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ABSTRACT 

I t w o u l d be a m i s t a k e t o t h i n k t h a t t h e d e n s i t y wave t h e o r i e s o f 
s p i r a l s t r u c t u r e have r e a c h e d t h e m a t u r i t y where t h e y can make u n c o n -
d i t i o n a l p r e d i c t i o n s w h i c h can be t e s t e d . On t h e c o n t r a r y , t h e y a r e 
s t i l l v e r y d e p e n d e n t on o b s e r v a t i o n s f o r h e l p and g u i d a n c e . 

1 . INTRODUCTION 

I have been t a u g h t t o b e l i e v e t h a t a t h e o r y i s a t h e o r y o n l y i f i t 
i s c a p a b l e o f b e i n g f a l s i f i e d . A good t h e o r y s h o u l d p r o p o s e o b s e r v a t i o n s 
w h i c h can u n e q u i v o c a l l y c o n t r a d i c t i t , and t h i s e l e m e n t o f r i s k i s 
e s s e n t i a l i n o r d e r t o have a c o n f r o n t a t i o n . A s i f t i n g o f t h e 
o b s e r v a t i o n a l d a t a i n s e a r c h o f f e a t u r e s w h i c h can be e x p l a i n e d by a 
t h e o r y , and t h e s u b s e q u e n t t a b u l a t i o n i n two c o l u m n s , s e p a r a t e d by a 
l i n e , one l a b e l l e d " o b s e r v a t i o n " , t h e o t h e r " t h e o r e t i c a l i n t e r p r e t a t i o n " , 
may be a good a d v e r t i s e m e n t f o r i t , b u t i t does n o t c o n s t i t u t e a 
c o n f r o n t a t i o n . 

When I t u r n t o w h a t i s commonly r e f e r r e d t o as t h e d e n s i t y wave 
t h e o r y , I f i n d i t v e r y d i f f i c u l t t o t h i n k o f an o b s e r v a t i o n w h i c h c o u l d 
c o n t r a d i c t i t . T h e r e seems t o be an ove rabundance o f u n c e r t a i n 
p a r a m e t e r s , and " a s y e t i m p e r f e c t l y u n d e r s t o o d m e c h a n i s m s " , w h i c h a l l o w 
p l e n t y o f room t o manoeuver a r o u n d any t i g h t s p o t p o s e d by o b s e r v a t i o n s . 
Under t h e s e c i r c u m s t a n c e s we a r e n o t d e a l i n g so much w i t h a c o n f r o n t a t i o n 
be tween t h e o r y and o b s e r v a t i o n , as w i t h a r e c o n c i l i a t i o n . 

I n t h i s p a p e r I w i l l d i s c u s s my p e r c e p t i o n o f t h e s t a t u s o f t h e 
t h e o r y , and s p e c u l a t e a b o u t t h e d i r e c t i o n i n w h i c h I e x p e c t i t t o 
p r o g r e s s . O b s e r v a t i o n s can and w i l l p l a y an i m p o r t a n t r o l e i n 
d e t e r m i n i n g f u t u r e d e v e l o p m e n t s , b u t t h e s o r t o f d a t a t h a t a r e o f t h e 
mos t i m p o r t a n c e p e r t a i n t o t h e s t r u c t u r e o f t h e d i s k w h i c h i s supposed 
t o s u p p o r t t h e d e n s i t y w a v e s , and a r e e x t r e m e l y h a r d t o o b t a i n . One 
a c t u a l l y has t o t u r n t h e p r o b l e m a r o u n d and ask w h a t s p i r a l s t r u c t u r e 
t e l l s us a b o u t t h e d i s k s , and i n o r d e r t o be a b l e t o do t h i s , more 
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a t t e n t i o n w i l l have t o be d e v o t e d f i r m i n g up t h e d y n a m i c a l f o u n d a t i o n s 
o f t h e t h e o r y i t s e l f , w h i c h a r e n o t as f i r m as one w o u l d l i k e t o t h i n k . 

2 . DENSITY WAVES AND WKBJ DENSITY WAVES 

T h e r e a r e two d i s t i n c t app roaches t o t h e s u b j e c t o f d e n s i t y w a v e s , 
and i n o r d e r t o u n d e r s t a n d how t h i s has come a b o u t and w h a t t h e 
d i s t i n c t i o n s be tween t h e two a r e , I mus t s k e t c h a b r i e f h i s t o r y . I t 
w i l l be v e r y r o u g h , and i f y o u w i s h t o f i n d o u t who d i d w h a t and when, 
I recommend t h e f o r t h c o m i n g r e v i e w a r t i c l e by Toomre ( 1 9 7 7 ) . 

I t i s s a f e t o say t h a t a l l p a r t i e s i n t h e f i e l d ag ree o r a t l e a s t 
hope t h a t t h e u n d e r l y i n g s t e l l a r d i s k i s s u f f i c i e n t l y c l o s e t o an 
a x i s y m m e t r i c e q u i l i b r i u m , so t h a t any d e v i a t i o n s can be t r e a t e d as s m a l l 
p e r t u r b a t i o n s o f i t . I t i s a l s o a g r e e d t h a t N e w t o n i a n g r a v i t a t i o n i s 
t h e d o m i n a n t f o r c e . 

From t h e assumed symmetry o f t h e e q u i l i b r i u m i t f o l l o w s t h a t t h e 
p e r t u r b a t i o n s w i l l t a k e t h e f o r m o f d e n s i t y w a v e s . Each wave i s 
s i n u s o i d a l i n t h e a z i m u t h a l d i r e c t i o n , r o t a t e s w i t h o u t s h e a r a t a 
f i x e d a n g u l a r r a t e w h i c h i s known as t h e p a t t e r n s p e e d , and i t may a l s o 
grow o r decay i n t i m e . The r a d i a l s t r u c t u r e , p a t t e r n speed and g r o w t h 
r a t e o f each wave o r mode i s d e t e r m i n e d by an i n t e g r a l e q u a t i o n w h i c h 
depends on t h e e q u i l i b r i u m s t r u c t u r e . The g r o w i n g modes o f f i n i t e d i s k s 
a r e d i s c r e t e , can be s i n g l y e x c i t e d , and one r e j e c t s a l l e q u i l i b r i a as 
u n r e a l i s t i c , u n l e s s t h e l a r g e s t g r o w t h r a t e s a r e s u f f i c i e n t l y l o w . The 
a m p l i t u d e s o f t h e modes a r e n o t s p e c i f i e d , e x c e p t t o t h e e x t e n t t h a t 
t h e y s h o u l d n o t be t o o l a r g e . Rough l y s p e a k i n g , t h i s i m p l i e s t h a t t h e 
l a r g e s t a c c e p t a b l e a m p l i t u d e f o r t h e d e n s i t y p e r t u r b a t i o n s h o u l d 
d e c r e a s e w i t h t h e l e n g t h s c a l e o f t h e mode, w h i c h makes t h e l a r g e s t 
s c a l e modes t h e mos t i n t e r e s t i n g ones s i n c e t h e i r e f f e c t s s h o u l d be 
more e a s i l y o b s e r v e d . 

I t i s a l s o a g r e e d t h a t one s h o u l d a t f i r s t t r y t o d e s c r i b e t h e 
e f f e c t s o f t h e d e n s i t y wave i n t h e s t a r s on t h e gas i n an i t e r a t i v e 
f a s h i o n : compute t h e n o n - l i n e a r r e s p o n s e o f t h e gas due t o t h e s t e l l a r 
f o r c e f i e l d , and t h e n c o n s i d e r , a t m o s t , o n l y t h e e f f e c t s o f t h e 
i n d u c e d d e n s i t y F o u r i e r component w h i c h has t h e same a n g u l a r p e r i o d i c i t y 
as t h e s t e l l a r f o r c i n g f i e l d . The o u t - o f - p h a s e component i s t h e more 
i n t e r e s t i n g one o f t h e t w o , s i n c e i t d e s c r i b e s t h e e n e r g y and a n g u l a r 
momentum t r a n s f e r s be tween t h e two s u b s y s t e m s , w h i c h r e l a t e t o t h e 
q u e s t i o n o f g r o w t h and decay o f t h e waves . 

