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1. INTRODUCTION 

Concentrating on our own Galaxy we discuss the dynamics of the outer 
halo, its magnetic structure and the occurrence of a supersonic mass 
loss in the form of a Galactic wind. The cosmic rays, as the nonthermal 
high energy component, de facto not influenced by gravity, play an es-
sential role in the wind dynamics. 

2 . HALO DYNAMICS 

In analogy to the solar corona we assume that on a large scale the Gal-
axy has open and closed magnetic field lines. The open field lines may 
correspond to a mass flow to infinity, whereas closed field lines should 
be mainly due to upwelling gas which cools and ultimately falls back to-
wards the disk. This does not exclude localised infall of extragalactic 
material, for instance from the Magellanic Stream (Mirabel and Morras 
[ 1 ] , van Woerden et al. [ 2 ] ) , however we will not consider infall ef-
fects here. Open field lines (Fig. 1 ) should be due to the production of 
hot gas and cosmic rays (CRs) by Supernova remnants and OB stars in the 
(upper) disk, or due to the Parker instability [ 3 ] in a vertically 
stratified disk. By diffusion as well as drift with roughly the Alfvén 
speed through the gas, the CRs can then transport energy through the 
moving gas in analogy to heat conduction in the solar corona. The gas 
itself is kept fully ionized by OB stars from the disk below, halo stars 
as well as globular cluster stars in situ, and quasars from outside. 
Thus even if the gas cools on its long journey away from the disk, it 
will remain fully ionized and thus couple well to the CRs. 

The CRs are scattered by fluctuations ("turbulence") in the magnetic 
field's strength and direction. As long as independent strong sources of 
magnetic turbulence dominate, there should be little anisotropy in the 
propagation direction of MHD waves along the average field. In addition, 
the systematic outward gas motions in and near the disk at heights |z| < 
1 kpc (above or below the disk) will by very slow because of the high 
gas density. Therefore we expect outward CR propagation to be mainly 
diffusive at such low heights, and this is consistent with their energy-
dependent escape. At much higher levels |z| > 1 kpc however all external 
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wave sources will be situated below. Also the waves resonantly excited 
by the outward CR pressure gradient will propagate away from the disk. 
This implies an Alfvénic drift of the CRs with the waves through the 
gas. At these greater distances (|z| > 1 kpc) we indeed expect wave ex-
citation to be so effective that diffusion becomes negligible compared 
to Alfvénic drift. The combined pressure gradients of gas, CRs, and 
waves should then gradually accelerate the gas away from the disk. 

Fig. 1. Schematic overall configuration of the Galactic magnetic field Β 
(middle panel), the wave propagation characteristics (right panel), and 
the cosmic ray propagation modes (left panel). The Galactic disk is 
cross-hatched. The quantities v A and u denote the Alfvén speed and the 
gas mass velocity, respectively. 

3. COSMIC RAY COMPONENT IN THE GALAXY (QUASISTEADY) 

In the disk the CR pressure is p c - 3 . 1 0 ~ 1 3 dyn/cm2 < ρ ~ 6 · 1 0 ~ 1 3 

dyn/cm ; the total observedÇR energy flux F C Q from the aisk amounts to 
F c o ^ 3.6 x 10 · (Agai 0 ) erg/sec, where A ^ Q is the surface area 
of the Galactic disk. If'we take into account that higher energy parti-
cles escape more rapidly than lower energy particles, then the CR energy 
flux as produced at the sources should be even higher by a factor of 3 
or more. This brings the total CR energy flux to about 10 percent of the 
energy release rate from Supernova Remnants [4]. In addition the nucle-
onic component of the CR population suffers only negligible radiative 
cooling while scattering on the magnetic fluctuations. Thus the CR pres-
sure can in principle transfer a large amount of momentum to the gas. 
This makes the distinction between outflow with the gas and diffusion 
and drift through a static halo a practically important one. 

4. MODEL CALCULATIONS 

Neglecting radiative gas cooling, CR diffusion, and wave dissipation we 
can consider an adiabatic flow of hot gas, CR's, and waves beyond |z|> 
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few kpc. The Galactic magnetic field is presumably not very strong at 
such distances. We describe its effects in a stationary flux tube model 
of flow perpendicular to the disk where the flux tube cross section, 
A(z), is given by A(z) = A Q · (1 + z 2 / z 2 ) , for |z| > few kpc, with ζ = 
z Q = 15 kpc and A Q = const, roughly indicating the transition to a 
spherically symmetric outflow. Centrifugal effects are neglected. Disre-
garding Galactic rotation for the time being, its kinematic effects are 
considered in section 5. The dynamical eqs. and their solutions are de-
scribed elsewhere (e.g., Breitschwerdt et al. [5]). In a restricted form 
they were discussed for spherically symmetric winds by Ipavich [6]. 

