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T H R E E - D I M E N S I O N A L  D I S T R I B U T I O N  O F  INTERSTEI.L~dl 

G A S  IN D I S K - S H A P E D  G A L A X I E S  

Hu Wgg-BuI 

~LBffrnAoT 

In  this paper, the three-dimensional structure of the large-scale interstellar gas 
under  the action of the resultant gravitional field of Btars and gas is discussed on the 
basis of the fundamental  equations of gas dynamics. The galactic mass distribution 
and the kinetic characteristics of gss (such as the rotating curve . . . .  ) being given, an 
exact solution of the spatial distribution of interstellar gas is obtained, and the peak 
distm'bution of gas in disk-shaped galaxies is discussed. The general features of ga- 
lactic wing are analynised by using a momentum intergral, and the three-dimensional 
distribution of iso-presenre line of interstellar gas is ealeulatied by using the Sehmidt 
(1956) galactic model, and some possible tendencies of the galactic wing are pointed 
out. A general discussion about the origin of the high-velocity characteristic gaseous 
clouds in the ga]actic wing is also given. 

I .  INTRODUCTION 

Based  on t h e  21 cm s u r v e y s  o f  b o t h  p o s i t i v e  and  n e g a t i v e  g a l a c t i c  l a t i t u d e s  [ 1 ] ,  i t  h a s  

b e e n  shown t h a t  t h e  s p i r a l  a rms  e x t e n d  i n  t h e  d i r e c 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 .  

The a v e r a g e  t h i c k n e s s  o f  an  arm i s  a b o u t  250 p c ,  b u t  t h e  o u t e r  a rms  h a v e  l o n g  " w i n g s " ,  wh ich  

e x t e n d  t o  a t  l e a s t  1 t o  2 kpc i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n .  I t  s h o u l d  be  n o t e d  t h a t  t h e s e  

g a l a c t i c  w i n g s  h a v e  no t e n d e n c y  t o  m e r g e  i n t o  t h e  more  o r  l e s s  c o n t i n u o u s  h a l o ,  and  seem t o  

be  c o n n e c t e d  t o  t h e i r  o r i g i n a t i n g  a rms  [2 ] .  The ma in  c h a r a c t e r i s t i c s  o f  g a l a c t i c  w i n g s  can  

be  s u m m a r i s e d  i n  t h e s e  t e r m s :  b e y o n d  t h e  s u n ,  t h e  n e u t r a l  h y d r o g e n  c o n n e c t e d  w i t h  i n d i v i d u a l  

a rms  a t  a h e i g h t  o f  1 t o  2 kpc h a s  a d e n s i t y  e q u a l  t o  1-2% o f  t h a t  i n  t h e  p l a n e  [ 3 ] ;  f u r t h e r ,  

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

l o c a l i s e d  r e g i o n s  i n  t h e  g a l a c t i c  w i n g s ,  w h i c h  means  t h a t  t h e  g a s  d e n s i t y  i n  t h e  w i n g s  h a s  

c o n s i d e r a b l e  d e p a r t u r e  f rom a x i a l  s y m m e t r y .  T h e s e  c h a r a c t e r i s t i c ,  h i g h - v e l o c i t y  c l o u d s  h a v e  

b e e n  o b s e r v e d  i n  t h e  p o s i t i v e  g a l a c t i c  l a t i t u d e s ,  b u t  so  f a r  n o t  i n  t h e  n e g a t i v e  l a t i t u d e s .  

The s t u d y  o f  g a l a c t i c  w i n g s  i s  e s s e n t i a l l y  a p r o b l e m  i n  t h e  t h r e e - d i m e n s i o n a l  d i s t r i b u t i o n  

o f  i n t e r s t e l l a r  g a s ,  t h i s  means  t h a t  we m u s t  c o n s t r u c t  g a l a c t i c  m o d e l s  w i t h  a t  l e a s t  two 

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

s u p e r p o s i t i o n  o f  s e v e r a l  mas s  e l l i p s i o d s ,  and  t h e n  e s t a b l i s h  some r e l a t i o n  b e t w e e n  t h e  

g a l a c t i c  r o t a t i o n  c u r v e  and  t h e  m a s s  d i s t r i b u t i o n  [ 4 , 5 ] .  In  t h e s e  a n a l y s e s ,  t h e  g a s  i s  

c o n t a i n e d  w i t h i n  a c e r t a i n  e l l i p s o i d .  I t  i s  t h e n  n o t  p o s s i b l e  t o  show c l e a r l y  t h e  

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

w i t h  a s e l f - g r a v i t a t i n g  g a s e o u s  d i s k  c o n s t r u c t e d  so  f a r  a r e  l i m i t e d  t o  t h e  c a s e  o f  an  

i n f i n i t e l y  t h i n  d i s k  [ 6 , 7 ] ,  and  do n o t  d e a l  w i t h  t h e  t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  t h e  

i n t e r s t e l l a r  g a s .  N e i t h e r  h a v e  t h e y  d i s c u s s e d  t h e  e f f e c t  o f  t h e  s t a r s '  g r a v i t a t i o n  on t h e  
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gas d i s t r i b u t i o n .  

Based on t h e  p r i n c i p l e s  o f  gas dynamics,  t h i s  paper  d i s c u s s e s  t he  g a l a c t i c  mass 

d i s t r i b u t i o n  and t h e  e f f e c t  o f  gas -dynamica l  c h a r a c t e r i s t i c s  on the  t h r e e - d i m e n s i o n a l  

d i s t r i b u t i o n  o f  t h e  i n t e r s t e l l a r  gas .  