A d i f f e r e n c e a r o s e on t h e q u e s t i o n o f how one s h o u l d t a c k l e t h e 
r a t h e r c o m p l i c a t e d i n t e g r a l e q u a t i o n w h i c h d e t e r m i n e s t h e modes. A t a 
r a t h e r e a r l y s t a g e C.C. L i n s c e n t e d t h e p o s s i b i l i t y o f d e v e l o p i n g an 
a n a l y t i c a l t h e o r y o f d e n s i t y w a v e s , p r o v i d e d t h a t t h e u n d e r l y i n g 
p e r t u r b e d p o t e n t i a l was i n t h e f o r m o f a t i g h t l y w r a p p e d s p i r a l . I n 
t h i s case one c o u l d make use o f t h e r a p i d l y v a r y i n g phase t o d e v e l o p 
a s y m p t o t i c o r WKBJ s o l u t i o n s and n e a t l y s i d e s t e p t h e c o m p l i c a t i o n s o f 
t h e i n t e g r a l e q u a t i o n . I t was a l s o n e c e s s a r y t o have a n a l y t i c a l 
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e x p r e s s i o n s f o r t h e e q u i l i b r i u m o r b i t s , w h i c h i n g e n e r a l a r e t o o 
c o m p l i c a t e d t o be o f much u s e , b u t c o u l d be a p p r o x i m a t e d by e p i c y c l e s 
p r o v i d e d t h e e c c e n t r i c i t i e s a r e s u f f i c i e n t l y s m a l l . 

The WKBJ t h e o r y , w o r k e d o u t by L i n and Shu, i s somet imes r e f e r r e d 
t o as t h e " l o c a l t h e o r y " , f o r i n t h e l o w e s t o r d e r o f a p p r o x i m a t i o n one 
p r e t e n d s t h a t t h e g a l a x y i s u n i f o r m o v e r t h e d i s t a n c e o f a w a v e l e n g t h 
o r s o , and t h e r e f o r e r e q u i r e s t h a t t h e wave be s e l f - s u p p o r t i n g a t each 
r a d i u s . I t i s t h e n l e f t t o t h e h i g h e r o r d e r t e r m s t o p i e c e t h e s e 
l o c a l l y c o n s t r u c t e d waves t o g e t h e r t o f o r m t h e g r a n d d e s i g n , c a l c u l a t e 
g r o u p v e l o c i t i e s , p a t t e r n s p e e d s , e t c . 

The t i g h t l y w r a p p e d p o t e n t i a l h y p o t h e s i s a l l o w e d W.W. R o b e r t s 
(1969) t o w o r k o u t a t i d y a s y m p t o t i c t h e o r y f o r shock f o r m a t i o n i n t h e 
gaseous componen t , w h i c h has s t i m u l a t e d t h e o r i e s o f s t a r f o r m a t i o n and 
g i v e n a f a i r l y c o n c r e t e p i c t u r e o f w h a t a s p i r a l arm s h o u l d i n t h i s case 
l o o k l i k e . 

I n m a k i n g t h i s g r e a t l e a p f o r w a r d , L i n and h i s c o - w o r k e r s a re n o t 
now o n l y f a c i n g t h e o b s e r v e r s i n t h e f r o n t , b u t have exposed t h e i r 
r e a r t o t h e s n i p i n g o f t h o s e t h e y l e f t b e h i n d . T h i s o f c o u r s e was 
a n t i c i p a t e d ( L i n 1 9 6 7 ) . B u t w h a t was n o t , was t h e p o s s i b i l i t y o f 
s i m u l a t i n g d i s k g a l a x i e s i n n u m e r i c a l e x p e r i m e n t s on l a r g e c o m p u t e r s . 
These s i m u l a t i o n s showed t h a t d i s k g a l a x i e s d i d n o t behave i n a manner 
w h i c h c o u l d be d e s c r i b e d i n t h e f r amework o f WKBJ t h e o r y . S e l f -
g r a v i t a t i n g d i s k s do n o t f o r m l o n g - l i v e d s p i r a l s t r u c t u r e , i n s t e a d t h e y 
a re p r o n e t o l a r g e - s c a l e t w o - a r m e d i n s t a b i l i t i e s w h i c h h e a t up t h e d i s k . 
The end p r o d u c t o f t h i s e v o l u t i o n a r y phase i s u s u a l l y a f i n i t e a m p l i t u d e 
wave i n t h e f o r m o f a b a r . 

The n u m e r i c a l s i m u l a t i o n s c e r t a i n l y c o n v i n c e d me t o g i v e up my 
o r i g i n a l p l a n o f p u r s u i n g mode c a l c u l a t i o n s w i t h an e p i c y c l e v e r s i o n 
o f t h e i n t e g r a l e q u a t i o n and e p i c y c l i c e q u i l i b r i u m d i s t r i b u t i o n s , s i n c e 
e p i c y c l e s became l e s s and l e s s adequa te as one a p p r o a c h e d t h e c e n t e r . 
I n o r d e r t o keep t h e o r b i t a p p r o x i m a t i o n one h γΛ t o e x c l u d e t h e c e n t e r , 
b u t t h i s i s where t h e i n s t a b i l i t i e s i n t h e s i m u l a t i o n s seemed t o o c c u r ! 

The use o f f i n i t e e c c e n t r i c i t y o r b i t s has made t h e e q u i l i b r i u m and 
mode c a l c u l a t i o n s q u i t e l e n g t h y , and w h i l e I have n o t y e t succeeded i n 
c o n s t r u c t i n g s t a b l e d i s k s , i t has been p o s s i b l e t o i d e n t i f y t h e causes 
o f t h e f a s t e s t g r o w i n g i n s t a b i l i t i e s and t o s u b s t a n t i a l l y dampen them by 
s i m p l y i n c l u d i n g r e t r o g r a d e o r b i t s i n t h e c e n t r a l p a r t s . The c u r e f o r 
t h e i n s t a b i l i t i e s p o i n t s t o mode ls w i t h f a i r l y h o t c e n t e r s , where 
p r e s s u r e p l a y s as s i g n i f i c a n t a r o l e as r o t a t i o n i n o p p o s i n g t h e 
g r a v i t a t i o n a l f i e l d . 

I t s h o u l d be r e c a l l e d t h a t t h e p o s s i b i l i t y o f d i s k s b e i n g a b l e t o 
s u p p o r t t i g h t l y w r a p p e d s p i r a l waves i s o n l y a w o r k i n g h y p o t h e s i s 
( L i n 1 9 6 7 ) , a l b e i t a v e r y r e a s o n a b l e one . B u t even i f i t t u r n s o u t t o 

be c o r r e c t , t h e s p i r a l modes w i l l n o t be o f much i n t e r e s t i f t h e d i s k 
has f a s t e r g r o w i n g i n s t a b i l i t i e s w h i c h w i l l d o m i n a t e t h e e v o l u t i o n . 
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A f t e r a l l , many o f t h e n u m e r i c a l s i m u l a t i o n s s t a r t e d w i t h t h e v e r y same 
d i s k s used t o i l l u s t r a t e WKBJ waves . My c o n t r i b u t i o n t o t h e s n i p i n g 
s tems i n p a r t f r o m d o u b t s a b o u t t h e chances o f b e i n g a b l e t o s u p p r e s s 
t h e l a r g e s c a l e i n s t a b i l i t i e s and a t t h e same t i m e keep t h e t i g h t l y 
wound o n e s . I f t h e e x p l a n a t i o n f o r t h e l a t t e r i s t h e o u t w a r d t r a n s f e r 
o f a n g u l a r momentum as s u g g e s t e d by L y n d e n - B e l l and K a l n a j s ( 1 9 7 2 ) , t h e n 
as t h e y a l s o p o i n t e d o u t , w h a t e v e r a s p i r a l wave can d o , a more open one 
can do i t b e t t e r . I f one has t o i n c r e a s e t h e p r e s s u r e i n o r d e r t o 
s t a b i l i z e t h e b a r t y p e i n s t a b i l i t i e s , i t does n o t appea r l i k e l y t h a t one 
i s g o i n g t o d e c r e a s e t h e s c a l e o f t h e d o m i n a n t mode. 

