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ABSTRACT. S i n c e i t s d i s c o v e r y 40 y e a r s ago as a c o n f i n e r o f c o s m i c r a y s 

and an a l i g n e r o f i n t e r s t e l l a r dus t g r a i n s , t h e G a l a c t i c m a g n e t i c f i e l d 

has b e e n s t u d i e d th rough e m i s s i o n and p o l a r i z a t i o n o f s y n c h r o t r o n r a d i a -

t i o n , Fa raday r o t a t i o n , Zeeman s p l i t t i n g , and e f f e c t s on gas f l o w s and 

m o r p h o l o g y . The l o c a l f i e l d has a c o h e r e n t , f e w m i c r o g a u s s , component 

r o u g h l y a l o n g t h e l o c a l s p i r a l arm and a comparab le c h a o t i c component . 

F i e l d d i r e c t i o n i n t h e p l a n e i s r e v e r s e d one o r more t i m e s b o t h i n s i d e 

and o u t s i d e t h e s o l a r c i r c l e . L o o p s and spurs e x t e n d o u t s i d e t h e p l a n e 

and may merge w i t h a g e n e r a l d i p o l e , wh ich i s most c o n s p i c u o u s n e a r t h e 

G a l a c t i c c e n t e r . T h e r e may b e a s e p a r a t e t h i c k d i s c m a g n e t o - i o n i c com-

p o n e n t . Compar ison w i t h o t h e r g a l a x i e s , e s p e c i a l l y grand d e s i g n v s . 

f l o c c u l e n t s p i r a l s shou ld e v e n t u a l l y p r o v e f r u i t f u l . P a r a m e t e r s a r e n o t 

c u r r e n t l y w e l l enough known t o r u l e out d i p o l e o r p r i m o r d i a l o r i g i n . 

1 . HISTORY AND INTRODUCTION 

A l f v é n ( 1 9 3 7 ) f i r s t s u g g e s t e d t h a t cosmic r a y s m i g h t b e a c o n f i n e d 

g a l a c t i c phenomenon; and he ( A l f v é n 1949) and Fe rmi ( 1 9 4 9 ) w e r e d i s c u s -

s i n g c o n f i n e m e n t by a 10 jiG f i e l d ( e q u i p a r t i t i o n w i t h g a l a c t i c t u r b u -

l e n c e ) a t n e a r l y t h e same t i m e t h a t H a l l ( 1 9 4 9 ) and H i l t n e r ( 1 9 4 9 ) w e r e 

d i s c o v e r i n g i t v i a p o l a r i z a t i o n o f s t a r l i g h t c o r r e l a t e d w i t h i n t e r s t e l -

l a r r e d d e n i n g . Who f i r s t w r o t e o r s a i d " g e n e r a l G a l a c t i c m a g n e t i c f i e l d " 

i n p u b l i c has p r o v e n d i f f i c u l t t o e s t a b l i s h ; t h e A l f v é n r e f e r e n c e c i t e d 

by H i l t n e r ( 1 9 4 9 a ) i s a " g h o s t " and a c t u a l l y c o n t a i n s t h e p r e d i c t i o n o f 

MHD w a v e s . J . L . G r e e n s t e i n (1989 p r . comm.) r e c a l l s Fe rmi t a l k i n g i n -

f o r m a l l y a t C h i c a g o about such a f i e l d s e v e r a l y e a r s b e f o r e G r e e n s t e i n 

and D a v i s ( 1 9 5 1 ) p r e s e n t e d t h e f i r s t e s s e n t i a l l y - c o r r e c t mode l o f i n t e r -

s t e l l a r p o l a r i z a t i o n . 