2. LARGE-SCALE STRUCTURE OF THE INTERSTELLAR GAS 

Let us suppose that the large-scale properties of the gas can be described by Euler's 

equation for an inviscid f l u id .  Considering that the i n te r s te l l a r  magnetic f i e l d  is rather 

weak (averaging only about 3 ~G), we may for the moment neglect the effect of Lorentz force 

[8]. Thus, the equation of motion for the i n te r s te l l a r  gas in a steady state is:  

(vr~ - -  v X rot v ~ - -  1 grad p - -  grad ( ~  + q0,) ,  (2 .1)  grad 
\ 2 /  # 

where p, P, 0 a re  r e s p e c t i v e l y  t h e  gas d e n s i t y ,  p r e s s u r e  and g r a v i t a t i o n a l  p o t e n t i a l ,  v i s  

i t s  v e l o c i t y ,  and the  s u b s c r i p t  * i n d i c a t e s  t he  c o r r e s p o n d i n g  q u a n t i t i e s  o f  t h e  s t a r s .  

Equat ion  (2 .1)  e x p r e s s e s  t he  dynamical  e q u i l i b r i u m  o f  t he  gas under  i t s  own and the  s t a r s '  

g r a v i t a t i o n .  The s e l f  and the  s t e l l a r  g r a v i t a t i o n a l  p o t e n t i a l s  each s a t i s f i e s  i t s  own 

Po i s son  e q u a t i o n :  

A~m4~Gp,  

A~ . '=4~Gp. ,  

where G i s  t he  g r a v i t a t i o n a l  c o n s t a n t  and A i s  t he  Lap lac ian .  

when t h e r e  i s  a x i a l  symmetry, 

I f  we put  

r e l a t i o n  

q~, == qo + qo., p, •= p + p .  

Taking d i v e r g e n c e  o f  ( 2 . 1 ) ,  we have 

, o / o .  ) . 
~ o ~  o-~ + - -  0~" 

(2.2) 

(2.3) 

In c y l i n d r i c a l  c o o r d i n a t e s ,  

, t hen  the  t o t a l  p o t e n t i a l  should  s a t i s f y  t h e  

Acp, ~ 4=G p,. 

div ( lgrad  p) =" -- 4=Gp, - A ( 2  ~ 

When t h e r e  i s  a x i a l  symmetry, 

t \ O~ 

(2.4) 

+ dry O' x ro¢ v). (2.5) 

ov.'~l o ,...~), (2.6) 
+ , . - ~ - ) j  - ~-~, ( , .  °o: + 

where ~, O, z a r e  t h e  c y l i n d r i c a l  c o o r d i n a t e s  and v~, v O, u z ,  t h e  c o r r e s p o n d i n g  v e l o c i t y  

components .  I n t r o d u c i n g  the  normal p r e s s u r e  r e l a t i o n *  f o r  a gas and deno te  

p ( p ) ~ I d P .  (2 .7)  
P 

* T r a n s l a t o r ' s  n o t e :  Author presumably  means t h e  assumpt ion  t h a t  0 i s  a f u n c t i o n  o f  p on ly .  
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P u t t i n g  (2 .6 )  and (2 .7 )  i n t o  ( 2 . 5 ) ,  we o b t a i n  t h e  r e l a t i o n  among t h e  gas  d e n s i t y  v a r i a t i o n ,  

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

,~lp____41rGp,l+ 1 0vit _ _ { 1 ~  ro , ' , , ,  o,,. + , ,  

+ Or \ "-Oz-z + OCo/J" 

For the usual spiral systems, we can take v z to be much less than v~ or vO, hence we can 

neglect the terms containing ~ in (2.8). t'le then have 

,. o 
O~ 2~  0o~ 0,~ " 

The boundary  v a l u e s  a t  i n f i n i t y  o f  t h e  gas  p r e s s u r e ,  d e n s i t y ,  and t h e i r  g r a d i e n t s  a r e  

a l l  0. The s o l u t i o n  o f  (2 .9)  s u b j e c t  to  t h e s e  boundary  c o n d i t i o n s ,  i s  t h e n ,  

1 

J J  

where G(~, a;  ~, ~) i s  t h e  fundamen ta l  s o l u t i o n  o f  t h e  t w o - d i m e n s i o n a l  Lap lace  e q u a t i o n  i n  

c y l i n d r i c a l  c o o r d i n a t e s  f o r  t h e  c a s e  o f  a x i a l  symmetry;  i t  i s  equal  to  

I" a~ , (2.11) 

or  i t  can be e x p r e s s e d  as  

2 .  ~ / ( ~  + ~),  + ( z  - & 1 - v ) ( 4 '  + v ) '  

4' = (~  - ~)' + (~ - O '  (3  + ~),  + (z  - &" 

I n s e r t i n g  i n t o  (2 .10)  t h e  d i s t r i b u t i o n s  o f  o r ,  v o a n d  v~, we can o b t a i n  t h e  t h r e e - d i m e n s i o n a l  

d i s t r i b u t i o n  o f  t h e  gas  d e n s i t y .  

We now u se  a method in  dynamics  to  s i m p l i f y  t h e  a n a l y s i s  o f  t h e  p rob lem.  In a s e l f -  

c o n t a i n e d  dynamica l  t h e o r y ,  Pt  and v a r e  c l o s e l y  bound up w i th  t h e  gas  d e n s i t y  p. We can 

make u s e  o f  t h e  a v a i l a b l e  o b s e r v a t i o n a l  d a t a  and r e g a r d  t h e  t o t a l  mass  d i s t r i b u t i o n  0 t and 

t h e  v e l o c i t y  f i e l d  v as  known f u n c t i o n s .  T h i s  method o f  t r e a t m e n t  g r e a t l y  s i m p l i f i e s  t h e  

s o l u t i o n  o f  t h e  problem;  a t  t h e  same t ime  i t  e n a b l e s  u s  to  d i s c u s s  c e r t a i n  f e a t u r e s  in  t h e  

l a r g e - s c a l e  s t r u c t u r e  o f  t h e  g a s .  

U s i n g ( 2 . 9 )  and ( 2 . 1 0 ) ,  we can c a r r y  ou t  some g e n e r a l  d i s c u s s i o n s  on t h e  gas  d e n s i t y  

d i s t r i b u t i o n .  Let us  w r i t e  ou t  a s p e c i f i c  normal  p r e s s u r e  r e l a t i o n ,  

p - Kp~, (2.12) 

where K and y a r e  bo th  p o s i t i v e  c o n s t a n t s .  From ( 2 . 7 ) ,  we have  

p ( p ) =  K T  pr-~. ( 2 . 13 )  
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Our discussion will be limited to the case 7 > i, since, for 7 < I, instability may arise [9]. 