F u r t h e r s n i p i n g s tems f r o m t h e r o l e o f t h e gas i n t h e WKBJ t h e o r y , 
w h i c h i s , as O o r t (1962) has s t r e s s e d , t h e k e y e l e m e n t f o r t h e p r e s e n c e 
o f s p i r a l s t r u c t u r e . F o r v e r y t i g h t s p i r a l s , gas i s a l i a b i l i t y , s i n c e 
i t damps t h e waves . However i t can be made t o w o r k f o r y o u , i f y o u have 
s t a b l e n e g a t i v e e n e r g y modes, such as b a r s , w h i c h a r e a l l o w e d t o i n t e r a c t 
w i t h i t ( L y n d e n - B e l l 1975; K a l n a j s 1 9 7 3 ) . T h i s has l e d me t o my own 
w o r k i n g h y p o t h e s i s , name ly t o assume t h a t a s t a b l e b a r mode w i l l 
e v e n t u a t e when one manages t o p r o d u c e a s t a b l e d i s k , and t o see how i t 
i n t e r a c t s w i t h t h e g a s . W h i l e t h i s does n o t encompass t h e w h o l e r ange 
o f o b s e r v e d s p i r a l s t r u c t u r e , i t seems t o be a d i r e c t i o n i n w h i c h some 
p r o g r e s s can be made. 

3. WHY GAS? 

Gas d i f f e r s f r o m s t a r s i n one u n i q u e r e s p e c t : i t can d i s s i p a t e 
e n e r g y . I f y o u b e l i e v e t h a t s p i r a l s t r u c t u r e i s a l o n g l i v e d phenomenon, 
and hope t o e x p l a i n i t by s t a r s a l o n e , y o u w i l l have t o r e l y on a 
r e l a t i v e l y few so c a l l e d r e s o n a n t s t a r s t o keep i t g o i n g , s i n c e s p i r a l i t y 
i m p l i e s a r e d i s t r i b u t i o n o f a n g u l a r momentum, and t h e r e s o n a n t s t a r s a c t 
as s o u r c e s and s i n k s ( L y n d e n - B e l l and K a l n a j s , 1 9 7 2 ) . The t r o u b l e i s 
t h a t t h e s e s o u r c e s and s i n k s have a f i n i t e c a p a c i t y , and i f t h e y a b s o r b 
t o o much t h e y s t a r t g i v i n g i t b a c k , and v i c e v e r s a . Gas does n o t have 
t h i s p r o b l e m , and w i l l shock e a s i l y , p a r t i c u l a r l y so n e a r t h e L i n d b l a d 
r e s o n a n c e s . The r e a s o n f o r t h i s i s t h a t i n a s t e a d y f i e l d i t t r i e s t o 
s e t t l e down i n p e r i o d i c o r b i t s , b u t s i n c e t h e s e o r b i t s i n t e r s e c t ( i n 
space) a r o u n d t h e r e s o n a n c e s , i t c a n n o t a v o i d r u n n i n g i n t o i t s e l f . 

T h i s v e r b a l t h e o r y i s b e s t i l l u s t r a t e d by a s i m u l a t i o n o f f o r c e d 
gas r e s p o n s e , p r e s e n t l y p u r s u e d by P. Schwarz , a t M t . S t r o m l o . The gas 
i s assumed t o be i n c l o u d s , w h i c h c o l l i d e i n e l a s t i c a l l y , l o o s i n g a good 
f r a c t i o n o f t h e i r r e l a t i v e m o t i o n i n each e n c o u n t e r . The f o r c i n g i s 
due t o a r o t a t i n g b a r , r e m i n i s c e n t o f t h e s o r t o f t h i n g one o b t a i n s i n 
n u m e r i c a l s i m u l a t i o n s . The b a r i s t u r n e d on s l o w l y o v e r a p e r i o d o f 
two b a r r e v o l u t i o n s , and t h e d i s t r i b u t i o n shown i n f i g u r e 1 a t t h e end 
o f t h e t h i r d r e v o l u t i o n p e r s i s t s f o r a f u r t h e r 4 t o 7 r e v o l u t i o n s b e f o r e 
i t d i s s o l v e s . The r e a s o n f o r i t s demise i s t h a t t h e t o r q u e e x e r t e d on 
t h e gas t e n d s t o d e p o p u l a t e t h e i n t e r s e c t i n g p e r i o d i c o r b i t s by p u s h i n g 
t h e gas o u t w a r d s p a s t t h e o u t e r L i n d b l a d r e s o n a n c e . The end s t a t e i s a 
n e a r l y c l o s e d e l l i p s e w i t h i t s m a j o r a x i s a l o n g t h e b a r . The l o c u s o f 
t h e s h o c k , o r r a t h e r o f t h e c o l l i s i o n s , c o i n c i d e s w i t h t h e d e n s i t y maxima. 
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F i g u r e 1 . Q u a s i - s t a t i o n a r y d i s t r i b u t i o n o f gas c l o u d s d r i v e n by a b a r 
( l e f t ) , and t h e l o c u s o f t h e c l o u d c o l l i s i o n s ( r i g h t ) . The m a j o r a x i s 
o f t h e b a r i s i n t h e h o r i z o n t a l d i r e c t i o n and t h e c i r c l e s d e n o t e 
c o r o t a t i o n and o u t e r L i n d b l a d r a d i i . 

W h i l e t h i s i s n o t t h e f i r s t d e m o n s t r a t i o n t h a t b a r s can f o r c e 
s p i r a l p a t t e r n s i n d i s s i p a t i v e g a s , i t i s t h e one I u n d e r s t a n d b e s t . 
The p r o b l e m o f m a k i n g t h e p a t t e r n l a s t i s n o t u n i q u e t o b a r - t y p e f o r c i n g , 
i t o c c u r s a l s o when t h e f i e l d i s s p i r a l . 1 The re a r e s t i l l a number o f 
avenues t o be e x p l o r e d b e f o r e one i s f o r c e d t o t h e c o n c l u s i o n t h a t t h e 
gas i n t h e d i s k has t o be r e p l e n i s h e d on a t i m e s c a l e o f a b i l l i o n y e a r s 
i f s p i r a l s t r u c t u r e i s t o p e r s i s t l o n g e r t h a n t h a t . B u t t h i s i s a 
d i s t i n c t p o s s i b i l i t y . 

4 . THE PROBLEM OF Q ' S , HOT DISKS, BULGES AND HALOES. I S Q=1? 

I was i n s t r u c t e d by t h e o r g a n i z i n g c o m m i t t e e t o " c o n c e n t r a t e on 
o b s e r v a b l e e f f e c t s and a v o i d c o n t r o v e r s y o f i n t e r e s t o n l y t o 
t h e o r e t i c i a n s " . The re i s one i s s u e t h a t may a r g u a b l y f a l l o u t s i d e t h e s e 
g u i d e - l i n e s , b u t s i n c e i t has f a r - r e a c h i n g consequences , p a r t i c u l a r l y 
f o r t h e WKBJ t h e o r y , i t mus t be m e n t i o n e d . I t s tems f r o m o u r i n a b i l i t y 
t o c o n s t r u c t c o o l s e I f - g r a v i t a t i n g e q u i l i b r i u m d i s k s , w h i c h Toomre (1974) 
t e r m e d as a " n e a r s c a n d a l " when he f i r s t r e v i e w e d i t . The p r o b l e m i s 
s t i l l w i t h u s , b u t o n l y i n a s l i g h t l y d i f f e r e n t f o r m . 

