o n of t h i s t h e s i s was to use the g l o b a l 

p h y s i c s of H & i n the Galaxy i n order to c o n s t r a i n i t s r a d i a l 

mass d i s t r i b u t i o n and hence ( S ^ ® . 

I n the models of the SFR and G a l a c t i c chemical 

e v o l u t i o n (Chapters 2 and 3 ) the surface mass 

d i s t r i b u t i o n s of SSS and Bhat e t a l . were compared. I t was 

found t h a t both gave good c o r r e l a t i o n s with the SFR 

(equation 7 . 1 ) , but lea d i n g to d i f f e r e n t values of the 

exponent k. The Bhat e t a l . v a l u e s of l e d to 

k = 1 . 2 + 0 . 2 while f o r SSS k = 0 . 7 + 0 . 2 . T h i s d i f f e r e n c e 

i n k, and d i f f e r e n t v a lues of the gas f r a c t i o n p, i n the 

s o l a r neighbourhood l e d to ma r g i n a l l y b e t t e r f i t s to the AMR 

and higher v a l u e s of the returned f r a c t i o n for the Bhat e t 

a l . d i s t r i b u t i o n . However, u n c e r t a i n t y i n the AMR and 

returned f r a c t i o n means th a t n e i t h e r H^ d i s t r i b u t i o n can be 

r u l e d out by these c o n s i d e r a t i o n s . 

The r e a l d i s t i n c t i o n between the two Hg d i s t r i b u t i o n s 

came i n computing the G a l a c t i c m e t a l l i c i t y gradient i n a 

cl o s e d model of chemical e v o l u t i o n . We have shown t h a t the 

p r e d i c t e d m e t a l l i c i t y gradient depends c r u c i a l l y on the 

value of k. Only i f k > 1 w i l l the m e t a l l i c i t y i n c r e a s e 

towards the G a l a c t i c centre as observed. Therefore, i n such 

- 2 4 4 -



a model only the Bhat e t a l = d i s t r i b u t i o n can produce the 

observed g r a d i e n t . Of course, a more complex chemical 

e v o l u t i o n model with i n f a l l and r a d i a l gas flows may be able 

to generate a m e t a l l i c i t y g radient even with the SSS 

d i s t r i b u t i o n of gas. I t i s not p o s s i b l e a t present to r u l e 

out the e x i s t e n c e of i n f a l l , although we have argued 

(S e c t i o n 3.2) t h a t c u r r e n t observations do not favour i t s 

occurrence i n the l a t e r stages of G a l a c t i c e v o l u t i o n . 

However, i n t h i s work we have argued t h a t i n f a l l i s not 

re q u i r e d i n order to give a c o n s i s t e n t model of the chemical 

e v o l u t i o n of the Galaxy. The Bhat e t a l . H/> d i s t r i b u t i o n 

allows the adoption of a simple c l o s e d model with 2 H^. . 

I n .fact f fcompiling data on the r a d i a l d i s t r i b u t i o n s of 

the SFR i n the Galaxy, and f i x i n g k s 1.4 by the observed 

m e t a l l i c i t y g r a d i e n t , a r a d i a l d i s t r i b u t i o n of has been 

derived independently of the CO and %-ray surveys. Using 

Turner's (1984) model of s t a r formation we t e n t a t i v e l y 

d e r ived a s u r f a c e d e n s i t y of H a i n the s o l a r neighbourhood 

to be 1.3+0.2 M @pc . When compared to the CO data of SSS 

(1984) t h i s v alue g i v e s (©^Q)© = 2.5+0.5, c o n s i s t e n t w i t h 

the value advocated by Bhat e t a l . (1985) from the U-ray 

a n a l y s i s . I t i s a l s o c l o s e to ^ 2 ® = 3. 6 derived r e c e n t l y by 

Maloney and Black (1987) using chemical modelling 

techniques. 

The r a d i a l d i s t r i b u t i o n of H^ suggested by the present 

work i s shown i n Figu r e 7.1 i n comparison with the other 

d i s t r i b u t i o n s . I n the outer Galaxy, we c l a i m a small 

underestimate of H^, even by Bhat e t a l . (1985), p o s s i b l y 

due to the incompleteness of the CO survey. I n the inner 

Galaxy we f i n d good agreement with Bhat e t a l . (1985). As 
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Figure 7.1 : The r a d i a l d i s t r i b u t i o n of Sua i - n t n e Galaxy. 
The E% d i s t r i b u t i o n s of SSS (1984) and Bhat e t 
a l . (1985) a r c c o n t r a s t e d with the d i s t r i b u t i o n 
derived i n t h i s work from the SFRs and observed 
m e t a l l i c i t y gradient. 

pointed out i n S e c t i o n 1.2, t h i s i s a l s o i n good agreement 

with the ¥-ray a n a l y s i s of the Columbia/COS B group (Bloemen 

et a l . 1986; Strong e t a l . 1987), who use an ê j© — 5«6 but 

r e f e r to a d i f f e r e n t CO r a d i a l p r o f i l e . 

This means th a t the masses of HI and H a are roughly 

e q u i v a l e n t i n the inner Galaxy. From a study of the 

l i f e t i m e of the molecular phase, we conclude t h a t 

Xtt^ < 2.10®y which a l s o leads to roughly e q u i v a l e n t amounts 

of HI and H a. Arguments favouring a much l a r g e r and 
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t h e r e f o r e l a r g e r M*̂  i n the i n n e r Galaxy, i n p a r t i c u l a r 

those from the Virgo s p i r a l s 0 are shown to be not w e l l 

foundedo P e r t u r b a t i o n s of the Oort Cloud of comets by GMCs 

are shown not to provide any u s e f u l c o n s t r a i n t s on t h e i r 

mass d e n s i t y . 