As may be seen from (2.13), P(O) then varies in the same sense as the gas density. Since the 

Laplacian is a linear operator, we can write (2.9) as three separate Poisson equations, 

namely, 

/~P3 

~, -- -- 4~rGp,, (2 .14)  

~P2 - ± - °  ( .&),  (2.1~) 
6 0 6  

,o[o0 ] 

with 

Given s u i t a b l e  boundary c o n d i t i o n s ,  i t  i s  p o s s i b l e  to  s o l v e  f o r  P1, P2, P3. Usual g a l a c t i c  

model c a l c u l a t i o n s  a l l  suppose t h a t  g r a v i t a t i o n  b a l a n c e s  c e n t r i f u g a l  f o r c e  o f  t h e  d i f f e r e n t i a l  

r o t a t i o n  and t h a t  g a l a c t i c  mass d i s t r i b u t i o n  i s  connec ted  to  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  

th rough the  Po i s son  e q u a t i o n .  From the  dynamical  p o i n t  o f  view,  P1 c o r r e s p o n d s  to  t h e  p a r t  o f  

t he  gas d e n s i t y  d i s t r i b u t i o n  caused by t h e  t o t a l  mass d i s t r i b u t i o n  o f  t he  system ( the  t o t a l  

g r a v i t a t i o n ) ,  P2 i s  t h a t  caused by the  g a l a c t i c  d i f f e r e n t i a l  r o t a t i o n ,  P3, t h a t  a r i s i n g  from 

the  r a d i a l  mot ions  o f  t h e  sys tem,  wh i l e  t h e  t o t a l  P i s  t he  gas d i s t r i b u t i o n  c o r r e s p o n d i n g  to  

t he  g iven  mass d i s t r i b u t i o n  and v e l o c i t y  f i e l d .  These w i l l  now be d i s c u s s e d  s e p a r a t e l y  under  

t he  s p e c i f i c  c o n d i t i o n s  o f  t h e  blilky Way sys tem.  

l .  A b o u t  P1 In ( 2 . 1 ) ,  i f  we c o n s i d e r  t he  s t a t i c  problem,  then  v = 0. In t h i s  ca se ,  we 

have t h e  s t a t i c  e q u i l i b r i u m  r e l a t i o n  

or 

grad P = - -  grad (~0,), 

(2.17) 

Thus, P1 i s  s imply  the  usual  mechanica l  p o t e n t i a l ,  and i s  equal  to  t he  n e g a t i v e  o f  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  f o r  a m o t i o n l e s s  sys tem.  Under t h e  more gene ra l  dynamical  c o n d i t i o n s  

( v ~ 0 ) ,  a l t hough  (2.17) i s  t h e  same as  (2 .4)  and (2 .1 4 ) ,  P1 and Ct have d i f f e r e n t  boundary 

v a l u e s .  

We know from obse rved  da t a  o f  t h e  Milky Way t h a t ,  on a l a r g e  s c a l e ,  t h e  t o t a l  mass d e n s i t y  

o f  t he  sys tem i s  a monotonic ,  n o n - i n c r e a s i n g  f u n c t i o n  o f  ~ and z.  Thus, acco rd ing  to  t he  

p r o p e r t y  o f  t h e  Po i s son  e q u a t i o n ,  P1 w i l l  d e c r e a s e  wi th  i n c r e a s i n g  ~ and ~. Equat ion  (2.13) 

then  shows t h a t  t he  gas d e n s i t y  w i l l ,  c o r r e s p o n d i n g l y ,  be a monotonic ,  n o n - i n c r e a s i n g  f u n c t i o n  

o f  ~ and ~. The P l - d i s t r i b u t i o n  thus  causes  t h e  gas d e n s i t y  to  be a maximum a t  t he  g a l a c t i c  

c e n t r e  and to  d e c r e a s e  m o n o t o n i c a l l y  in  a l l  d i r e c t i o n s .  This  i s  d i r e c t l y  o p p o s i t e  to  t he  

s t a t e  o f  d i s t r i b u t i o n  o f  Ct" 

2 .  A b o u t  P2 As we a re  t r e a t i n g  the  problem dynamica l l y ,  t h e  e q u i l i b r i u m  between 
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p r e s s u r e  g r a d i e n t  on one hand and t h e  g r a v i t a t i o n  and i n e r t i a l  a c c e l e r a t i o n  o f  t h e  s y s t e m  on 

t h e  o t h e r  can be decomposed i n t o  a p a r t i a l  p r e s s u r e  g r a d i e n t  b a l a n c i n g  t h e  s y s t e m ' s  

g r a v i t a t i o n ,  a n o t h e r  p a r t i a l  p r e s s u r e  g r a d i e n t  b a l a n c i n g  t h e  i n e r t i a l  f o r c e s  due to  

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

due to  r a d i a l  v e l o c i t i e s .  These  t h r e e  p a r t i a l  p r e s s u r e  g r a d i e n t s  s e p a r a t e l y  c o r r e s p o n d  to  

t h o s e  o f  P1, P2, and P3, wh i l e  t h e i r  sum, grad  P, i s  t h e  p r e s s u r e  g r a d i e n t  f o r  u n i t  mass .  