F o r n e a r l y a decade s i n c e Toomre 1 s WKBJ t y p e a n a l y s i s o f t h e 
a x i s y m m e t r i c s t a b i l i t y o f d i s k s (Toomre 1 9 6 4 ) , i t was t h o u g h t t h a t once 
t h e f a s t - g r o w i n g a x i s y m m e t r i c i n s t a b i l i t i e s we re t a k e n c a r e o f by a 
s u f f i c i e n t l y h i g h r a d i a l v e l o c i t y d i s p e r s i o n , t h e d i s k s w o u l d be a t most 
m i l d l y u n s t a b l e t o n o n - a x i s y m m e t r i c p e r t u r b a t i o n s . The r a t i o o f t h e 
m a g n i t u d e o f t h e a c t u a l v e l o c i t y d i s p e r s i o n t o t h e minimum needed f o r 

1 
F o r comparab le a z i m u t h a l f i e l d s t r e n g t h s , t h e s p i r a l f i e l d i s a t l e a s t 

as e f f i c i e n t i n p u s h i n g t h e gas o u t p a s t t h e L i n d b l a d r e s o n a n c e s as t h e 
b a r . 
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s t a b i l i t y Toomre d e n o t e d by Q. He a l s o r e m a r k e d t h a t t h e o b s e r v e d 
p a r a m e t e r s n e a r t h e sun seemed t o i n d i c a t e t h a t Q i s c l o s e t o 1 , w h i c h 
no d o u b t h e l p e d t o f u e l t h e my th t h a t " r e a l i s t i c " d i s k s o u g h t t o be j u s t 
b a r e l y s t a b l e i n an a x i s y m m e t r i c s e n s e . Thus i t was somewhat o f a 
s u r p r i s e when t h e e a r l y n u m e r i c a l s i m u l a t i o n s b y M i l l e r , P r e n d e r g a s t , 
and Q u i r k (1970) showed up b a r - l i k e i n s t a b i l i t i e s w h i c h p r o c e e d e d t o 
h e a t up t h e d i s k s u b s t a n t i a l l y above t h e Q=1 l e v e l . A t t h a t t i m e t h e 
h e a t i n g was n o t t a k e n t o o s e r i o u s l y i n v i e w o f t h e s e e m i n g l y r o u g h 
n a t u r e o f t h e n u m e r i c a l w o r k . The s u b s e q u e n t c a l c u l a t i o n s by H o h l 
( 1971 , 1 9 7 3 ) , w h i c h were i m p e c c a b l e i n t h i s r e s p e c t , c o n f i r m e d t h e b a r -
i n s t a b i l i t i e s and t h e i r a s s o c i a t e d h e a t i n g . I t was O s t r i k e r and 
P e e b l e s (1973) who f i r s t c o l l e c t e d a l l t h e t h e n a v a i l a b l e e v i d e n c e and 
p o i n t e d o u t t h e s h o c k i n g f a c t t h a t t h e k i n e t i c e n e r g y i n t h e f o r m o f 
random m o t i o n s has t o e x c e e d t h e r o t a t i o n a l p a r t by a b o u t a f a c t o r o f 
2 . 6 i n o r d e r t h a t a s e I f - g r a v i t a t i n g d i s k be s t a b l e . The t y p i c a l v a l u e s 
o f Q a s s o c i a t e d w i t h such l a r g e l y p r e s s u r e s u p p o r t e d d i s k s we re o f o r d e r 
o f 4 , w i t h t h e l o w e s t v a l u e s a r o u n d 2 , and t h e t e n d e n c y was f o r Q t o 
i n c r e a s e w i t h r a d i u s . Such v a l u e s c o r r e s p o n d t o a v e l o c i t y d i s p e r s i o n 
a t l e a s t d o u b l e o f t h a t o b s e r v e d n e a r t h e s u n , w h i c h l e d O s t r i k e r and 
P e e b l e s t o p r o p o s e t h e e x i s t e n c e o f h a l o e s . A h a l o , w h i c h w o u l d be 
c a l l e d a b u l g e i f i t s r a d i u s was s m a l l e r t h a n some c h a r a c t e r i s t i c d i s k 
s c a l e l e n g t h , can and w i l l r e d u c e t h e a b s o l u t e l e v e l o f random 
v e l o c i t i e s needed t o make t h e d i s k s t a b l e . T h i s i s a l m o s t s e l f - e v i d e n t , 
f o r by p o s t u l a t i n g t h a t o n l y a f r a c t i o n o f t h e e q u i l i b r i u m f o r c e f i e l d 
i n t h e p l a n e o f t h e g a l a x y i s p r o v i d e d b y t h e d i s k , w i t h t h e r e m a i n d e r 
coming f r o m t h e r i g i d h a l o , you end up w i t h a l o w e r s u r f a c e d e n s i t y and 
hence can a f f o r d t o d e c r e a s e t h e v e l o c i t y d i s p e r s i o n and s t i l l r e m a i n 
s t a b l e . However i f we i n s i s t on u s i n g Toomre 1 s Q as a t h e r m o m e t e r , i t s 
s c a l e s h r i n k s i n p r o p o r t i o n w i t h t h e s u r f a c e d e n s i t y , and t h e r e i s no 
e v i d e n c e t h a t a h a l o r e d u c e s Q. On t h e c o n t r a r y , I f o u n d t h a t Q 
a c t u a l l y i s i n c r e a s e d by t h e p r e s e n c e o f a s t a b i l i z i n g h a l o ( K a l n a j s 
1 9 7 2 ) . The f a r more r e a l i s t i c s i m u l a t i o n s by H o h l (1976) d e s i g n e d 
s p e c i f i c a l l y t o s t u d y t h e s t a b i l i z i n g e f f e c t s o f a h a l o c o u l d n o t 
r e d u c e Q b e l o w 2 a r o u n d t h e s o l a r r a d i u s . 

The v a l u e o f Q i s q u i t e i m p o r t a n t f o r WKBJ w a v e s , and i s 
i m p l i c i t l y assumed t o be 1 . 0 . I f Q r i s e s above 1 . 0 , t h e r e i s a r e g i o n 
a r o u n d c o r o t a t i o n where t h e WKBJ waves c a n n o t p r o p a g a t e , and as Toomre 
( 1 9 7 4 , 1977) has s t r e s s e d , t h a t r e g i o n s p r e a d s r a p i d l y w i t h Q, so t h a t 

by t h e t i m e Q reaches 2 t h e waves a re squeezed o u t o f e x i s t e n c e . The 
r e a s o n why one w a n t s p r o p a g a t i n g waves n e a r c o r o t a t i o n i s t h a t t h e 
p r o p o s e d a m p l i f i c a t i o n mechanism w h i c h i s n e c e s s a r y t o keep t h e waves 
g o i n g , depends on t h e c o m m u n i c a t i o n o f a n g u l a r momentum a c r o s s t h i s 
r e g i o n (Mark 1 9 7 6 ) . The b e s t a v a i l a b l e e s t i m a t e o f Q f r o m o b s e r v a t i o n s 
i n t h e s o l a r n e i g h b o u r h o o d p u t s t h e v a l u e a t 1 . 5 , w i t h an u n c e r t a i n t y i n 
t h e range 1 . 2 t o 2 . 0 (Toomre 1 9 7 4 ) : W h i l e one m i g h t j u s t manage t o keep 
t h e WKBJ waves g o i n g w i t h Q=1.2 by m a r s h a l l i n g a l l t h e h i g h e r o r d e r 
c o r r e c t i o n s , Q=1.5 i s a v e r y s e r i o u s p r o b l e m f o r WKBJ w a v e s , and w i t h 
Q=2.0 t h e y a re r u l e d o u t . 
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The p r e c i s e v a l u e o f Q i s n o t o f g r e a t c o n c e r n t o t h e more 
g e n e r a l t y p e d e n s i t y waves . The n u m e r i c a l s i m u l a t i o n s show t h a t b a r 
l i k e i n s t a b i l i t i e s a r e s t i l l p r e s e n t when Q i s i n t h e range 2 t o 4 . My 
own a n a l y t i c a l s t u d i e s , w h i c h ag ree w e l l w i t h t h e e a r l y s t a g e s o f t h e 
s i m u l a t i o n s , c o n f i r m t h e p e r s i s t e n t n a t u r e o f t h e b a r modes, a l t h o u g h 
f o r h i s t o r i c a l r e a s o n s I have c o n f i n e d m y s e l f m a i n l y t o s e l f c o n s i s t e n t 
d i s k mode ls w i t h Q f s i n t h e r a n g e 1 t o 1 . 5 . F i g u r e 2 i l l u s t r a t e s t h e 

m = 12 m = 9 m = 6 

r 

F i g u r e 2 . The l i n e s o f c o n s t a n t phase o f t h e d o m i n a n t mode p o t e n t i a l s 
o f t h r e e i s o c h r o n e / m mode ls ( a b o v e ) , and t h e r o t a t i o n c u r v e o f mode l 
( b e l o w ) . The c i r c l e s l a b e l l e d by C a r e t h e c o r o t a t i o n r a d i i , w h i c h 
a re i n d i c a t e d by t h e a r r o w s on t h e r o t a t i o n c u r v e . The u n l a b e l i e d 
c i r c l e s i n d i c a t e t h e l o c a t i o n o f t h e maximum o f t h e r o t a t i o n c u r v e . 