Thus, evidence from chemical e v o l u t i o n and GMC 

l i f e t i m e s seems to confirm evidence from S-rays and other 

arguments (Bhat e t a l . 1986) t h a t the mass of Eg i n the 

inner Galaxy i s roughly one f i f t h t h a t claimed by SSS 

(1984) . 

Comparing the r a d i a l d i s t r i b u t i o n of i n F i g u r e 7.1 

with the CO r a d i a l p r o f i l e of SSS (1984) i n d i c a t e s , t h a t ©Ŝ ® 

v a r i e s as a f u n c t i o n of G a l a c t o c e n t r i c r a d i u s . I f t h i s i s 

due to m e t a l l i c i t y such that ©^eS Z , then we estimate 

n'S 0.8-0.9 as compared to Bhat e t a l . ' s n 1 = 1. From a 

t h e o r e t i c a l point of view i t i s s t i l l not c l e a r whether 

m e t a l l i c i t y and/or temperature w i l l produce a r a d i a l 

g r adient i n sk^o (e'9° Kutner and Leung 1985; Williams 1985; 

van Dishoeck and Black 1987), but n e v e r t h e l e s s an assumption 

of a constant e<^ (e.g. Young and S c o v i l l e 1982a; SSS 1984) 

seems to be i n c o r r e c t . 

Maloney and Black (1987) have r e c e n t l y used 

s o p h i s t i c a t e d modelling techniques to study the e f f e c t of 

v a r i a t i o n s i n the gas temperature, mean d e n s i t y and CO 

abundance on . They model the CO emission from g a l a x i e s 

t a k i n g i n t o account cloud-cloud s h i e l d i n g , s p e c i f y i n g the 

d i s t r i b u t i o n a p r i o r i , and examine the e f f e c t of v a r i a t i o n s 

on Ig© . They conclude t h a t the use of a constant ©£^0 

between g a l a x i e s w i l l g i ve very misleading r e s u l t s because 

of these v a r i a t i o n e f f e c t s . We have used IRAS and 1300/am 
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observations of s p i r a l g a l a x i e s to suggest t h a t the 

dust'-to-gas r a t i o arid/or ©i^ may vary by an order of 

magnitude between g a l a x i e s . We suggest t h a t the e f f e c t of 

the I CM on GMCs i n the Virgo s p i r a l s i s to lower &L%§> with 

r e s p e c t to the value i n the s o l a r neighbourhood and i n 

i s o l a t e d g a l a x i e s . I f the IR and IM p r o p e r t i e s t r u l y 

d e s c r i b e the c u r r e n t SFR, and i f T u r n e r 5 s (1984) model of 

s t a r formation i s c o r r e c t we p r e d i c t ©1%$ ̂  2 i n the Virgo 

s p i r a l s . Therefore any estimates of H a i n e x t e r n a l g a l a x i e s 

from CO using a constant î a© must be t r e a t e d with c a u t i o n . 

7.3 FUTURE WORK 

The present work has opened up a number of questions 

and avenues fo r f u r t h e r study. For example, although we 

have attempted to present a c o n s i s t e n t model of G a l a c t i c 

chemical e v o l u t i o n , much work s t i l l needs to be done. As 

Pagel (1987) has pointed out, the s u b j e c t i s i n a confused 

s t a t e , attempts to b u i l d a unique q u a n t i t a t i v e p i c t u r e 

hampered by a m b i g u i t i e s i n the data which lead to great 

freedom i n theory and assumptions. B e t t e r and more 

comprehensive abundance data are r e q u i r e d for both t h i s and 

other g a l a x i e s . T h e o r e t i c a l understanding of s t e l l a r -

e v o l u t i o n , i n p a r t i c u l a r the e f f e c t of binary e v o l u t i o n 

(e.g. Matteucci and Greggio 1986; Iben 1987), and the IMF 

(e.g. Scalo 1986; Rana 1987a) i s c r u c i a l to models of 

g a l a c t i c chemical e v o l u t i o n . 

Perhaps the c r u c i a l parameter for chemical e v o l u t i o n 

and c e r t a i n l y the SFR i s the mass of H^. E m p i r i c a l 

determinations of (Solomon e t a l . 1987a; Strong e t a l . 
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1987; Richardson and Wolfendale 1987) and t h e o r e t i c a l work 

pn c l o u d c h e m i s t r y (van Dishoeck and B l a c k 1986? Maloney 

1987) and CO e m i s s i o n from g a l a x i e s (Maloney and Bla c k 1987) 

are a t p r e s e n t i n p r o g r e s s . However, i f ©t̂ © depends on 

m e t a l l i c i t y , t h e n r a d i a l abundance d a t a o f g a l a x i e s a r e 

e s s e n t i a l i f t h e c o r r e c t Hg masses are t o be i n f e r r e d f r o m 

th e CO d a t a . I f depends on gas t e m p e r a t u r e e f f e c t s , 

t h e n i t i s necessary t o o b t a i n i n f o r m a t i o n on t h e e x c i t a t i o n 

o f CO, fro m t h e r a t i o o f h i g h e r t r a n s i t i o n s (Maloney and 

Black 1987) . The use o f r a d i a l 1300̂ /yim o b s e r v a t i o n s i n 

a d d i t i o n t o an u n d e r s t a n d i n g o f how t h e d u s t - t o - gas r a t i o 

v a r i e s may p r o v i d e an independent way o f e s t i m a t i n g i n 

e x t e r n a l g a l a x i e s . 