There  a r e  now f a i r l y  good o b s e r v a t i o n s  o f  t he  r o t a t i o n a l  c u rve  o f  t h e  gas  in  t h e  Milky Way 

s y s t e m  ( see  f i g .  1) .  The r e s u l t s  show t h a t  n e a r  t h e  c e n t r e  (~ < 1 kpc ) ,  v 8 r a p i d l y  i n c r e a s e s ;  

0 2 4 6 8 l0 12 14 

(kpc) 

Fig .  1 R o t a t i o n  Curve o f  t h e  Milky Way [10] 
Dot ted  l i n e  shows t h e  o b s e r v e d  r e s u l t s  in  
t h e  s o u t h e r n  h e m i s p h e r e .  S o l i d  l i n e  i s  t h e  
r o t a t i o n  cu rv e  f o r  t h e  N o r t h e r n  h e m i s p h e r e ;  
t h e  p a r t  i n s i d e  t h e  s o l a r  o r b i t  i s  from 
o b s e r v a t i o n s ,  wh i l e  t h e  p a r t  o u t s i d e  i s  
c a l c u l a t e d  from S c h m i d t ' s  (1956) model .  

in  t h e  main r e g i o n  o f  t h e  s p i r a l  a rms ,  i t  

e s s e n t i a l l y  keeps  to  a c o n s t a n t  v a l u e ,  w h i l e  

beyond t h e  o r b i t  o f  t h e  sun ,  i t  g r a d u a l l y  

d e c r e a s e s .  Hence t h e  RHS o f  (2 .15)  has  a l a r g e  

e x t r e ma l  v a l u e  somewhere n e a r  t h e  c e n t r e  and 

t h e n  g r a d u a l l y  d e c r e a s e s :  i t  i s  p o s i t i v e  w i t h i n  

t h e  ex t reme v a l u e  and i s ,  on t he  whole,  a smal l  

n e g a t i v e  v a l u e  beyond.  Such a s o u r c e  f u n c t i o n  

n e c e s s a r i l y  demands P2 to  have  a r a p i d  

d e c r e a s e  n e a r  t h e  c e n t r e ,  fo l lowed  by a g r a dua l  

i n c r e a s e  ove r  most  o f  t h e  o u t e r  r e g i o n s .  

3. About P3 S p i r a l  s y s t e m s  u s u a l l y  have  

c o m p a r a t i v e l y  smal l  r a d i a l  mo t ion .  However, 

e x p l o s i o n s  in  t h e  g a l a c t i c  n u c l e i  can c r e a t e  

extremely high radial (and possibly axial) velocities in the central region. In the Milky 

Way system, phenomena such as the expansion of the 5-kpc arm are closely related to exploding 

activities of the nucleus. The effect of these high radial velocities on the distribution of 

gas density will show up in the central region. 

Observations of the Milky Way system show that, between I and 4 kpc, the radial velocity 

v~ decreases with increasing fi, it is about ÷53 km/s at 3.7 kpc and generally does not exceed 

IS km/s in the outer regions. This results in the RHS of (2.16) following first a negative 

then a positive variation, and thereby P3 increases in the more central portions, and 

gradually decreasesin the outer parts. 

4. Combining the effects of Pl, P2 and P3. Adding together PI, P2 and P3, we 

get the law of change of P. Although the mass distribution in the Milky Way system demands 

that the gas density take an extremal value at the galactic centre (~ = 0) and then 

monotonically decrease, the rotational motion causes the peak value of the gas density to 

move outwards to larger galactocentric distances, while the radial motion of the gas also 

produces some effect. This is in agreement with observations. The above analysis applies 

not only to the Milky Way system, but also to spiral systems in general. 

In the first term on the right of (2.9), O t is the sum of the gas and star densities. 

Separating the two, (2.9) can be re-written as 

~P + 4~G \ ~ ]  . = -- 4xGp. + -- 

(2.18) 
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E q u a t i o n  ( 2 . 1 8 )  i s  t h e  r e l a t i o n  b e t w e e n  t h e  s t a r  m a s s  d i s t r i b u t i o n  and  t h e  d e n s i t y  

d i s t r i b u t i o n  o f  t h e  g a s  i n  m o t i o n .  I t  i s  a q u a s i - l i n e a r  e q u a t i o n  i n  P ,  t h e  n o n - l i n e a r  t e r m  i s  

o f  t h e  z e r o t h .  For  s u i t a b l e  b o u n d a r y  c o n d i t i o n s ,  t h e  s o l u t i o n  o f  ( 2 . 1 8 )  e x i s t s  and  i s  u n i q u e  

When 7 = 2,  ( 2 . 1 8 )  becomes  l i n e a r .  When 7 ~ 2, we can  g e n e r a l l y  c a r r y  o u t  a n u m e r i c a l  

c a l c u l a t i o n  by  i t e r a t i o n .  

3. PROPERTIES OF GALACTIC WINGS 

When we have introduced into (2.10) the ascertained mass and velocity distributions, we 

can obtain the three-dimensional structure of the gas and then explaining certain features of 

the galactic wings. However, observational data cannot as yet provide a sufficiently good 

three-dimensional velocity field or mass distribution,and this makes an application of (2.10) 

difficult. In tackling this problem, we shall therefore start with a momentum integral. 

~ile this method is, in a certain sense, an approximation, it can provide a qualitative 

picture. To do this, we first discuss the following momentum integral. 

For an ideal gas in steady state, if v x rot v is irrotational, i.e., if 

v X r ~  o ~ grad  Z ( ~ ,  O, z ) ,  ( 3 . 1 )  

t h e n  on  i n s e r t i n g  t h e  c o n d i t i o n s  ( 2 . 7 )  and  ( 3 . 1 )  i n t o  t h e  e q u a t i o n  ( 2 . 1 ) ,  we g e t  t h e  momentum 

i n t e g r a l  

" '  x + ,p + ,p, + P(p) const. (3.z) 
2 

Under the conditions in a disk-shaped galaxy, the interstellar gas approximately satisfies 

this momentum integral. If we do not consider the radial expansion in the central region, 

then for most parts of the system the velocity field can be regarded as directed in the 

tangential direction, i.e., 

where  e e i s  t h e  u n i t  v e c t o r  a l o n g  t h e  t a n g e n t .  We t h e n  h a v e  

v X r o t v  = grad + - -  v ~ e = ,  ( 3 . 3 )  
c~ 

where  e .  i s  t h e  u n i t  v e c t o r  i n  t h e  r a d i a l  d i r e c t i o n .  S i n c e  t h e  g a s  l a y e r  i n  t h e  d i s k - s h a p e d  
0J 

s y s t e m  i s  v e r y  t h i n ,  and  t h e  who l e  d i s k  i s  l o c a t e d  i n s i d e  an  e x t r e m e l y  t e n u o u s  g a s ,  t h e  

v a r i a t i o n  o f  u 0 w i t h  z i s  v e r y  s l o w ,  so  we c a n  t a k e ,  a p p r o x i m a t e l y ,  

uo = u o ( G ) .  ( 3 . 4 )  