appearance o f t h e d o m i n a n t t w o - a r m e d modes o f t h e i s o c h r o n e / m models . 
The r e l e v a n t p a r a m e t e r s o f t h e t h r e e modes a re f o u n d i n T a b l e 1. The 
p a t t e r n speeds and g r o w t h r a t e s a r e e x p r e s s e d i n u n i t s o f t h e c e n t r a l 

2The d i s t r i b u t i o n f u n c t i o n s ( K a l n a j s 1976) i n c l u d e a r e t r o g r a d e componen t , 
w h i c h i s a f u n c t i o n o f , and ma tches up c o n t i n u o u s l y w i t h t h e 
d i r e c t p a r t a t J =0 . 
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T a b l e 1 

m = 12 m = 9 m = 6 m = 8 m = 8/1.5 

Q 
c e n t e r 1.10 1.26 1.50 1.32 1.98 

Q x c o r o t . 1.00 1.14 1.46 1.22 1.83 
Qgi .99 1.16 1.39 1.23 1.84 
P a t t e r n Speed .59 .47 .34 .43 .26 
Growth r a t e .42 .29 .15 .25 .04 
C o r o t a t i o n 1.32 1.73 2.45 1.90 3.03 

r o t a t i o n r a t e . The g l o b a l Q, o r Q can be t h o u g h t o f as t h a t f a c t o r 
by w h i c h t h e s u r f a c e d e n s i t y s h o u l d be m u l t i p l i e d i n o r d e r t o make t h e 
d i s k m a r g i n a l l y s t a b l e t o a x i s y m m e t r i c p e r t u r b a t i o n s . The s t e l l a r d i s k 
i n s t a b i l i t i e s a r e r e m a r k a b l y s i m i l a r t o t h o s e d i s c o v e r e d by E r i c k s o n 
(1974) i n h i s s t u d y o f " s o f t e n e d " g r a v i t y d i s k s . 

As in the case of the simulations, the instability is mainly a 
central phenomenon; the potential peaks roughly at a distance of three 
mean epicycle radii from the center, and the spiral form is due to the 
inability of the outermost stars to keep up with the forcing field 
because of its sizable growth rate. The pattern speeds are fast in the 
sense that corotation falls well within the galaxy. 

The l a s t two co lumns i n T a b l e 1 i l l u s t r a t e t h e e f f e c t s o f a " h a l o " 
on t h e m=8 m o d e l . The " h a l o " t a k e s t h e f o r m o f a l l o w i n g o n l y 2 / 3 o f 
t h e d i s k t o p a r t i c i p a t e i n t h e o s c i l l a t i o n , w h i c h c o r r e s p o n d s t o a Q i n 
t h e v i c i n i t y o f 1 . 9 . I n t h i s case t h e i n s t a b i l i t y i s f a i r l y m i l d : 
i f one were t o p l a c e t h e sun a t r = 3 . 7 , t h e e - f o l d i n g t i m e w o u l d be 
200 m i l l i o n y e a r s . 

One m i g h t a rgue t h a t an a p p a r e n t success o f WKBJ waves w o u l d p r o v e 
t h a t Q mus t be v e r y c l o s e t o 1 . 0 , a t l e a s t i n t h e v i c i n i t y o f c o r o t a t i o n . 
I f s o , t h e n why? The b e s t a rgumen t advanced so f a r why t h i s m i g h t be 
t h e case i s t h a t c o r o t a t i o n o c c u r s i n a r e g i o n where t h e gas d e n s i t y 
d o m i n a t e s o v e r s t a r s , and because gas can c o o l , Q c o u l d h o v e r j u s t above 
1 . 0 ( L i n 1 9 7 0 ) . T h i s w o u l d mean t h a t c o r o t a t i o n s h o u l d be n e a r t h e 
o u t e r edge o f t h e g a l a x y . Thus a d e t e r m i n a t i o n o f t h e p a t t e r n speed 
i s o f c o n s i d e r a b l e i n t e r e s t . 

I f t h e i n t e r a c t i o n b e t w e e n t h e b a r and gas i s t o grow s p o n t a n e o u s l y , 
a s u b s t a n t i a l p a r t o f t h e s p i r a l s t r u c t u r e mus t l i e o u t s i d e c o r o t a t i o n . 
F o r t h i s t o be t h e c a s e , c o r o t a t i o n mus t be i n t h e m i d d l e o f t h e g a l a x y . 
The b e s t chance o f d e t e r m i n i n g t h e p a t t e r n speed i s f r o m s t u d i e s o f t h e 
o b s e r v e d H I m o t i o n s i n e x t e r n a l g a l a x i e s . 
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5 . MOTIONS I N EXTERNAL GALAXIES 

The most i m p o r t a n t o b s e r v a t i o n a l consequence o f a d e n s i t y wave i s 
t h e d e n s i t y f l u c t u a t i o n and a s s o c i a t e d v e l o c i t y f i e l d i n d u c e d i n t h e 
g a s . The WKBJ t h e o r y does make a v e r y s t r o n g p r e d i c t i o n a b o u t t h e 
t a n g e n t i a l v e l o c i t y and t h e deg ree o f c o m p r e s s i o n o f t h e g a s . I t s tems 
f r o m t h e f a c t t h a t t h e a z i m u t h a l component o f t h e s p i r a l f i e l d can be 
n e g l e c t e d and t h e r e f o r e a n g u l a r momentum i s c o n s e r v e d . C o n s i d e r a 
c i r c u l a r e q u i l i b r i u m f l o w , as i l l u s t r a t e d by f rame 1 : 1 i n F i g u r e 3. 

1:1 2 Ί 4 1 

F i g u r e 3. The e f f e c t o f a r a d i a l c o m p r e s s i o n on a s e c t o r o f gas 
l o c a t e d a t t h e r a d i u s where t h e r o t a t i o n c u r v e has i t s maximum. The 
uncompressed f l o w ( 1 : 1 ) shows d i f f e r e n t i a l r o t a t i o n , w h i c h i s a r r e s t e d 
when t h e c o m p r e s s i o n r a t i o i s 2 : 1 , and r e v e r s e d when t h e r a t i o becomes 
4 : 1 . 