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

e l s e w h e r e i n t h i s v o l u m e . A d d i t i o n a l v a l u a b l e r e f e r e n c e s i n c l u d e o t h e r 

c o n f e r e n c e p r o c e e d i n g s (Beck and G r a e v e 1987; H o l l e n b a c h and Thronson 

1 9 8 7 ) , t h e books b y Z e l d o v i c h e t a l . ( 1 9 8 3 ) and Ruzmaik in e t a l . ( 1 9 8 7 ) 

and t h e t h e o r e t i c a l r e v i e w by Sofue e t a l . ( 1 9 8 6 ) . 
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2 . DIRECT TECHNIQUES AND RESULTS 

Maps o f o p t i c a l p o l a r i z a t i o n v e c t o r s v s . G a l a c t i c c o o r d i n a t e s (Mat^ 
hewson and Fo rd 1974; E l l i s and Axon 1978) r e v e a l a c o h e r e n t f i e l d i n 
t h e p l a n e w i t h l o o p s and spurs out o f i t ( s o m e , e s p e c i a l l y t h e N o r t h P o -
l a r Spur , t h e same as a r e s een i n s y n c h r o t r o n e m i s s i o n and i n t h e d i s t r i 
b u t i o n o f H I ) . These maps g i v e a s l i g h t l y m i s l e a d i n g i m p r e s s i o n o f t h e 
s c a l e s i n v o l v e d , s i n c e t h e y l o o k r a t h e r l i k e images o f w h o l e e x t e r n a l 
g a l a x i e s , bu t i n f a c t show o n l y s t r u c t u r e s w i t h i n a kpc o r l e s s . 

S t u d i e s o f s y n c h r o t r o n e m i s s i v i t y ( P h i l l i p s e t a l . 1981 ; Beuermann 
e t a l . 1985) and p o l a r i z a t i o n ( S p o e l s t r a 1984) c o n f i r m t h a t Β i s domin -
a n t l y a l i g n e d w i t h t h e d i s c . I n a d d i t i o n t o t h e spurs and l o o p s , t h e y 
r e v e a l a s m a l l s c a l e c h a o t i c component about as s t r o n g as t h e o r d e r e d 
o n e . The e m i s s i v i t y arms a r e a t l e a s t r o u g h l y t h e same as t h e Pop I 
a rms; and t h e e m i s s i v i t y d i s c has t h i n and t h i c k componen t s , w i t h 2 z Q = 
0 . 3 and 3 kpc r e s p e c t i v e l y . 

The g a l a c t i c m a g n e t i c f i e l d can a l s o b e p r o b e d th rough i t s Fa raday 
r o t a t i o n o f t h e p o l a r i z a t i o n v e c t o r s o f p u l s a r s and e x t r a g a l a c t i c r a d i o 
s o u r c e s . Two r e c e n t s t u d i e s o f p u l s a r s a r e n o t i n c o m p l e t e a g r e e m e n t . 
Lyne and Smith ( 1 9 8 9 ) f i n d a l o c a l c o h e r e n t f i e l d o f 2-3 yuG p o i n t i n g t o 
1 « * 9 0 ° , a r e v e r s a l l e s s than 1 kpc f rom us t o w a r d t h e G a l a c t i c c e n t e r 
(and e x t e n d i n g a t l e a s t 1 kpc f rom t h e p l a n e ) , and o t h e r r e v e r s a l s a t a l l 
l o n g i t u d e s t o w a r d and away from t h e c e n t e r . The random f i e l d component 
i s a t l e a s t as s t r o n g as t h e c o h e r e n t one and has no s i n g l e l e n g t h s c a l e 
but l i t t l e c o h e r e n c e o v e r more than 100 p c . 

Rand and K u l k a r n i ( 1 9 8 9 ) a t t e m p t l o c a l , b i s y m m e t r i c s p i r a l , and r i n g 
f i t s t o t h e i r d a t a , f a v o r i n g a r i n g s t r u c t u r e f o r t h e f i e l d . T h e i r c o -
h e r e n t component i s o n l y 1.6 pG and t h e random about 5 yuG, w i t h a s i z e 
s c a l e o f about 55 p c . R e v e r s a l s o c c u r 2450 pc o u t s i d e t h e s o l a r c i r c l e 
and 650 and 3250 pc i n s i d e i t . 