We f i n a l l y m e n t i o n two o t h e r areas where seems t o 

p l a y a key r o l e and where f u r t h e r s t u d y i s r e q u i r e d . Open 

c l u s t e r s i n t h e d i s c o f the Galaxy are d i s r u p t e d by m u t u a l 

g r a v i t a t i o n a l i n t e r a c t i o n s between s t a r s i n t h e c l u s t e r , t h e 

s t a t i o n a r y t i d a l f i e l d o f the Galaxy and a l s o by GMCs. van 

den Bergh and McClure (1980) and Lynga (1982) suggested 

q u a l i t a t i v e l y t h a t t h e prevalence o f massive c l o u d s o f i n 

the i n n e r Galaxy c o u l d be r e s p o n s i b l e f o r t h e f a c t t h a t open 

c l u s t e r s i n t h e o u t e r p a r t s o f th e Galaxy have l o n g e r 

l i f e t i m e s t h a n t h o s e i n the i n n e r p a r t s . 

W ielen (1985) has con s i d e r e d q u a n t i t a t i v e l y t h e problem 

o f e n c o u n t e r s o f open c l u s t e r s w i t h GMCs, d e r i v i n g an 

a n a l y t i c way o f d e a l i n g w i t h these e n c o u n t e r s . . The e f f e c t 

o f GMCs i n t h e s o l a r neighbourhood i s shown t o g i v e f a i r l y 

good agreement w i t h t h e age d i s t r i b u t i o n o f c l u s t e r s , t h e 

r e d u c t i o n i n l i f e t i m e depending on t h e volume d e n s i t y . 

We have used h i s f o r m a l i s m , examined t h e dependence on 
d e n s i t y /p>^ 
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and a l s o f i n d a dependence on c l o u d mass and r a d i u s . I n t h e 

s o l a r neighbourhood t h e d i f f e r e n c e between t h e 

d i s t r i b u t i o n o f SSS (1984) and t h i s work would l e a d t o a 

f a c t o r o f 2 i n t o t a l l i f e t i m e . I f we n a i v e l y i n s e r t t h e 

v a l u e s f o r a t R@, & 6kpc where t h e d i f f e r e n c e i s more 

a p p r e c i a b l e , we would p r e d i c t a f a c t o r o f 5 d i f f e r e n c e i n 

l i f e t i m e . , 

T h e r e f o r e , as a consequence o f t h e shape o f t h e 

d i s t r i b u t i o n one s h o u l d expect t h e age d i s t r i b u t i o n o f open 

c l u s t e r s t o v a r y as a f u n c t i o n o f R@. T h i s has been 

suggested q u a l i t a t i v e l y b u t never shown q u a n t i t a t i v e l y . The 

Work oh t h e s o l a r .neighbourhood w i l l - need t o be .extended by 

a s t u d y o f t h e v a r i a t i o n o f t h e G a l a c t i c t i d a l f i e l d and 

mass and s i z e o f GMCs i n ord e r t o p r e d i c t open c l u s t e r 

l i f e t i m e as a f u n c t i o n o f R@ . The use o f an open c l u s t e r 

c a t a l o g u e (e.g. Lynga 1985) w i l l g i v e t h e age d i s t r i b u t i o n 

o f open c l u s t e r s as a f u n c t i o n o f Rg, g i v i n g due c a r e and 

a t t e n t i o n t o o t h e r v a r i a b l e s a f f e c t i n g age such as r a d i u s , 

mass, z-dependence and p o s s i b l y m e t a l l i c i t y . The comparison 

o f p r e d i c t i o n s w i t h o b s e r v a t i o n s s h o u l d l e a d t o c o n s t r a i n t s 

on t h e r a d i a l d i s t r i b u t i o n o f H a, e s p e c i a l l y t h e volume 

d e n s i t i e s a t 6 kpc. A p a r t from a c t i n g as a t e s t o f 

dynamical t h e o r i e s o f open c l u s t e r s , t h i s w i l l a l l o w H a t o 

be e s t i m a t e d i n d e p e n d e n t l y o f t h e c o n t r o v e r s y s u r r o u n d i n g 

t h e CO and $-ray d a t a . The o b s e r v a t i o n t h a t c l u s t e r s i n LMC 

have much l o n g e r l i f e t i m e s t h a n i n t h e Galaxy ( E l s o n and 

F a l l 1985) may a l s o p r o v i d e a c o n s t r a i n t on t h e mass o f H a 

t h e r e . 