Because o f d i f f e r e n t i a l r o t a t i o n , t h e gas t h a t a t some t i m e i n t h e p a s t 
was c o n t a i n e d i n s i d e a s e c t o r , s h e a r s o u t i n t o a t r a i l i n g f e a t u r e . 
I f f o r some r e a s o n t h e same p a t c h o f gas were t o e x p e r i e n c e a u n i f o r m 
c o m p r e s s i o n by a f a c t o r ( 2 Ω / Κ ) 2 ( w h i c h a t t h e maximum o f t h e r o t a t i o n 
c u r v e i s 2 ) , t h e c o n s e r v a t i o n o f a n g u l a r momentum w o u l d speed up t h e 
o u t e r s t r e a m l i n e w i t h r e s p e c t t o t h e i n n e r one i n such a manner t h a t 
t h e s e c t o r w o u l d appear t o r o t a t e a t a u n i f o r m a n g u l a r r a t e , as shown 
by f rame 2 : 1 . I f t h e c o m p r e s s i o n r a t i o were t o be 4 : 1 , t h e sense o f 
s h e a r w o u l d be r e v e r s e d (and one m i g h t s t a r t t o w o r r y a b o u t t h e 
s t a b i l i t y o f t h e f l o w . ' ) . Thus i t s h o u l d be c l e a r t h a t as l o n g as t h e 
f o r c e s a r e p r e d o m i n a n t l y i n t h e r a d i a l d i r e c t i o n , one e x p e c t s t o see 
s t r e a m i n g m o t i o n s on e i t h e r s i d e o f an a r m , i r r e s p e c t i v e w h e t h e r i t i s 
l e a d i n g , t r a i l i n g , on t h e i n s i d e , o r on t h e o u t s i d e o f c o r o t a t i o n . The 
r e s u l t i s a l s o i n d e p e n d e n t on t h e r a t e a t w h i c h t h e gas was compressed . 
The s t r e a m i n g m o t i o n s w i l l t r a n s l a t e i n t o w i g g l e s i n t h e 21cm v e l o c i t y 
maps, and w i l l be c o r r e l a t e d w i t h t h e p o s i t i o n o f t h e arm. The 
i n f o r m a t i o n a b o u t t h e WKBJ p a t t e r n speed i s c o n t a i n e d i n t h e r a d i a l 
m o t i o n , i n t h e sense t h a t t h e m o t i o n i n t h e arm i s t o w a r d t h e c e n t e r 
i n s i d e c o r o t a t i o n , and o u t w a r d o u t s i d e , i f t h e arm i s t r a i l i n g . I n t h e 
l e a d i n g case t h e r a d i a l component i s r e v e r s e d . A f t e r b o t h components 
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a r e combined and t h e r e s u l t a n t v e l o c i t y f i e l d i s c o n v o l v e d w i t h a f i n i t e 
beam, t h e r e s u l t i s a s i n u s o i d a l w i g g l e . I t i s t h e phase o f t h e w i g g l e 
w i t h r e s p e c t t o t h e arm o r s h o c k f r o n t w h i c h t e l l s us where c o r o t a t i o n i s . 

The same s o r t o f r e l a t i o n be tween t h e t a n g e n t i a l v e l o c i t y and 
c o m p r e s s i o n appea rs t o h o l d , a t l e a s t q u a l i t a t i v e l y , i n t h e case when 
t h e arm i s f o r c e d by a b a r . T h i s can be seen i n F i g u r e 4 w h i c h shows 

F i g u r e 4. The v e l o c i t y map o f t h e gas c l o u d s i m u l a t i o n shown i n 
F i g u r e 1 . The t r u e m a j o r a x i s i s a t 45 d e g r e e s t o b a r and i n d i c a t e d 
by t h e a r r o w s . A l s o shown a r e t h e c o r o t a t i o n and o u t e r L i n d b l a d 
r esonance r a d i i . 

t h e v e l o c i t y map s u p e r i m p o s e d on S c h w a r z ' s gas c l o u d s . (Some o f t h e 
s m a l l e s t s c a l e w i g g l e s a r e due t o t h e d i s c r e t e n a t u r e o f t h e c l o u d s -
t h e t o t a l number i s 4000 and t h e mean p e r beamwid th i s 3) . I n t h i s 
case even t h e r a d i a l m o t i o n i s i n t h e same sense as p r e d i c t e d by t h e 
WKBJ t h e o r y . 

N o t t o o l o n g ago hopes were h i g h t h a t one c o u l d , w i t h t h e h e l p o f 
d e n s i t y w a v e s , u n r a v e l t h e c o m p l e x i t i e s o f t h e 2 1 cm l i n e p r o f i l e s f r o m 
t h e G a l a x y , and l e a r n s o m e t h i n g a b o u t t h e waves i n r e t u r n . These hopes 
v i s i b l y s u b s i d e d once t h e m a g n i t u d e o f t h e t a s k became a p p a r e n t , and 
w i t h t h e a d v e n t o f a p e r t u r e s y n t h e s i s t e l e s c o p e s , e x t e r n a l g a l a x i e s have 
r e p l a c e d o u r own as t h e t e s t b e d . 

Of t h e h a l f - d o z e n n e a r e s t g a l a x i e s w h i c h have been o b s e r v e d w i t h 
s u f f i c i e n t r e s o l u t i o n t o be p o s s i b l e c a n d i d a t e s f o r a c o n f r o n t a t i o n , 
M 33 and M 81 a r e t h e l i k e l i e s t . The o t h e r s can be e x c u s e d f o r a v a r i e t y 
o f r e a s o n s , such as h a v i n g t o o many a r m s , b a d o r i e n t a t i o n s , s u f f e r i n g 
f r o m t i d a l e f f e c t s , e t c . The f i r s t o b s e r v a t i o n s o f M 33 a t Cambr idge d i d 
n o t r e v e a l any l i k e l y WKBJ p a t t e r n ( W r i g h t et al. 1972; Warner et al. 
1 9 7 3 ) . The g a l a x y has been r e o b s e r v e d w i t h a t e n f o l d i n c r e a s e i n 
s e n s i t i v i t y , b u t t h e d a t a a r e y e t t o be r e d u c e d . 
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V i s s e r has j u s t g i v e n a d e t a i l e d r e p o r t on h i s mode l f i t t i n g o f 
WKBJ p a t t e r n s t o t h e 2 1 cm o b s e r v a t i o n s o f M 81 c a r r i e d o u t by Ro ts 
( 1 9 7 5 ) . I am n o t t r y i n g t o b e l i t t l e t h e e f f o r t t h a t has gone i n t o t h i s 
c o m p a r i s o n , when I say t h a t y o u d i d n o t w i t n e s s a c o n f r o n t a t i o n . I t i s 
a c o n v i n c i n g d e m o n s t r a t i o n t h a t we a r e d e a l i n g w i t h a d e n s i t y wave o f 
some s o r t , b u t i f one w e r e t o a r g u e t h a t t h e good f i t on t h e e a s t s i d e 
i n d i c a t e s t h a t t h e c o r o t a t i o n mus t be a t 11 k p c , t h e d i s c r e p a n c y on t h e 
w e s t s i d e s u g g e s t s t h a t p e r h a p s 5 k p c i s t h e c o r r e c t p l a c e , and v i c e 
v e r s a . The g a l a x y i s c l e a r l y a s y m m e t r i c as a r e s u l t o f t h e t i d a l 
e f f e c t s o f t h e n e a r b y compan ions as shown by van d e r H ü l s t , and I do n o t 
know w h i c h s i d e i s l e a s t a f f e c t e d , o r how t o go a b o u t c o r r e c t i n g f o r 
such e f f e c t s . 

I f I were t o make a s i m i l a r s t u d y , I w o u l d p l o t t h e t h e o r e t i c a l 
c o n v o l v e d d e n s i t y and v e l o c i t y f i e l d s on t o p o f each o t h e r , and s e a r c h 
f o r q u a l i t a t i v e f e a t u r e s w h i c h d i s t i n g u i s h be tween b e i n g i n s i d e o r 
o u t s i d e c o r o t a t i o n , and t h e n t r y t o d i s c e r n t h e s e i n t h e o b s e r v a t i o n s . 
As n o t e d a b o v e , t h e d i s t i n c t i o n be tween t h e two cases depends on t h e 
r e l a t i o n b e t w e e n t h e shock and t h e phase o f t h e w i g g l e . T h a t r e l a t i o n 
i s e a s i l y l o s t i f one compares a t h e o r e t i c a l v e l o c i t y f i e l d w i t h an 
o b s e r v e d d e n s i t y , s i n c e i t i s mos t u n l i k e l y t h a t t h e l a t t e r w i l l c o i n c i d e 
w i t h t h e t h e o r e t i c a l one o v e r t h e l e n g t h o f t h e s p i r a l arm. F i g u r e 4 
i l l u s t r a t e s how s e n s i t i v e t h e phase r e l a t i o n can b e . 

F i g u r e 5 . The v e l o c i t y maps o f t h e gas f l o w i n d u c e d by a s t a b l e b a r 
mode i n a u n i f o r m l y r o t a t i n g s t e l l a r d i s k , shown f o r seven o r i e n t a t i o n s 
o f t h e b a r . 