R e s u l t s d e r i v e d f rom e x t r a g a l a c t i c s o u r c e s a r e a l s o somewhat d i s c r e 
p a n t . A c r i t i c a l i s s u e i s w h e t h e r t h e f i e l d d i r e c t i o n i s s l i g h t l y more 
o r s l i g h t l y l e s s than 9 0 ° , as u s u a l l y found f rom r o t a t i o n measures and 
i n t e r s t e l l a r p o l a r i z a t i o n r e s p e c t i v e l y . B r e t t ( 1 9 8 9 ) b e l i e v e s t h a t n e i -
t h e r can be f i r m l y e x c l u d e d . I n a d d i t i o n , t h e n e a r b y r e v e r s a l t oward 
t h e G a l a c t i c c e n t e r seems t o b e a s s o c i a t e d w i t h t h e N o r t h P o l a r Spur i n 
a way s u g g e s t i n g t o h e r t h a t i t m i g h t b e a l o c a l , b u b b l e , phenomenon, 
r a t h e r than a g l o b a l o n e . 

V a l l é e ( 1 9 8 8 ) and V a l l é e e t a l . ( 1 9 8 8 ) f i n d e v i d e n c e f o r f o u r d i s -
t i n c t s p i r a l arms ( P e r s e u s , O r i o n = l o c a l , S a g i t t a r i u s , Scu tum) , w i t h Β 
p o i n t i n g t o 1 ^ 9 0 ° i n a l l but S a g , and p i t c h a n g l e s s u g g e s t i v e o f gas 
s t r e a m i n g d i r e c t i o n s r a t h e r than d e n s i t y wave a rms . B r o t e n e t a l . ( 1 9 8 8 ) 
f i n d , i n a d d i t i o n , e v i d e n c e f o r f o u r o f t h e w e l l - k n o w n l o o p s (Gum, C e t u s , 
NPS, M o n o g e m ) . A g a f a n o v e t a l . ( 1 9 8 8 ) d i s a g r e e about t h e P e r s e u s arm, 
f i n d i n g i t s f i e l d t o p o i n t t oward 1 = 280° r a t h e r than 9 0 ° . T h i s seems 
i n b e t t e r a c c o r d w i t h t h e p u l s a r r e s u l t s . They and Kesamansk i i and Su-
t e n k o v ( 1 9 8 7 ) r e p o r t a l s o a c h a o t i c component a t l e a s t as l a r g e as t h e 
c o h e r e n t o n e . F i n a l l y , Andreasyan and Makarov ( 1 9 8 7 ) f i n d e v i d e n c e f o r 
b o t h a r e v e r s i n g , b i s y m m e t r i c s p i r a l d i s c f i e l d and f o r a h a l o f i e l d 
c o n s i s t i n g o f a d i p o l e t w i s t e d by d i f f e r e n t i a l r o t a t i o n . The O r i o n o p t -
i c a l s p i r a l arms p o i n t s t o 1 7i 75° by way o f c o m p a r i s o n . 

https://doi.org/10.1017/S0074180900189454 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900189454


31 

3 . LESS DIRECT TECHNIQUES 

Cosmic r a y s need c o n f i n i n g now e v e n more than t h e y d i d i n 1949 ( b e -
cause we know r a t h e r more about t h e i r c o m p o s i t i o n s and l i f e t i m e s ) . A 
b e e l i n e f rom £he g a l a c t i c c e n t e r t o us wou ld t a k e a p a r t i c l e t h rough a -
bou t 0 . 1 g /cm , but t h e r a t i o o f s e c o n d a r y n u c l i d e s ( e . g . L i B e B ) t o p r i -
mary ones ( e . g . CO) s a y s t h e y h a v e pa s sed th rough 3-6 g / c m 2 . T h i s c o r -
r e sponds t o spend ing about 3 m i l l i o n y e a r s i n t h e d i s c . But abundances 
o f r a d i o a c t i v e n u c l i d e s ( U , T h , and B e 1 0 ) t e l l us t h a t t h e a v e r a g e GCR 
has spen t more l i k e 30 m i l l i o n y e a r s on i t s way t o u s . Thus t h e g e o m e -
t r y o f t h e c o n f i n i n g f i e l d must p e r m i t cosmic r a y s t o g e t out o f t h e 
d i s c (whe re t h e y a r e p resumably a c c e l e r a t e d ) and t o g e t back i n t o i t as 
w e l l ( f o r us t o o b s e r v e them) . 