An a s s o c i a t e d problem i s t h e i n t e r a c t i o n o f GMCs w i t h 

wide b i n a r i e s i n t h e s o l a r neighbourhood. Weinberg e t a l . 
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(1.987) have r e c e n t l y s t u d i e d t h e t i m e e v o l u t i o n o f wide 

b i n a r i e s by s t o c h a s t i c e n c o u n t e r s w i t h f i e l d s t a r s and GMCs 

i n . t h e s o l a r neighbourhood w i t h a h y b r i d Monte C a r l o scheme„ 

They f i n d t h a t i f t h e m o l e c u l a r c l o u d d e n s i t y i s d i f f e r e n t 

by a f a c t o r o f 2, t h e h a l f - l i v e s f o r d i s r u p t i o n change by a 

f a c t o r o f 1.4. However, n o t o n l y i s t h e d i s r u p t i o n process 

s e n s i t i v e t o c l o u d d e n s i t y , t h e c l o u d ' s i n t e r n a l s t r u c t u r e 

w i l l have a s i g n i f i c a n t e f f e c t . , O b s e r v a t i o n s o f wide b i n a r y 

s e p a r a t i o n s may t h e r e f o r e c o n s t r a i n t h e mass d e n s i t y and 

i n t e r n a l s t r u c t u r e o f GMCs i n t h e s o l a r neighbourhood and 

a l s o c o u l d p r o v i d e c o n s t r a i n t s on t h e dark m a t t e r i n t h e 

d i s c ( B a h c a l l e t a l . 1985). 

I n c o n c l u s i o n , t h e r o l e o f i n g a l a x i e s i s c r u c i a l 

f o r many processes. We have a t t e m p t e d t o o u t l i n e v a r i o u s 

areas b u t many more a w a i t d e t a i l e d s t u d y . 
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APPENDIX 

Table A,1,1 s Recent v a l u e s o f t h e CO t o H 9 c o n v e r s i o n 

f a c t o r , e^g^ j p u b l i s h e d i n t h e literature„ 

©^(atoms cnT 2K°" knT° s) = 2W ( % ) / J T (CO) dv. 

Determination and Authors 

V i s u a l E x t i n c t i o n ( l o c a l r e g i o n ) 

"20 N ^ S 

Dickman (1975) 

Gordon & Burton (1976) 

Pickman (1978) 

B l i t z (1978) 

B l i t z & Thaddeus (1980) 

B l i t z & Shu (1980) 

F r e r k i n g , Langer & Wilson (1982) 

F r e r k i n g , Langer & Wilson (1982) 

Young & S c o v i l l e (1982a) 

L i s z t (1982) 

Thaddeus (1983) 

SSS (1984) 

Lebrun & Huang (1984) 

Bhat, Mayer & Wolfendale (1986) 

Richardson & Wolfendale (1987) 

4.4 

4.6 

3.6 

15.0 

15.0 

2.0 

3.6 

9.6 

8.0 

10.0 

3-4 

7.2 

2.2 

2-4 

3.0 

A v< 4 

p Oph 

Taurus 

C Oph, A y> 5 

A v> 5 

O p h - S a g i t t a r i u s 

V i r i a l theorem 

SSS (1984) 9.2 

Sanders, S c o v i l l e 6 Solomon (1985) 5-9 
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S c o v i l l e e t a l . (1986) 

3hafc f Mayer 6 Wolfendale (1986) 

Solomon e£ a l . (1987a) 

S c o v i l l e e t a l . (1987) 

5-9 

3.0 

6.0 

6.1 

V=rays 

L i e t a l . (1983) 

Hermsen 6 Bloemen (1983) 

Bloemeri e t a l . (1984) 

Houston & B o l f e n d a l e (1985) 

Bhat e t a l . (1985) 

2.3 l o c a l c l o u d s 

5.2 Or i o n complex 

5.2 Orion complex 

3.7 Ori o n complex 

2.7 l o c a l c l o u d s 

Lebrun e t a l . (1983) 

Bhat e t a l , (1984,1985,1986) 

Bloemen e t a l . (1986) 

Strong e t a l . (1987) 

2-6 i n n e r G a laxy 

2.7 + 

5.6 i n n e r Galaxy 

4.6 i n n e r G a l a x y 

Other methods 

Solomon, Sanders £ S c o v i l l e (1979) 

R i c k a r d e t a l . (1985) 

Kutner & Leung (1985) 

Bhat, Mayer 6 Wolfendale (1986) 

Bhat, Mayer & Wolfendale (1986) 

P a r k i n s o n e t a l . (1987) 

12.0 r a d i a t i v e t r a n s f e r 

4.6 s t a n d a r d c l o u d method 

4.0 t h e o r e t i c a l models 

3.8 + X-ray a b s o r p t i o n 

2.7 g a l a x y counts 

3.9 IR a n a l y s i s 

Value shown i s the l o c a l v a l u e , but i s found to 

be a f u n c t i o n of G a l a c t o c e n t r i c r a d i u s . 
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Table A-1„2 s T o t a l G a l a c t i c mass e s t i m a t e s f o r 

2 < Rg, < 10 kpc. 

Gordon 6 Burton (1976) 2.1 

S c o v i l l e 6 Solomon (1975) 1-3 

Solomon, Sanders 6 S c o v i l l e (1979) 3.9 Mass-Stony Brook 

SSS (1984) 2.6 

Solomon e t a l . (1987a) 2.0 

Lebrun e t a l . (1983) 

Dame (1984) 

Thaddeus & Dame (1984) 

Bronfman e t a l . (1987) 

0.4-1.2 

0.7 Columbia/COSB 

0.7 

1.2 

Bhat e t a l . (1984,1985) 

Bhat, Mayer & Wolfendale (1986) 

P a r k i n s o n e t a l . (1987) 

9 
( c f . Mpjj = 0.9.10 M@; Henderson, Jack 

0.6 

0.6 Durham 

0.9 

& Kerr 1982; Bloemen e t a l . 1986) 
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Table A.2.1 s Basic d a t a f o r gas d i s t r i b u t i o n s and s t a r 

f o r m a t i o n r a t e i n t h e Galaxy. 