Putting this in (3.3), we have 

X rot ~ == grad 1 u~ + - ~  

T h i s  shows  t h a t  t h e  a s s u m p t i o n  ( 3 . 4 )  w i l l  make v x r o t  v i r r o t a t i o n a l ,  t h e r e b y  a c t u a l l y  

s a t i s f y i n g  t h e  c o n d i t i o n  f o r  ( 3 . 1 ) .  On i n s e r t i n g  ( 3 . 5 )  i n t o  ( 3 . 2 ) ,  we now o b t a i n  t h e  

momentum i n t e g r a l  

Translator's Note: In (3.5), ~ is presumably a misprint. 
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I ± v ~ ( a ) d ~ = c o n s t .  e ( P ) + ~ + ~ * - -  (3 .6 )  

Both (3 .2)  and (3.6) a r e  r e l a t i o n s  among l o c a l ,  no t  g l o b a l ,  q u a n t i t i e s .  The a pp rox ima te  

a s s u m p t i o n  (3 .4 )  means t h a t  t h e  i n t e g r a l  r e l a t i o n  (5 .6)  i s  a b e t t e r  a p p r o x i m a t i o n  in  r e g i o n s  

f a r  from t h e  g a l a c t i c  n u c l e u s  t h a n  in  t h e  n u c l e u s .  

We now u s e  (5 .6)  to  d i s c u s s ,  in  c o n c r e t e  t e r m s ,  t he  s t r u c t u r e  o f  g a l a c t i c  wings  and to  

a n a l y s e  t h e  form o f  i s o - d e n s i t y  l i n e s .  For D = c o n s t . ,  (5 .6 )  g i v e s  

= 1½ + const. (3.7) + 

In t h e  (~, z) p l a n e ,  (3 .7 )  r e p r e s e n t s  a f a m i l y  o f  c u r v e s ;  in  t h e  (~, 8, z) s p a c e ,  i t  

r e p r e s e n t s  a f a m i l y  o f  s u r f a c e s  o f  r o t a t i o n ,  ove r  each o f  which t h e  gas  d e n s i t y  keeps  to  a 

c o n s t a n t  v a l u e .  

I .  G e n e r a l  F e a t u r e s  o f  G a l a c t i c  Wings 

Since (5 .7)  r e l a t e s  l o c a l  q u a n t i t i e s ,  the r a t h e r  compl ica ted  f u n c t i o n a l  r e l a t i o n  between 

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  and t h e  r o t a t i o n  c u rve  can be deve loped  i n t o  s u i t a b l e  T a y l o r  

s e r i e s ,  s e p a r a t e l y  f o r  d i f f e r e n t  r e g i o n s ,  we t h u s  approach  t h e  s y s t e m  p i e c e w i s e ,  and o b t a i n  

t he  l a r g e - s c a l e  f e a t u r e s  o f  t h e  whole s y s t e m  by summat ion .  

Let 

qo, - -  qo + qp, 

j-, 
= - ~ o  + + o  , ( m 1 > O , , , ~ o , ~ > o )  O . s )  

where z 0 and ~0 a r e  c h a r a c t e r i s t i c  s c a l e - l e n g t h s ,  u 0 and O 0 a r e  c h a r a c t e r i s t i c  v e l o c i t y  and 

p o t e n t i a l ,  a ,  Z, m, n a r e  f o u r  a p p r o p r i a t e  p a r a m e t e r s .  For fi in  an a p p r o p r i a t e  r a n g e ,  (3 .7)  

can be w r i t t e n  as  

- I-~'±~ (~)d~ - ~, (3.9) ( P + q P * ~  .j= ~ 

where ~a i s  some r e f e r a n c e  r a d i u s ,  i f  8 t and P (p) a t  i n f i n i t y  a r e  de no t e d  r e s p e c t i v e l y  by O 

and P=, t h e  c o n s t a n t  e in  t h e  above e q u a t i o n  can be e x p r e s s e d  a s  

c ~ P(p) + I:,'-~ u~(~)dE° - cp. ~ P®. 

Inserting (3.8) into (3.9), we get 

qOo 
°, 

~° - -  - =, ( t  - o) 

(3.1o) 

(3.11) 

(3 .11)  d e s c r i b e s  t h e  form o f  i s o - d e n s i t y  l i n e s  f o r  a c e r t a i n  r a nge  w i t h i n  t h e  s y s t e m .  Of t h e  
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r i g h t  s i d e  o f  ( 3 . 1 1 ) ,  t h e  f i r s t  te rm i s  t h e  main one t h a t  v a r i e s  and we see  from (5 .8)  t h a t  

Oo/a i s  t h e  a b s o l u t e  v a l u e  o f  t h e  p o t e n t i a l  a t  t h e  c e n t r e  (5 = 0, z = 0 ) ,  and t h e r e f o r e  i s  

a v e r y  l a r g e  p o s i t i v e  r e a l  number.  I t  i s  known from g e n e r a l  o b s e r v a t i o n a l  r e s u l t s  t h a t  t h e  

r o t a t i o n a l  c u r v e  o f  a s p i r a l  s y s t e m  i s  such  t h a t ,  ove r  a l a r g e  p a r t  o u t s i d e  t h e  n u c l e u s ,  t he  

l i n e a r  v e l o c i t y  changes  v e r y  s l o w l y ,  s l i g h t l y  d e c r e a s i n g  wi th  i n c r e a s i n g  5. T h e r e f o r e ,  in  