We e x p e c t mov ing i o n i z e d gas e i t h e r t o b e g u i d e d by m a g n e t i c f i e l d 
l i n e s o r t o t a k e t h e f i e l d w i t h i t . The n e c e s s a r y d e g r e e o f i o n i z a t i o n 
p r o b a b l y e x i s t s e v e n i n d o m i n a n t l y n e u t r a l and m o l e c u l a r g a s ; c o m p l e t e l y 
n e u t r a l gas w i l l a l s o show c o r r e l a t i o n s w i t h f i e l d m o r p h o l o g y i f i t i s 
b e i n g shoved around by i o n i z e d m a t e r i a l . C o r r e l a t i o n s b e t w e e n gas f l o w s 
o r m o r p h o l o g y and m a g n e t i c f i e l d p a t t e r n s h a v e been p o i n t e d out f o r H I , 
e s p e c i a l l y s h e l l s (Colomb e t a l . 1980) and f l o w s i n l o o p s and spurs ( V e £ 
schuur 1 9 8 9 ) , supernova remnants ( R o g e r e t a l . 1 9 8 8 ) , and c o n t r a c t i n g 
da rk c l o u d s ( M e y e r e t a l . 1 9 8 7 ) . 

4 . LOCALIZED CONCENTRATIONS, INCLUDING THE GALACTIC CENTER 

T h e r e seems t o be no doubt t h a t f i e l d s t r e n g t h i s , on a v e r a g e , h i g h 
e r i n h i g h d e n s i t y c l o u d s , o f t e n s u f f i c i e n t t o p r o d u c e d e t e c t a b l e Zeeman 
s p l i t t i n g o f t h e 21 cm l i n e . A major o u t s t a n d i n g i s s u e i s w h e t h e r Β i n -
c r e a s e s s t e e p l y enough w i t h η t o s u g g e s t f l u x c o n s e r v a t i o n . Myer s and 
Goodman ( 1 9 8 8 ) v o t e n o , and G a r c i a - B a r r e t o e t a l . ( 1 9 8 7 ) y e s , though n o t 
f o r p r e c i s e l y t h e same c l o u d s . T r o l a n d ( 1 9 8 9 ) n o t e s t h a t Β seems t o b e 
h i g h e r f o r a g i v e n η i n r e g i o n s where s t a r s a r e c u r r e n t l y f o r m i n g . The 
f i e l d i s , i n any c a s e , d y n a m i c a l l y i m p o r t a n t i n s t a r f o r m a t i o n (Shu and 
L i z a n o 1989; E lmegreen 1 9 8 9 ) . 

I n t h e v i c i n i t y o f t h e G a l a c t i c n u c l e u s , t h e f i e l d i s s t r o n g e r than 
a v e r a g e (mG r a t h e r than jiG) and e s s e n t i a l l y p e r p e n d i c u l a r t o t h e p l a n e 
( Y u s e f - Z a d e h and M o r r i s 1988 , who n o t e r e s e m b l a n c e t o s o l a r f i l a m e n t s ; 
Sofue e t a l . 1987 , who s u g g e s t a t w i s t e d d i p o l e ; R e i c h e t a l . 1 9 8 7 ) . A 
d i s s e n t i n g n o t e i s sounded by W e r n e r ( 1 9 8 8 ) , whose a n a l y s i s o f t h e i n f r a -
r e d p o l a r i z a t i o n a s s o c i a t e d w i t h t h e 3 pc dus t r i n g s t r o n g l y s u g g e s t s 
a z i m u t h a l f i e l d l i n e s . I do n o t p r e t e n d t o unde r s t and t h e mode l s ( B e n -
f o r d 1988; Sofue and F u j i m o t o 1987; e t c . ) 