(a) (b> (c) 

h !, 2 T *s 
(kpc) (pc) (pc) 

(1) (2) (3) (4) (5) (5) <5) (6) 

3 0.6 1.1 150 0.5 4.2 44 371 

4 1.6 1.5 150 0.9 6.6 46 296 0.2 

5 2.9 2.3 150 2.0 11.8 56 235 12.0 

6 3.7 2.8 150 3.4 16.5 71 187 30.0 

7 4.4 2.4 150 2.8 12.2 73 149 14.0 

8 5.1 2.8 150 2.5 8.5 61 119 18.0 

9 3.8 2.5 150 1.6 5.1 65 94 7.9 

10 3.5 2.7 150 1.4 3.8 70 75 5.0 

11.5 4.9 2.7 240 0.3 0.7 70 53 6.0 

12.5 5.5 3.9 300 0.3 0.6 70 42 2.8 

13.5 5.8 2.8 360 0.3 0.5 70 34 

14.5 5.8 1.2 420 0.1 0.2 70 27 0. 05 

(1) L i e t a l . (1982) 

(2) Burton & Gordon (1978) 

(3) K u l k a r n i e t a l . (1982) 

(4) Bhat e t a l (1985) 

(5) SSS (1984) 

(6) SBM (1978) 

(a) S c a l e h e i g h t of HI d i s t r i b u t i o n 

(b) S c a l e h e i g h t of H 2 d i s t r i b u t i o n 
-2 

(c) T o t a l s u r f a c e d e n s i t y w i t h £ T(R G) @= 75 M^pc ( c f . B a h c a l l e t a l . 

1983), which i s a l s o s i m i l a r a t R G> 4 kpc to the double e x p o n e n t i a l 

model of C a l d w e l l & O s t r i k e r (1981). 
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Table A.2,2 % D e t e r m i n a t i o n s o f t h e m e t a l l i c i t y , g r a d i e n t , 

d l o g ( Z ) /dR<g (dex kpc°° ) , f o r t h e Galaxy. 

O b j e c t s Range (Fe/H) (O/H) (2) R e f e r e n c e s 
Of 

H I I r e g i o n s 
( e l e c t r o n temp.) 8-14 -0.08 Mezger e t a l . (1979) 

4=17 -0.05 Wink e t a l . (1983) 

4-13 -0.06* Garay 6 Rodriguez (1983) 

( o p t i c a l s p e c t r a ) 8-14 -0.04 Hawley (1978) 

8-13 - 0 i l 3 Peimbert e t a l (1978) 

8-14 -0.09 Peimbert 6 T o r r e s - P e i m b e r t (1979) 

8-14 -0.11 T a l e n t 6 Dufour (1979) 

8-14 -o.io Peimbert (1979) 

6-15 -0.07 Shaver e t a i . (1983) 

P l a n e t a r y Nebulae 7-14 -0.06 T o r r e s - P e i m b e r t & Peimbert (1977) 

8-12 -0.04 Peimbert & Serrano (1980) 

7-13 -0.07 Faundez-Abahs & M a c i e l (1986) 

Open C l u s t e r s 8-14 -0. 05 Janes (1979) 

8-12 -0.10 Panagia & T o s i (1980, 1981) 

8-14 -0. 13 Lynga (1985) 

8-13 -0. 11 Cameron (1985) 

Cepheids 5-15 -0.07 H a r r i s (1981) 
(from p e r i o d s ) 

5-14 -0.07 H a r r i s 6 P i l a c h o w s k i (1984) 

S u p e r g i a n t s 9-12 -0. 13 Luck (1982) 

A and F s t a r s 8-15 -0. 08 C h r i s t i a n & Smith (1983) 

Old d i s c s t a r s 9-12 -0. 04 Mayor (1976) 

Young d i s c s t a r s 9-12 -0. 10 Mayor (1976) 

A l l s t a r s 9-12 -0. 05 Mayor (1976) 

-0. 05 Marsakov & Suchkov (1982) 

u s i n g the c a l i b r a t i o n of O abundance of Shaver e t a l . (1983) . 
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T a b l e A„2.3 s Sources, o f d a t a f o r F i g u r e 2,8 

( S e c t i o n 2 o 5 o 2) o 

HI CO (O/H) 

•She Galaxy 1 2 1 

MSI 3 4,5 6 

IC342 7,8 9,10 6 

NGC6946 8 10 6 

M100 11 12 13 

Ml 01 8,14 15 16 

M31 17 18 16 

M33 19 !6 16 

M83 20,21 12,22 16 

NGC2403 8 23 6 

Re f e r e n c e s . 