( 3 . 8 ) ,  Z i s  a v e r y  sma l l  n e g a t i v e  number.  T h i s  f e a t u r e  i n  t h e  r o t a t i o n  demands t h e  te rm in  

( 5 . 1 ~ c o n t a i n i n g  e 0 to  be a s low,  m o n o t o n i c a l l y  i n c r e a s i n g  f u n c t i o n  o f  5. However, n e a r  t h e  

g a l a c t i c  c e n t r e ,  Z i s  a f a i r l y  l a r g e  p o s i t i v e  number and t h e  te rm c o n t a i n i n g  O 0 i s  e xpe c t e d  

to  i n c r e a s e  r a p i d l y  w i th  5.  The second  t e rm on t h e  r i g h t  o f  ( 3 . 1 1 ) , - ( ~ / ~ 0 )  ~ i s  a mono ton ic ,  

n o n - i n c r e a s i n g  f u n c t i o n  o f  5, which r e f l e c t s  t h e  way t h e  p o t e n t i a l  v a r i e s  wi th  5.  S ince  t h e  

mass  o f  a d i s k - s h a p e d  g a l a x y  i s  c o n c e n t r a t e d  in  a v e r y  t h i n  d i s k ,  we have  m = 0 o u t s i d e  t h e  

d i s k ,  and m > 0 i n s i d e .  Adding t he  r e s u l t s  from t h e  two p a r t s ,  we s e e  t h a t  t h e  g e n e r a l  

tendency of an iso-density line is f o r  z to increase with increasing 5, and this tendency 

is the greater the further out in the direction perpendicular to the galactic disk. Thus, 

the three-dimensional structure of the gas as reflected in the iso-density lines, actually 

shows certain features of the wings. 

2. S t r u c t u r e  o f  G a l a c t i c  Wings 

A f t e r  o b t a i n i n g  t h e  t o t a l  mass  d i s t r i b u t i o n  o f  t h e  P~ilky Way s y s t e m  and t h e  r o t a t i o n a l  

cu rv e  o f  t h e  i n t e r s t e l l a r  gas  t h r o u g h  some means ,  we can c a l c u l a t e  t h e  form o f  t h e  

iso-density lines for the gas in the Milky Way system by using (3.6) or (3.9). 

Observations show that the motion o£ the gas of the Eilky Way system is quite complicated: 

t h e r e  i s  a r a d i a l  movement and t h e  d i f f e r e n t i a l  r o t a t i o n  i s  no t  c o m p l e t e l y  a x i a l l y  symme t r i c .  

However, a s  an a p p r o x i m a t i o n  to  t h e  l a r g e - s c a l e  a s p e c t ,  we may e l e c t  to  u s e  such  a r o t a t i o n a l  

c u r v e  as  g i v e n  i n  F ig .  1. On t h e  (~, z) p l a n e  a f a m i l y  o f  e q u i p o t e n t i a l  l i n e s  i s  

c o n s t r u c t e d ~  s a t i s f y i n g  

{ ~'(~' ( i  - i ,  2, z)~Cl) Q ~ (3.12) • 6 

c~+,-- cl~ h ~ CoNst. 

Using the rotation curve given i n  Fig. I, we seek a series of ~ values satisfying the 

following relat ions:  

", ~ (i --  1, 2, 3 , . . . )  (3.13) 
el+, - -  cl = h ~ const. 

in which the values of c.  and h are the same as in (3.12). From this we can define a family 

of s t ra ight  l ines para l le l  to the z-axis in the (5, z) plane: 

- -  ~ t ,  ( i  - -  1,  2,  3,  . - . )  (3 .14 )  

As (3 .12)  and (3 .13)  have  t h e  same s t e p  s i z e  h ,  t h e  i n t e r s e c t i o n s  o f  t h e  f a m i l y  o f  c u r v e s  

(3 .12)  w i th  t h e  f a m i l y  o f  l i n e s  (3 .13)  w i l l  s a t i s f y  ( 3 . 9 ) .  J o i n i n g  t h e s e  p o i n t s  o f  

i n t e r s e c t i o n ,  two f a m i l i e s  o f  d i a g o n a l s  a r e  o b t a i n e d ,  o f  which one i s  such  t h a t  each o f  i t s  

c u r v e s  s a t i s f i e s  (3 .9 )  w i th  a c o n s t a n t  v a l u e  o f  c .  T h i s  f a m i l y  o f  d i a g o n a l s  i s  t h e  r e q u i r e d  

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

• Us in g  t h e  n u m e r i c a l  d a t a  i n  [11] .  See Appendix I o f  t h i s  p a p e r .  
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be t h e  f a m i l y  o f  c u r v e s .  

The r e s u l t s  o f  a d i r e c t  n u m e r i c a l  c a l c u l a t i o n  o f  (3 .8 )  a r e  shown in  F ig .  2. The b a s i c  

f e a t u r e s  o f  t h e  i s o - d e n s i t y  l i n e s  o f  t h e  gas  a r e  i n  acco rd  w i th  t h e  f o r e g o i n g  d i s c u s s i o n .  

G e n e r a l l y  s p e a k i n g ,  a l ong  an i s o - d e n s i t y  l i n e ,  z i n c r e a s e s  wi th  ~; in  r e g i o n s  n e a r  t h e  

n u c l e u s  where t h e  i n c l i n a t i o n  o f  t h e  r o t a t i o n  c u rve  i s  l a r g e ,  t h e  i s o - d e n s i t y  l i n e s  have  a l s o  

l a r g e  i n c l i n a t i o n s ;  in  t h e  midd le  r ange  o f  g a l a c t o c e n t r i c  d i s t a n c e ,  2 kpc < ~ < 10 kpc s a y ,  

t h e  i s o - d e n s i t y  l i n e s  n e a r  t h e  g a l a c t i c  d i s k  a r e  r a t h e r  f l a t ,  bu t  t h e i r  i n c l i n a t i o n  

i n c r e a s e s  wi th  i n c r e a s i n g  z;  a t  l a r g e  g a l a c t o c e n t r i c  d i s t a n c e s  where t h e  p o t e n t i a l  c ha nge s  

e s s e n t i a l l y  l i t t l e ,  t h e  i n c l i n a t i o n s  o f  t h e  i s o - d e n s i t y  l i n e s  t end  to  i n c r e a s e .  

g 

,tj 

' 2 4 6 

(kpc} 

F ig .  2 D i s t r i b u t i o n  o f  i s o - d e n s i t y  
c u r v e s  o f  t h e  i n t e r s t e l l a r  g a s .  The 
e - v a l u e s  a r e  d e f i n e d  in  ( 3 . 1 0 ) ,  in  
u n i t s  o f  I00 (km/s)  2. ~ = 1 kpc 
was used  in  t h e  c a l c u l a t i o n s .  