One f e a t u r e t h a t i s n o t v e r y s e n s i t i v e t o d e t a i l i s t h e t i l t o f t h e 
l i n e s o f c o n s t a n t r a d i a l v e l o c i t y i n s i d e c o r o t a t i o n , p r o d u c e d by a b a r . 
T h i s can be seen i n F i g u r e 4 . The r e a s o n why i t appea rs t o be 
i n c o r r u p t i b l e i s due t o i t s l a r g e s c a l e , and t h e f a c t t h a t t h e s t r e a m l i n e s 
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a r e e l o n g a t e d i n t h e same d i r e c t i o n as t h e b a r . The s i m p l e s t i l l u s t r a -
t i o n o f t h i s e f f e c t i s p r o v i d e d by a s t a b l e b a r mode o f a u n i f o r m l y 
r o t a t i n g s t e l l a r d i s k . F i g u r e 5 shows t h e v e l o c i t y maps due t o t h e m o t i o n 
o f c o l d gas f o r v a r i o u s o r i e n t a t i o n s o f t h e b a r . The b a r i s shown as i t 
w o u l d appear v i e w e d f a c e o n , and t h e m a j o r a x i s i s i n t h e h o r i z o n t a l 
d i r e c t i o n . The a r r o w s i n d i c a t e t h e b a r and k i n e m a t i c a l m a j o r a x e s . 
There i s a s i m p l e f o r m u l a i n t h i s case w h i c h r e l a t e s t h e a n g l e V be tween 
t h e n o r m a l t o t h e v e l o c i t y c o n t o u r s and t h e t r u e m a j o r a x i s , w i t h t h e 
a n g l e b be tween t h e b a r m a j o r a x i s and t r u e m a j o r a x i s , 

t a n V = - a s i n 2b / ( 1 - a cos 2b) 
and 

a = 0 . 7 5 e / ω . 

Here e i s t h e r a t i o o f t h e b a r m i n o r t o m a j o r a x e s , and ω i s t h e p a t t e r n 
speed e x p r e s s e d i n u n i t s o f t h e d i s k r o t a t i o n r a t e . The a m p l i t u d e o f t h e 
mode has been chosen t o make e = 1 / 6 , and t h e p a t t e r n speed i s 1 / 2 , 
hence a = 1 / 4 . 

F i g u r e 5 shows t h a t t h e o n l y way a b a r can go u n n o t i c e d i s i f b = 0 , 
s i n c e i n t h i s o r i e n t a t i o n i t can be c o n f u s e d w i t h an i n c l i n e d d i s k . I t 
i s a l s o w o r t h n o t i n g t h a t t h e t r u e m a j o r a x i s l i e s a lways somewhere be-
tween t h e k i n e m a t i c a l and b a r a x e s , and t h e r e f o r e a compromise be tween 
t h e two w i l l be c l o s e r t o t h e t r u t h t h a n t h e c h o i c e o f one o r t h e o t h e r . 
The 21cm o b s e r v a t i o n s o f NGC 4151 (Bosma et al. 1977a) and NGC 4736 
(Bosma et al. 1977b) show t h e s o r t o f b e h a v i o u r i l l u s t r a t e d above . 

6 . PHOTOMETRY 

The n a i v e a p p r o a c h t o s t a r f o r m a t i o n i n a WKBJ shock w o u l d p r e d i c t 
an i n c r e a s e i n t h e w i d t h o f a s p i r a l a rm i n p r o p o r t i o n t o t h e d i f f e r e n c e 
be tween t h e a n g u l a r r o t a t i o n r a t e and t h e p a t t e r n speed . Thus S c h w e i z e r ' s 
measurements o f t h e arm h a l f - w i d t h s i n d i f f e r e n t c o l o u r s and as a 
f u n c t i o n o f r a d i u s ( S c h w e i z e r 1976) s h o u l d have been s u f f i c i e n t t o 
d e t e r m i n e t h e p a t t e r n s p e e d . B u t t h e y show no s y s t e m a t i c t r e n d . 
W i e l e n has j u s t p o i n t e d o u t a p o s s i b l e e x p l a n a t i o n f o r t h e f a i l u r e . 
There i s a n o t h e r p a r a m e t e r , t h e v e l o c i t y a t b i r t h o f t h e s t a r s w h i c h 
can make arms f a t , and t h u s s p o i l t h e e x p e c t e d p r o g r e s s i o n o f d u s t , g a s , 
y o u n g s t a r s , o l d s t a r s . W h i l e a n o t h e r s e e m i n g l y s i m p l e me thod f o r 
d e t e r m i n i n g t h e p a t t e r n speed has e v a p o r a t e d , n e v e r t h e l e s s q u a n t i t a t i v e 
p h o t o m e t r y o f t h i s k i n d i s i n v a l u a b l e i n p r o v i d i n g t h e m a g n i t u d e s o f 
t h e s p i r a l f o r c e f i e l d s . I t w o u l d be n i c e i f one c o u l d o b t a i n a more 
d i r e c t d e t e r m i n a t i o n o f t h e s t e l l a r c o n t r i b u t i o n t o t h e arm l i g h t . 

7 . CONCLUSION 

I m p l i c i t i n t h e above r a m b l i n g s i s a w a r n i n g , d i r e c t e d p a r t i c u l a r l y 
t o o b s e r v e r s , n o t t o spend t o o much t i m e i n t e r p r e t i n g t h e i r r e s u l t s i n 
t e rms o f t h i s d e n s i t y wave mode l o r t h a t . ' I t i s a l m o s t c e r t a i n t h a t 
t h e mode ls w i l l be o b s o l e t e n e x t y e a r , and t h e t i m e s p e n t i n f o r c i n g 
t h e l e a s t - s q u a r e s s o l u t i o n s i s f a r b e t t e r s p e n t i n g a t h e r i n g more d a t a , 
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and searching for features that appear to be sufficiently universal to 
require an explanation. To give an example: now that the WKBJ people 
are beginning to think in terms of modes, you can look forward to cooler 
and hence less massive disks, and proportionately more massive haloes. 
The reason for this is that whereas before one would fit just the short-
wave branch of the dispersion relation to the data, now the longwaves 
must also be added. When the two are combined, the pattern becomes 
more open, and in order to restore the fit, the disk must be cooled. 
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DISCUSSION FOLLOWING REVIEW II.4 GIVEN BY A.J. KALNAJS 

LIN: There are (roughly speaking) two classes of mass models for gal-
axies: (1) those with a spheroidal component and a disk with a "hole" 

https://doi.org/10.1017/S0074180900143712 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900143712


126 A. J. KALNAJS 

in the middle (cf. Einasto), and (2) those without a spheroidal 
component. Dr. Kalnajs has been stressing the second class of models. 
In this case, the system is likely to develop into an open spiral, or 
even a bar. The parameter Q is likely to be high. In the first case, 
the asymptotic theory can be applied to yield spiral patterns of 
relatively small pitch angles [see Mark's comment below]. 

MILLER: You mentioned that the dispersion relation, especially near 
corotation, is affected if Q > 1. You also mentioned that Q is re-
defined in the presence of a halo. Is the Lin-Shu dispersion relation 
affected by a halo in any way beyond that implied in the definition of Q? 

KALNAJS: No, the dispersion relation is local and depends only on 
local parameters. It knows nothing about the global distribution of 
material which determines some of these parameters. 

STROM: To what extent does the observation of wave patterns in disks 
(from near IR observations of the underlying disk stars) allow you to 
check the wave generation mechanism? Do you believe that wave patterns 
observed in Schweizer1s galaxies represent density wave patterns? Is 
there any case where you see a bar-like instability in his galaxies? 

KALNAJS: I don't know how to distinguish between a self-supporting 
wave in the sense of the WKBJ theory, and a forced spiral due to a bar 
near the center. 

Yes, I do believe that there are density waves in Schweizer1s gal-
axies, and that there could be a bar in the center of M81. 
WAXMAN: What effect does spiral structure excited by a bar have on the 
bar itself; and therefore, how long can we expect the bar to maintain 
the spiral structure? 

KALNAJS: It can either amplify or damp it. In the situation I 
illustrated, the bar is a negative angular momentum mode in the stellar 
component, and because of the energy loss the spiral structure in the 
gas orients itself so as to pull the bar backwards and thus amplifies 
it. The spiral structure decays in this case because the colliding gas 
gains angular momentum and moves out. 