1. T h i s work 13. McCall e t a l . (1985) 

2. SSS (1984) 14. Bosma e t a l . (1981) 

3. Weliachew & Gottesman (1973) 15. Solomon e t a l . (1983a) 

4. S c o v i l l e 6 Young (1983) 16. Diaz & T o s i (1984) 

5. Rydbeck e t a l . (1985) 17. Gottesman & Davies (1970) 

6. T o s i & Diaz (1985) 18. Coombes e t a l . (1977) 

. 7. Newton (1980b) '. 19. Newton (1980a) 

8. Rogstad 6 Shostak (1972) 20. A l l e n e t a l . (1986) 

9. Mo r r i s 6 Lo (1978) 21. Rogstad e t a l . (1974) 

10. Young & S c o v i l l e (1982a) 22. Coombes e t al.11978) 

11. van der K r u i t (1972) 23. Young (1985a) 

12. Young 6 S c o v i l l e (1982b) 
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Figure,A„2„4; The c a l i b r a t i o n c u r v e o f Oxygen abundance 

a g a i n s t t h e observed r a t i o ( [ O i l ] + 

[ O I I I ] ) / H p f o r H I I r e g i o n s . Shown are t h e 

curves g i v e n by Edmunds and Pagel (19 8 4 ) , 

McCall, Rybski and S h i e l d s (1985) and D o p i t a 

and Evans (1986) from which t h e F i g u r e i s 

t a k e n . 

9 5 f 

ms 
OE 

9 0 

est 
8 5 

0 0 
- 1 0 1 2 

log (3727*4959, 5007)/4861 

Appendix A.2.5 : I s t h e d u s t - t o - g a s r a t i o a f u n c t i o n o f t h e 

m e t a l l i c i t y ? 

I t i s a w i d e l y accepted assumption t h a t t h e r e l a t i v e 

amount o f d u s t i s c o r r e l a t e d w i t h t h e m e t a l abundance o f a 

r e g i o n (e.g. Koornneef 1985; S e c t i o n 2.4). Both o b s e r v a t i o n 

and t h e o r y t e n d t o r e i n f o r c e t h i s assumption, b u t t h e 

s i t u a t i o n i s s t i l l f a r from c l e a r . 

Campbell e t a l . (1986) found t h a t H I I g a l a x i e s w i t h 

l o w e r abundances had l e s s o p t i c a l r e d d e n i n g , a t r e n d 
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expected i f t h e d u s t c o n t e n t decreased w i t h d e c r e a s i n g 

i n e t a l i i c i t y (2.);. On t h e b a s i s o f t h i s p i c t u r e , t h e s e low 

abundance g a l a x i e s s h o u l d n o t be s t r o n g IR sources„ 

Gondhalekar e t al„ (1986) from a s t u d y o f t h e IRAS d a t a f r o m 

t h r e e low m e t a l l i c i t y H I I g a l a x i e s found t h i s t o be t h e 

case. E s t i m a t i n g t h e mass o f gas (M|) s i m p l y f r o m t h e HI 

f l u x and t h e mass o f d u s t (M^) from t h e lOO/am e m i s s i o n , t h e y 

found ^ 10 as compared t o & 10 i n t h e s o l a r 

neighbourhood. No CO o b s e r v a t i o n s were a v a i l a b l e f o r th e s e 

g a l a x i e s so has been n e g l e c t e d , and o f course t h e lOO/sm 

e m i s s i o n does h o t sample a l l d u s t ; b u t n e v e r t h e l e s s 

t h e d u s t - t o - g a s r a t i o i s v e r y low, i n l i n e w i t h what would 

be expected f o r low m e t a l l i c i t y . 

V i a l l e f o n d e t a l . (19 82) found a c o r r e l a t i o n between 

t h e d u s t - t o - g a s r a t i o and m e t a l l i c i t y i n H I I r e g i o n s i n 

M101, t h e h i g h e r t h e m e t a l l i c i t y t h e h i g h e r t h e d u s t - t o - g a s 

r a t i o . The gas was e s t i m a t e d u s i n g b o t h HI and CO ( u s i n g a 

c o n s t a n t ©i^©) , t h e d u s t mass b e i n g e s t i m a t e d f r o m o p t i c a l 

and r a d i o e x t i n c t i o n . 

The main o b s e r v a t i o n a l evidence however f o r M§/M^@g Z 

comes from a s t u d y o f t h e SMC and LMC. The amount o f gas i n 

d u s t g r a i n s cm can be w r i t t e n 
<PA> = QR^pi n<§ = z f ^ i m n v ( A . i ) 

where a i s t h e r a d i u s o f the d u s t g r a i n s , p $ i s t h e a c t u a l 

mass d e n s i t y w i t h i n t h e g r a i n , f ^ j i s t h e f r a c t i o n o f heavy 

elements i n d u s t g r a i n s , m i s t h e gas mass per p r o t o n and n v 

i s t h e p r o t o n number d e n s i t y (Franco and Cox 1986). 

T h e r e f o r e t h e d u s t - t o - g a s r a t i o i s g i v e n by 

<^d> = Z f ^ j , (A. 2) 
mn^ 
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and i f t h e ' e f f i c i e n c y 1 ' o f d u s t f o r m a t i o n ( f ^ ) i s r o u g h l y 

c o n s t a n t t h e n t h e d u s t - t o - g a s r a t i o w i l l be @s Z, R e l a t i v e 

t o t h e s o l a r neighbourhood, t h e d u s t - t o - g a s mass r a t i o (Z;-f^_) 

i s s m a l l e r by a f a c t o r o f 4 i n t h e LMC (Koornneef 1982) and 

by a f a c t o r o f 8 i n t h e SMC (Bouchet e t a l . 1985) whereas 

th e heavy element abundances are s m a l l e r by f a c t o r s o f 4 and 

10 i n t h e LMC and SMC r e s p e c t i v e l y (Dufour 1984). Thus, i n 

s p i t e o f t h e l a r g e d i f f e r e n c e s i n heavy element abundances 

between t h e SMC, LMC and s o l a r neighbourhood, t h e v a l u e o f 

f $ - § L 0.5 remains about c o n s t a n t f o r a l l t h r e e systems 

( C l a y t o n and M a r t i n 1984; Bouchet e t a l . 1985? f r a n c o and 

Cox 1986). The above a n a l y s i s o f t h e LMC and SMC uses 

e x t i n c t i o n i n t h e v i s i b l e and hear IR towards p a r t i c u l a r 

s t a r s , t o e s t i m a t e t h e d u s t mass, and t h e p r o f i l e o f t h e 