In F ig .  2, we have marked t h e  e - v a l u e s  a s  d e f i n e d  in  {3.10) f o r  t h e  v a r i o u s  c u r v e s .  S ince  

t h e  gas  p r e s s u r e  wust  be p o s i t i v e ,  we must  ha ve ,  a c c o r d i n g  to  t h e  d e f i n i t i o n  o f  e ,  

I ~  1" v ~ ( ~ ) d $ > O .  (3 .15 )  P(O) = c  + P , q - ~ - - -  

As t h e  c e n t r i f u g a l  f o r c e  i n t e g r a l  t e rm in  (3 .15)  has  a f a i r l y  l a r g e  n e g a t i v e  v a l u e ,  we 

r e q u i r e  e to  be no t  too  s m a l l .  S ince  l a r g e r  e c o r r e s p o n d s  to  h i g h e r  p r e s s u r e ,  F ig .  2 shows 

t h a t ,  f o r  a f i x e d  g a l a c t o c e n t r i c  d i s t a n c e  ~, t h e  p r e s s u r e  w i l l  d e c r e a s e  wi th  i n c r e a s i n g  z ,  

w h i l e  f o r  a g i v e n  z ,  t h e  p r e s s u r e  w i l l  i n c r e a s e  wi th  i n c r e a s i n g  ~. I f  we c o n s i d e r  t h a t  t h e  

p o s i t i o n  o f  t h e  peak v a l u e  o f  t h e  gas  d e n s i t y  d i s t r i b u t i o n  has  a r a t h e r  l a r g e  g a l a c t o c e n t r i c  

d i s t a n c e ,  t h i s  t h e n  w i l l  a cco rd  wi th  t h e  o b s e r v e d  t e n d e n c y .  

In t h e  m a t h e m a t i c a l  t r e a t m e n t  o f  t h i s  s e c t i o n ,  we have  i n t r o d u c e d  some s i m p l i f y i n g  

a s s u m p t i o n s ,  t h e r e f o r e  we canno t  r e g a r d  F ig .  2 as  g i v i n g  an a c c u r a t e  t h r e e - d i m e n s i o n a l  

s t r u c t u r e  o f  t h e  gas  d i s t r i b u t i o n .  P a r t i c u l a r l y  in  r e g i o n s  o f  sma l l  and ve ry  l a r g e  5 ,  where 

t h e  gas  mot ion  i s  r a t h e r  c o m p l i c a t e d ,  our  s i m p l i f y i n g  a s s u m p t i o n s  r e g a r d i n g  t h e  f low f i e l d  

may no t  a l l  h o l d ,  t h e  a c t u a l  i s o - d e n s i t y  c u r v e s  may d i f f e r  c o n s i d e r a b l y  from t h e  c a l c u l a t e d  
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ones .  N e v e r t h e l e s s ,  f o r  t he  main p a r t  o f  t he  Milky Way sys tem,  Fig 2 a t  l e a s t  y i e l d s  t he  

g e n e r a l  t endency  o f  t h e  gas s t r u c t u r e ,  which t endency  i s  in  accord  wi th  t h e  r e s u l t s  obse rved  

so f a r ,  and has a l s o  a t h e o r e t i c a l  b a s i s .  

4. PROBLEMS CONCERNING THE HIGH-VELOCITY GAS CLOUDS 

A f t e r  t h i s  d i s c u s s i o n  o f  t h e  l a r g e - s c a l e  s t r u c t u r e  o f  t h e  i n t e r s t e l l a r  gas ,  we now proceed  

to  a t t e m p t  an a n a l y s i s  o f  c e r t a i n  s m a l l - s c a l e  s t r u c t u r e  o f  t he  g a l a c t i c  wings ,  namely,  

problems c o n c e r n i n g  the  h i g h - v e l o c i t y  gas c l o u d s .  There have been many d i s c u s s i o n s  on t h e  

h i g h - v e l o c i t y  c louds  o u t s i d e  the  Milky Way p l a n e .  I t  i s  g e n e r a l l y  thought  [12] t h a t  t hey  

o r i g i n a t e d  in  t h r e e  p o s s i b l e  ways ,  namely,  ( i )  from supernova e x p l o s i o n s  o u t s i d e  t h e  ~ i l k y  

Way p l a n e ;  ( i i )  be ing  e x t r a g a l a c t i c  gas c louds  t h a t  f a l l  i n t o  our  sys tem,  and ( i i i )  from 

m a t t e r  e j e c t e d  from t h e  g a l a c t i c  p l ane  ( e . g .  e x p l o s i o n s  i n  t he  g a l a c t i c  n u c l eu s )  which t h e n  

comes back to  t h e  p l a n e .  There i s  a l a r g e  d i s c r e p a n c y  between the  k i n e m a t i c s  o f  t h e s e  c louds  

and t h e i r  s p a t i a l  d i s t r i b u t i o n ,  which may be due to  mechanisms t h a t  a r e  no t  q u i t e  t h e  same. 