5 . OUTSIDE THE PLANE 

The w e l l - k n o w n l o o p s and spurs ( S o f u e 1988) a r e w i d e l y r e g a r d e d as 
m a n i f e s t a t i o n s o f o l d supe rnova remnants and s t e l l a r w ind b u b b l e s ( o r 
m e r g e r s o f t h e m ) . To p r e v e n t f a l s e c o m p l a c e n c y , t h o u g h , Haud ( 1 9 8 8 ) 
has p r o p o s e d t h a t gas l o o p s a r e r e a l l y p a r t o f a p o l a r r i n g s t r u c t u r e 
around t h e M i l k y Way, l a r g e l y u n r e l a t e d t o SNRs e t c . I n a d d i t i o n t o 
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t h e s e h i g h - l a t i t u d e s t r u c t u r e s , t h e r e i s a 1500 pc s c a l e - h e i g h t t h i c k 
d i s c i n b o t h e l e c t r o n s ( R e y n o l d s 1989) and s y n c h r o t r o n e m i s s i v i t y ( S i m -
a rd -Normand in & K r o n b e r g 1 9 8 0 ) . I t seems l i k e l y t h a t t h i s i s t h e sum o f 
o l d e r l o o p s and s p u r s . I n any c a s e , a f i e l d component p e r p e n d i c u l a r t o 
t h e gas d i s c h e l p s t o s t a b i l i z e i t a g a i n s t s t a r f o r m a t i o n ( S c h m i t z 1987) . 
D e t a i l e d f i e l d s t r u c t u r e s shou ld b e r e g a r d e d as r a t h e r p o o r l y d e t e r m i n e d 
i n t h e s e n s e t h a t s y n c h r o t r o n p o l a r i z a t i o n and dus t g r a i n o r i e n t a t i o n do 
n o t a l w a y s show t h e same f i e l d d i r e c t i o n f o r a g i v e n r e g i o n (Beck e t a l . 
1 9 8 8 ) . 

We do n o t have any v e r y good i d e a o f what t h e g a l a c t i c m a g n e t i c 
f i e l d wou ld l o o k l i k e f rom o u t s i d e . But i t you m e n t a l l y s k e t c h a g i a n t 
d i p o l e around t h e k n o b b l y p l a n e shown by Sofue e t a l . ( 1 9 8 6 ) , w i t h some 
f i e l d l i n e s c l o s e d and some open t o i n t e r g a l a c t i c s p a c e , t h a t i s pe rhaps 
as good a guess as any (Cox 1989 , p r i v . c o m m . ) . 

6 . THE REST OF THE UNIVERSE 

N a t u r a l l y , we e x p e c t t h e M i l k y Way t o r e s e m b l e o t h e r s p i r a l g a l a x i e s 
i n i t s m a g n e t i c f i e l d c o n f i g u r a t i o n . From t h i s p o i n t o f v i e w , M106, 
whose s y n c h r o t r o n arms a r e t o t a l l y d i s j o i n t f rom i t s s t e l l a r and H I I arms 
(Hummel e t a l . 1989) i s p r o b a b l y n o t a good e x a m p l e ! The v e r y l i m i t e d 
p u b l i s h e d s t u d i e s o f o t h e r s p i r a l s ( e . g . G r a e v e & Beck 1988) t e n t a t i v e l y 
s u g g e s t t h a t t h o s e w i t h b i s y m m e t r i c f i e l d s (M33, M51 , M81) a r e two-a rmed 
g r a n d - d e s i g n s p i r a l s , w h i l e t h o s e w i t h a x i s y m m e t r i c f i e l d s ( M 3 1 , I C 3 4 2 ) 
a r e m u l t i p l e - a r m o b j e c t s ( E l m e g r e e n 1989 p r . c o m m . ) . The M i l k y Way 
d o e s , a t r a t e show r ê v e r a i s i n f i e l d d i r e c t i o n w i t h r a d i u s , bu t a l s o has 
more than two a rms . From t h i s p o i n t o f v i e w , m a g n e t i c f i e l d mapping o f 
a f e w f a c e - o n f l o c c u l e n t g a l a x i e s migh t b e v e r y i n t e r e s t i n g . 