Lyman ©4 i n t e r s t e l l a r a b s o r p t i o n l i n e a l o n g t h e same l i n e o f 

s i g h t t o e s t i m a t e t h e column d e n s i t y o f l % g . T h i s a n a l y s i s 

i s done f o r l i n e s o f s i g h t where t h e r e i s l i t t l e CO 

e m i s s i o n . I f i n t h e SMC and LMC t h e r e i s c o n s i d e r a b l y more 

because o f a h i g h e r <̂ 2@ (Bhat e t a l 1984) t h e d u s t - t o - g a s 

mass r a t i o would be even lo w e r . 

Not o n l y does m e t a l l i c i t y v a r y f r o m g a l a x y t o g a l a x y , 

i t a l s o v a r i e s as a f u n c t i o n o f g a l a c t o c e n t r i c r a d i u s (Rg). 

I f t h e d u s t - t o - g a s r a t i o i s d e t e r m i n e d by t h e m e t a l l i c i t y , 

we may expect M̂ /M̂  t o i n c r e a s e towards t h e c e n t r e o f a 

g a l a x y . For our own g a l a x y , i t i s d i f f i c u l t t o i n t e r p r e t t h e 

v a r i a t i o n o f t h e IRAS lOOyym f l u x as an i n d i c a t i o n o f d u s t 

mass because o f t h e p o s s i b l e v a r i a t i o n o f t h e d u s t 

t e m p e r a t u r e w i t h g a l a c t o c e n t r i c r a d i u s ( B u r t o n e t a l . 1986; 

B u r t o n and Deul 1987). However, S o d r o s k i e t a l . (1987) 

assuming t h a t a l l o f t h e d u s t a l o n g a g i v e n l i n e o f s i g h t i s 
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a t a s i n g l e t e m p e r a t u r e have used t h e 6.0/am, 100/ym, HI and CO 

f l u x e s i n an a t t e m p t t o study t h e G a l a c t o c e n t r i c v a r i a t i o n 

o f Mg)/M|j o The mass o f H^ i s c a l c u l a t e d from t h e Columbia CO 

d a t a u s i n g a c o n s t a n t ©^2® = 4. D e r i v i n g t h e d u s t 

t e m p e r a t u r e from t h e r a t i o o f t h e lOO/aw and 60ftim f l u x e s , i t 

appears t o be e s s e n t i a l l y c o n s t a n t (^24K) w i t h R̂ . The 

M®/M| r a t i o however decreases from t h e i n n e r t o o u t e r Galaxy 

by a f a c t o r o f 3 which i s s i m i l a r t o t h e change i n Z ov e r 

t h e same r e g i o n . T h i s may i n d i c a t e t h a t M®/M^ ®S Z, b u t c a r e 

i s needed i f IRAS has p r i m a r i l y sampled t h e warm component 

o f G a l a c t i c d u s t and t h e f r a c t i o n o f d u s t i n t h i s component 

v a r i e s w i t h R@. . D e t a i l e d o b s e r v a t i o n s a t l o n g e r , wavelengths 

( 1300/am) are needed t o decide between these 

p o s s i b i l i t i e s . 

I n a s i m i l a r s t u d y f o r M31, Walterbos and Schwering 

(1987) have shown t h a t t h e d u s t t e m p e r a t u r e i s a l s o 

r e l a t i v e l y c o n s t a n t w i t h Rg. I t i s t h e n shown t h a t t h e 

r a t i o o f t h e IR o p t i c a l depth a t lOO^im t o t h e column d e n s i t y 

o f HI i n c r e a s e s w i t h d e c r e a s i n g r a d i u s f o r R$ < 15 kpc. 

Taken a t face v a l u e , t h i s r e s u l t suggests a s i g n i f i c a n t 

v a r i a t i o n i n t h e d u s t - t o - ( a t o m i c ) gas as a f u n c t i o n o f Rg. 

One may ask whether t h i s g r a d i e n t i s due t o n e g l e c t i n g t h e 

c o n t r i b u t i o n o f Eg. S t a r f o r m a t i o n , and hence p r o b a b l y H & 