In t he  e a r l y  s t a g e  o f  f o rma t ion  o f  t h e  Milky Way sys tem,  i t s  r o t a t i o n  may have been much 

f a s t e r  than  a t  p r e s e n t .  At t h a t  t ime ,  more gas was g a t h e r e d  o u t s i d e  t h e  g a l a c t i c  p l a n e  than  

i s  a t  p r e s e n t ,  and the  i s o - d e n s i t y  cu rves  o f  t h e  g a l a c t i c  wings would have s m a l l e r  

i n c l i n a t i o n s .  Pa r t  o f  t h e  s u r p l u s  gas could  be t h e  o r i g i n  o f  t h e  mass o f  t he  c h a r a c t e r i s t i c  

c louds  now be ing  obse rved  [1] .  According  to  (2 .10 ) ,  and n e g l e c t i n g  t h e  e f f e c t  o f  pfi, i f  p@ 

were changed by a f a c t o r  B whi le  keep ing  to  a s i m i l a r  v e l o c i t y  p r o f i l e ,  t hen  by and l a r g e ,  p t 

w i l l  change by B2, hence a l s o  P(fi, a ) .  From (2.13) we then  f i n d  t h a t  t he  gas d e n s i t y  would 

c o r r e s p o n d i n g l y  change by 6 2 / ( Y - l )  . I f  we t ake  B = 2, t hen  f o r  ~ = 2, t he  d e n s i t y  would have 

been 4 t imes  t h e  p r e s e n t  v a l u e ,  wh i l e  f o r  y = 1.5~ 2 t i mes .  Such h igh  gas d e n s i t i e s  can 

p r o v i d e  a l a r g e  amount o f  gaseus  m a t t e r .  In t h i s  way, we e x p l a i n  t h e  o r i g i n  o f  t h e  h i g h -  

v e l o c i t y  c louds  in  t e rms  o f  t h e  s y s t e m s '  own e v o l u t i o n ,  and we need no t  r e s o r t  to  an 

e x t r a g a l a c t i c  source  or  exp lod ing  phenomena w i t h i n  t he  sys tem.  

The p r o c e s s  o f  f o rma t ion  o f  t h e  h i g h - v e l o c i t y  c louds  may be some mechanism o f  l o c a l  

i n s t a b i l i t y .  I n t e r s t e l l a r  magne t ic  f i e l d s  may be very  impor tan t  in  t he  s m a l l - s c a l e  

dynamical  p r o c e s s e s  in  t h e  Milky Way sys tem.  Many o b s e r v a t i o n s  o f  t h e  i n t e r s t e l l a r  magnet ic  

f i e l d  o f  t h e  Milky Way sys tem have a l r e a d y  been made. In t h e  s o l a r  ne ibourhood ,  t h e  l a r g e -  

s c a l e  s t r u c t u r e  o f  t h e  i n t e r s t e l l a r  magnet ic  f i e l d  i s  b a s i c a l l y  a long  t h e  s p i r a l  arms, having  

a s t r e n g t h  o f  about  3 pG. There may a l s o  e x i s t  l o c a l  f i e l d s  wi th  a s p i r a l  s t r u c t u r e .  

I t  i s  g e n e r a l l y  b e l i e v e d  t h a t  many i n s t a b i l i t y  f a c t o r s  e x i s t  in  t he  o u t e r  p a r t  o f  t h e  

g a l a c t i c  p l a n e  and in  t h e  space  o u t s i d e  t h e  p l a n e .  Although i n t e r s t e l l a r  magnet ic  f i e l d s  

have a c e r t a i n  damping e f f e c t  on t h e  d)mamical i n s t a b i l i t y ,  i t  can h a r d l y  overcome J e a n s '  

i n s t a b i l i t y .  The f i e l d  i t s e l f  a l s o  g i v e s  r i s e  to  some i n s t a b i l i t i e s ,  p a r t i c u l a r l y  t h e  

Ray le igh-  Taylor  i n s t a b i l i t y  which may be impor t an t  in  forming i s o l a t e d ,  l o c a l l y  dence c l o u d s  

We may a l s o  use  t h i s  mechanism to  e x p l a i n  t h e  o r i g i n  o f  t h e  c h a r a c t e r i s t i c  c louds  o f  t h e  

g a l a c t i c  wings .  According  to  P a r k e r ' s  t h e o r y ,  t h e  l o c a l i s e d ,  h i g h - v e l o c i t y  c louds  a r e  t he  

r e s u l t s  o f  dynamical  e v o l u t i o n  du r ing  some b i l l i o n s  o f  y e a r s ;  du r ing  t h i s  t ime ,  t h e  gas 

g r a d u a l l y  mouved a long  the  magne t ic  l i n e  and g a t h e r e d  in  l o c a l i s e d  r e g i o n s  o f  low magnet ic  

s t r e n g t h  to  form l o c a l i s e d  c louds  o f  r e l a t i v e l y  h igh  d e n s i t y .  
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D u r i n g  t h e  c o n d e n s a t i o n  o f  g a s  i n t o  c l o u d s ,  t h e  l o c a l  d e n s i t y  o f  t h e  g a s  g r a d u a l l y  

exceeded  t h e  l o c a l  t h e  l o c a l  d e n s i t y  in  t h e  l a r g e .  Thus t h e  " s u r p l u s "  mass  o f  t he  

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

by the creation of a radial flow acceleration to compensate the gravitation between the 

"surplus" mass and the galactic matter, the bulk of which is the galactic disk. Therefore, 

as their mass increased, the clouds accelerated towards the galactic centre; but as the 

clouds moved towards the centre, their negative velocity also increased so as to maintain a 

negative acceleration. The negative radial velocities observed at present should vary 

continously with time, the closer the cloud is to the centre, the greater will be the 

absolute value of its velocity. For the few localised clouds with positive radial velocities, 

we have to find some other explanation for their accelerating mechanism. 

As compared to the high latitude regions, the middle latitude regions have greater gas 

density and the effect of a magnetic field there may also be more obvious. Thus the above 

explanation of the origin and motion of the high-velocity clouds is quite plausible for 

the mid-latitude regions. However, we must emphasize that it is not possible to use one 

and the same mechanism to account for both the origin and the motion of the high-velocity 

clouds. 

I thank Comrade Pan Liang-ru for useful discussions in the course of the present work. 
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