OORT: Referring to your remark about Visser1s confrontation of the M81 
observations with spiral-wave theory I felt that you were asking too 
much. I think that it is already an important accomplishment that in 
one case a good representation has been obtained of the various 
observed characteristics with a. theory of spiral structure. 
TOOMRE: What is it you still question about the wave in M81 (whose 
existence I would have thought Visser, Rots, Shane and others have now 
demonstrated beyond all reasonable doubt)? 

KALNAJS: I do not question the presence of some sort of a density wave 
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in M81. It is just not clear to me whether it is a WKBJ type wave or 
the effect of a large-scale global mode in the stars. 

VISSER: First I want to say that my model of M81 does not prove that 
other models are impossible and that density-wave theory has to be 
correct in all its consequences because of this model. On the other 
hand, I have to point out that the model is not so perfect as it seems. 
If the velocity perturbations of the model are as best as possible in 
phase with the observed wiggle, there is a phase shift of the observed 
spiral arms with respect to the model arms. The phase shift can be as 
large as 22° (11° in azimuth). 

SCHWEIZER: How massive must the bars which you use be to produce the 
spiral patterns you are interested in? Do you need bar-disk contrasts 
of factors 3, or can you do with 10% to 20% contrasts? In M81, there 
just isnTt much room for a massive bar, if the light distribution is at 
all indicative of the mass distribution. 

KALNAJS: One needs a very modest field in the vicinity of the outer 
Lindblad resonance to produce a spiral shock. For the example I just 
cited, the total field strength is just a bit over 3% of the axi-
symmetric component. Such a field can be produced by a small large-
contrast bar, or a large small-contrast one. We chose the former, 
without having any particular galaxy in mind. 

FREEMAN: Is there a problem understanding the spiral structure in 
systems like M33 where the disk obviously has no hole at the center, 
there is no bar and the bulge is quite insignificant? 

MONNET: In the center of M33 there is indeed a bulge with a mass of 
about 2% of the total mass of the galaxy. 

LIN: I would just like to make one simple general statement, namely 
we do not pretend that we have a theory about every spiral galaxy. 

FREEMAN: But M33 is the simplest galaxy you'll possibly ever see up 
close ! 

LIN: Is it? No, it has quite a complicated disk structure. 

MARK: DISCRETE SPIRAL MODES IN DISK GALAXIES 
Discrete spiral modes are calculated based on stellar dynamics, 

according to the most recent form of the asymptotic theory of density 
waves. These self-excited modes are maintained wave systems which no 
longer propagate in the radial direction. They are expected to grow to 
observable amplitudes in a few billion years, and several of them may 
coexist in a given galaxy. A quasi-stationary spiral structure may be 
found in many galaxies due to a balance between wave amplification and 
certain dissipative processes, such as shocks. The theory can be 
applied to realistic galaxy models. Shown in the left figure below are 
the rotation curve and the mass distribution of a galaxy model which 
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resembles M31 in many respects. Shown in the right figure are the 
perturbation density contours for the lowest two-armed spiral mode. 
For each individual spiral mode, their radial density distribution in 
the stellar arms is qualitatively similar to that observed in nearby 
galaxies (for example by F. Schweizer). Details will appear in a 
forthcoming publication (Bertin et al., Proc. Nat. Acad. Sei., USA). 

Ö(kpc) 

BERTIN: GROWTH OF SPIRAL WAVES IN DISK GALAXIES 
A local dispersion relation for spiral waves in a gaseous disk is 

derived. In addition to the well-known parameter Q = Ka/uGaQ, another 
dimensionless parameter J = 2m^Ga0/K2r) //( 1 / s -1/2) is found to be 
important in characterizing the growth of spiral waves. Here a is the 
acoustic speed, 0Q is the surface density, m is the number of spiral 
arms, κ and Ω are respectively the epicyclic and circular frequency, r 
is the radial distance from the galactic center, and s = -dih^/d£n r. 

Specifically, for stability 
against disturbances of local 
wavelength λ, Q2 >4[λ/λ0 - (λ/λ0)2/ 
(1 +J2 λ2/λ2)] where Àc = 4π2 QoJ 
κ2. The marginal stability 
curves are shown on the Figure 
for various values of J. For 
axisymmetric disturbances, J = 0 
and the curve resembles that of 
Toomre (1964, Ap.J. 139, 1217). 
The diagram indicates that non-
axisymmetric waves are more dif-
ficult to suppress than the axi-
symmetric ones, in general agree-
ment with the work by Goldreich 
and Lynden-Bell (1965, M.N.R.A.S. 
130, 125) and by Julian and 
Toomre (1966, Ap.J. 146, 810). 
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The details of this work, together with the role of J in the growth of 
spiral modes, will be given in a forthcoming paper (Lau and Bertin, in 
prep.). 

LIN: You might have added that for large values of J", one needs a 
higher value of Q for stability. 

W.W. ROBERTS: GALACTIC SHOCKS IN OPEN-ARMED NORMAL SPIRALS AND BARRED 
SPIRALS 

In the steady state gas dynamical studies of the late 1960s (Fuji-
moto, 1968, I.A.U. Symp. No. 25, 435; Roberts, 1969, Ap.J. 158, 123) 
the dark dust lanes, which are observed along the inside edges of 
spiral arms, were identified as tracers of large-scale galactic shock 
waves which form in the gas. Thought also to be tracers of the shock 
phenomenon were the strikingly narrow and rather straight dust lanes 
often observed along the leading edges of the bar structures in barred 
spirals (see Lin, 1970, I.A.U. Symp. No. 38, 377). More recent two-
dimensional, time dependent, numerical hydrodynamical calculations have 
been carried out by Sorensen et al. (1976, Ap.Sp.Sci. 43, 491), Sanders 
and Huntley (1976, Ap.J. 209, 53), and Huntley et al. (1977, in prep.) 
for the response of rotating disks of gas to bar-like perturbations in 
galactic gravitational fields. All of these time-evolutionary calcula-
tions evolve through a state in which the viscous, differentially-
rotating disk of gas forms a central gas bar with two trailing spiral 
waves and exhibits features resembling shocks. 

Here, in cooperation with J.M. Huntley and C.C. Lin, we discuss an 
approach in which we have been able to generalize the steady state gas 
dynamical studies for tightly-wound normal spirals to include normal 
spirals with open spiral arms and barred spirals with prominent bar 
structures in the inner parts. The response of the gas to a barred 
spiral-like perturbation, for example, is calculated by means of an 
analysis which enables the two-dimensional flow to be broken up into 
two physical regimes. In regime I where the gas flow is highly super-
sonic, the flow is determined thrbugh an asymptotic approximation that 
neglects secondary terms proportional to the square of the dispersion 
speed, such as the transverse gradient of pressure. In Regime II near 
and within the bar (and spiral arms) the flow is determined through an 
asymptotic approximation that neglects the small variation of the 
velocity, density, and pressure along a shock with respect to their 
variation normal to the shock. The composite picture for the steady 
state flow of gas is constructed by joining the two regimes of flow in 
the transition layer between regimes. 

This composite picture is illustrated for one case, model A, in 
Figure 1. Arrows on two of the gas streamlines (left panel) indicate 
the clockwise sense of gas circulation about the disk and through the 
shocks ( ) which form near the potential minimum ( ) of the barred 
spiral perturbation. A photographic simulation (right panel) of the 
gas density distribution illustrates the strong compression of the 
shock on the inside edge of each gas arm. 

Figure 2 illustrates the corresponding results for a second case, 
model B, in which the flow equations contain a "friction type" term 

https://doi.org/10.1017/S0074180900143712 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900143712


130 A. J. KALNAJS 

Figure Gas streamlines and gas density distribution for model A. 

Figure 2. Gas streamlines and gas density distribution for model B. 

that simulates gaseous friction" in the inner parts of the disk.. The 
forward shift of the shock onto the leading edge of the bar in model Β 
produces an offset similar in some respects to the offset exhibited by 
the dark dust lanes observed on the leading edges of bars. 

ALLEN: Did I understand correctly that your model has a gas density 
contrast between the arms and the interarm regions of about 20? 

W.W. ROBERTS: Yes, that is correct. 
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