(Chapter 2) i s c o n c e n t r a t e d i n a r i n g around Rg = lOkpc, 

i n d i c a t i n g t h a t t h e r e i s n o t much m o l e c u l a r m a t e r i a l 

i n t e r n a l t o t h i s r i n g , and so t h e n e g l e c t o f H^.is u n l i k e l y 

t o be t h e dominant cause o f t h e g r a d i e n t . By examining t h e 

r o l e o f s m a l l g r a i n s , Walterbos and Schwering conclude t h a t 

t h e v a r i a t i o n i n M&/Mg i s i n t h e range o f t h e observed m e t a l 

abundance v a r i a t i o n ( B l a i r e t a l . 1982) and a l s o c o n s i s t e n t 
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w i t h t h e upper l i m i t t o t h e v a r i a t i o n o f M'̂ /M̂  d e r i v e d i n an 

independent a n a l y s i s o f o p t i c a l d a t a (Walterbos and 

K e n n i c u t t 19 87)„ 

O b s e r y a t i o n a l l y t h e r e f o r e t h e d u s t - t o - g a s r a t i o i s 

c o r r e l a t e d w i t h t h e m e t a l l i c i t y . We m i g h t a l s o e x p e c t t h i s 

f rom t h e o r e t i c a l c o n s i d e r a t i o n s . A l t h o u g h t h e d e t a i l s o f 

t h e f o r m a t i o n and e v o l u t i o n o f d u s t i n g a l a x i e s are n o t y e t 

f u l l y u n d e r s t o o d , we know t h a t t h e f o r m a t i o n r a t e o f i c y 

mantles i s l a r g e l y c o n t r o l l e d by t h e abundance o f t h e CNO 

group o f elements and by t h e gas d e n s i t y (Creze and Isobe 

197 4:) . The most p r o b a b l e source o f g r a p h i t e g r a i n s i s t h e 

atmosphere o f low and i n t e r m e d i a t e mass r e d g i a n t s , w h i l e 

s i l i c a t e g r a i n s are p r o b a b l y produced from t y p e I I supernova 

(Gondhalekar e t a l . 1986). T h e r e f o r e , i t i s r e a s o n a b l e t o 

b e l i e v e t h a t t h e amount o f d u s t i n t h e ISM w i l l i n c r e a s e 

w i t h t h e age o f a g a l a x y , as does t h e m e t a l l i c i t y . I n a 

p a r t i c u l a r r e g i o n s t e l l a r p r o c e s s i n g n o t o n l y a c t s t o 

i n c r e a s e t h e m e t a l abundance, b u t i t a l s o d e p l e t e s t h e mass 

o f t o t a l gas. Even i f t h e mass o f d u s t s t a y s c o n s t a n t , t h e 

d u s t - t o - g a s r a t i o w i l l i n c r e a s e w i t h m e t a l l i c i t y . 

Thus, t o a f i r s t a p p r o x i m a t i o n we assume t h a t 

M|C 2 (A. 3) 

Ob s e r v a t i o n s o f abundances and IR measurements a t l o n g e r 

wavelengths are needed t o c o n f i r m t h i s r e l a t i o n s h i p . 
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Table A, 4.-1 s Best f i t t i n g model parameters f o r d i f f e r e n t 

s e t s o f and ^ . 

= 2 =1 
n-0, y^O.09, o Q=0.05, l o g ( Z 1 / Z 0 ) = 0.57, Pj= 3K^pc Gy . 

"dlog ( Z x ) /dEfc = -0.06 des kpc" 1 

0.4 0.5 0.6 

» Q 0.5 0.6 0.8 0.5 0.6 0.8 0.5 0.6 0.8 

G 72.1 83.0 72.1 83.0 65.2 72.1 8.3'. 0 
2 

*GD 36.1 28.7 31. 2 24.6 29.2 25.0 19.5 

6 0 0.35 0.15 0.35 0.15 0.45 0.35 0. 15 

D / l l - R ) - 0.09 8 0.35 0.29 0.49 0.37 0.49 0.63 

0.015 0.018 0.019 0.024 0.024 0.027 0.033 

x 2 

AMR 
2.8 2.9 2.8 2.9 2.7 2.8 2.9 

0.76 0.49 0.76 0.49 0.99 0.76 0.49 

R 0.41 0. 40 0.41 0. 40 0. 44 0.41 0.40 

D 0.054 0.202 0.163 0.282 0.193 0.272 0.363 

k 1.40 1.48 1. 40 1.48 1.37 1.40 1.48 
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Table A.5,1 s S h o r t t e r m p e r i o d i c i t i e s c l a i m e d i n t h e 

t e r r e s t r i a l r e c o r d . 

Phenomenon P e r i o d (My) Source 

C l i m a t i c and s e a - l e v e l 

changes 

S 3 0 

«30 
E 3 3 

Dorman (1968) 

Leggett e t a l . (1981) 

F i s c h e r 6 Arthur (1977) 

Rampino f. S t o t h e r s (1984b) 

V o l c a n i c a c t i v i t y 

T e c t o n i c c y c l e s 

333 

*30 

= 32 

Pandey {, Negi (1987) 

Holmes (1927) 

Rampino 6 S t o t h e r s (1984b) 

Mass e x t i n c t i o n s *32 

26-30 

30+1 

26 + 1 

F i s c h e r & Arthur (1977) 

Raup & Sepkoski (1984) 

Rampino & S t o t h e r s (1984a) 

Sepkoski & Raup (1986) 

G e o m a g n e t i c a l l y 

d i s t u r b e d epochs 

32-34 
a30 
c30 

"30 

Negi & T i w a r i (1983) 

Raup (1985a) 

S t o t h e r s (1986) 

Pal 6 C r e e r (1986) 

Ages of c r a t e r s "27 

31+1 

32+1 

«28 

S e y f e r t & S i r k i n (1979) 

Rampino & S t o t h e r s (1984a) 

Rampino & S t o t h e r s (1984b) 

A l v a r e z & Muller (1984) 
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