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 r e a d d r e s s e d e l s e w h e r e i n t h i s v o l u m e . 
Dynamo mode l s a p p a r e n t l y p roduce m = 0 modes more e a s i l y than m = 1 ( b i -
s y m m e t r i c ) ones (Ch iba & Tosa 1 9 8 9 ) , but i t i s my i m p r e s s i o n t h a t t h e r e 
a r e s t i l l more mode l s t h a t a r e n ' t g a l a x i e s than t h e r e a r e g a l a x i e s t h a t 
a r e n ' t m o d e l s ( t o p a r a p h r a s e Anne U n d e r h i l l i n a n o t h e r c o n t e x t ) . The 
o r i g i n o f g a l a c t i c m a g n e t i c f i e l d s d o e s n o t seem t o b e enormous ly b e t t e r 
u n d e r s t o o d than i t was when t h e f i e l d was l e s s than h a l f i t s p r e s e n t 40 
y e a r a g e and Z w i c k y p r o p o s e d t h e mechanism " D i x i t q u e Deus ' F i a t l u x 
campusque m a g n e t i c u s f . " . 
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K U N D T : Y o u h a v e r e v i e w e d t h e o f t e n c l a imed s i t u a t i o n t h a t t h e cosmic 
r a y s can l e a v e t h e G a l a c t i c d i sk and r e - e n t e r i t . Wou ldn ' t t h e l a t t e r 
c o r r e s p o n d t o b a t h - t u b b u b b l e s m o v i n g d o w n w a r d ? [ 1 9 8 3 , A s t r o p h y s . 
Space Sei . 90, 5 9 ] 

TRIMBLE: From an o b s e r v a t i o n a l p o i n t o f v i e w , w e k n o w t h e G a l a c t i c 
cosmic r a y s must g e t back i n t o t h e p l a n e s i n c e t h a t i s w h e r e w e s e e 
them. T h e o r e t i c a l l y , I suppose , one must t h ink in t e rms o f d i f fu s ion o f 
i n d i v i d u a l p a r t i c l e s a l o n g f i e l d l i n e s , no t o f bubb le s f a l l i n g back down . 

SOKOLOFF: T h e r e a r e some d e t a i l s in i n t e r p r e t a t i o n w h i c h a re v e r y 
i m p o r t a n t fo r t h e t h e o r y , bu t v e r y d i f f i c u l t t o o b s e r v e w h e n s i t t i n g 
w i t h i n t h e M i l k y Way . T h e y a r e ( 1 ) t h e q u e s t i o n a b o u t BSS s t r u c t u r e ( o n e 
can i n i t i a t e such a s t r u c t u r e l o c a l l y b y f i e l d r e v e r s a l s ) , ( 2 ) t h e q u e s t i o n : 
A r e g a l a c t i c m a g n e t i c f i e l d s c o n n e c t e d w i t h sp i r a l arms or w i t h t h e d i sk? 
From a t h e o r e t i c a l p o i n t o f v i e w t h e second p o s s i b i l i t y is p r e f e r r a b l e . I 
t h i n k t h a t t o d a y w e h a v e no r e a l o b s e r v a t i o n a l i n f o r m a t i o n a b o u t t h e s e 
i m p o r t a n t q u e s t i o n s . What do y o u t h i n k abou t i t ? 

TRIMBLE: What y o u s a y is c e r t a i n l y t r u e , but w e a l so c a n n o t deduce t h e 
g l o b a l f i e l d s t r u c t u r e o f t h e M i l k y Way b y a n a l o g y w i t h o t h e r g a l a x i e s , 
b e c a u s e a x i s y m m e t r i c s p i r a l , b i s y m m e t r i c s p i r a l , and r i n g s t r u c t u r e s 
a p p a r e n t l y a l l e x i s t . T h e e v i d e n c e fo r f i e l d s t r e n g t h b e i n g sma l l e r 
b e t w e e n arms comes from s y n c h r o t r o n e m i s s i v i t y - i f t h e f i e l d i s a 
un i fo rm disk s t r u c t u r e , n e ( t h e e l e c t r o n d e n s i t y ) must d rop a g r e a t d e a l 
b e t w e e n t h e arms. 

KULSRUD: What i s t h e e v i d e n c e fo r t h e l a r g e - s c a l e d i p o l e f i e l d ? 

TRIMBLE: A s t r o n g d i p o l e f i e l d i s d i r e c t l y o b s e r v e d n e a r t h e G a l a c t i c 

c e n t e r ( w o r k b y M o r r i s , Y u s e f - Z a d e h , and o t h e r s ) . I e x p e c t t h a t t h e 

l a r g e - s c a l e f i e l d s e e n from fa r a w a y wou ld l o o k d i p o l a r j u s t b e c a u s e o f 

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