Assuming typical numbers for a hot interstellar medium with a tempera-
ture T Q = 10 K, conservative values of CR pressure ( p C Q - 10 dyn/ 
cm ) and magnetic field strength B Q = 1 ßG at a reference level ζ - 1 
kpc one obtains supersonic wind solutions at |z| > z Q if the intergalac-
tic pressure is neglected. The subsonic-supersonic transition takes 
place at distances z Q of the order of 10 kpc. The asymptotic wind veloc-
ities are of the order of the Galactic escape speeds (a few hundred km/ 
sec [5]), depending on the radial position of the flux tube in the disk. 
This results in a Galactic mass loss of the order of 1 M ^ y r . Even if 
compensated by mass accretion [1] this could be significant for the 
chemical and dynamical evolution of the Galaxy as well as its star for-
mation rate. 

The Galactic center region, taken here with a linear scale of the or-
der of 100 pc, may play a special role. The localised energy production, 
even in the absence of a massive central object, may be so high that the 
outflow is qualitatively different and determined only by the fact that 
energy is produced at a high rate in a small volume--an M82 in miniature 
[7]. 

5. MAGNETIC FIELD STRUCTURE 

The large scale magnetic field topology which must take into account Ga-
lactic rotation should have the character of an Archimedean spiral (pro-
jected onto the Galactic disk) if field lines are assumed to be anchored 
in the disk [8,9]. In a rather simplistic sense, especially for |z|<z Q, 
this pattern is shown in Fig. 2, where Fig. 2a assumes halo corotation 
with the disk for |z| < z Q, whereas for |z| > z Q the magnetic stresses 
become negligible with a wind flow tube cross section area equal to A = 
A Q(1 + ζ / Z q ) . Fig. 2b depicts the case where the magnetic stresses are 
negligible everywhere and the field is drawn out by the flow. The con-
figuration of Fig. 2a is more likely to approximate the actual situa-
tion, if for example the observed radio halo polarization directions for 
NGC4631 [10] were produced by a galactic wind. 

Although magnetic stresses should not be very important for |z| > z Q, 
such field configurations might affect the dynamics indirectly through 
the CR propagation properties. However, it is easy to see that this is 
not the case for our approximation which neglects diffusion: the CR 
terms in the dynamical equations involve only the scalar product (e z · 
v^) where e z denotes the unit vector in ζ direction and v^ the Alfvén 
velocity, except for the CR diffusion current whose ζ component has the 
form (g · dp c/dx) z - (Κιι C O S 2 Q + K ± sin 2a)dp c/dz. Here g is the diffu-
sion tensor with components K|| and K ±, parallel and perpendicular to the 
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Fig. 2. Schematic Β field pattern of the rotating Galaxy, described in 
section 5, as seen in an inertial frame of reference. 

magnetic field B , respectively; the angle a denotes the angle between e_z 

and B . Since in general K1 < KII , C R diffusion in ζ direction is strongly 
diminished for a -> π/2 compared to the nonrotating case α = 0. Thus, an 
approximation with negligible ζ diffusion and otherwise unchanged dynam-
ics relative to a flux tube geometry A = A Q(1 + ζ /z Q) and no rotation 
tends to be reinforced by the inclusion of Galactic rotation. 

Except near the Galactic pole, where a = 0 for all z, the field should 
become quite strongly azimuthal at large |z| > z Q, e.g. tga^lO for |z| = 
100 kpc, taking typical values for Galactic rotation and wind parame-
ters . 
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PUDRITZ: A m a g n e t i z e d w i n d from t h e d i sk a t t h e mass l o s s r a t e s y o u 
q u o t e cou ld t r a n s p o r t a w a y c o n s i d e r a b l e a n g u l a r momentum o f m a t e r i a l 
( I S M ) in the disk. T h i s can s e t up a d i sk a c c r e t i o n f l o w . H a v e y o u 
c o n s i d e r e d th i s in y o u r mode l? 

V O L K : Y e s , w e h a v e c o n s i d e r e d t h i s q u a l i t a t i v e l y . C l e a r l y t h e r e w i l l be 
r e m o v a l o f a n g u l a r momentum b y t o r s i o n a l A l f v é n w a v e s . H o w e v e r , w e do 
n o t b e l i e v e t h i s t o be a l a r g e e f f e c t , s i nce t h e s t r e n g t h o f t h e open f i e l d 
should be c o n s i d e r a b l y b e l o w t h a t o f t h e c l o s e d f i e l d c o m p o n e n t . Up t o 
h e i g h t s a b o v e t h e d i sk o f t h e o r d e r o f t h e d i sk r ad iu s , i . e . a b o u t 10 t o 
15 kpc , c o r o t a t i o n e n f o r c e d b y t h e f i e l d w i l l n o t t r a n s p o r t a n g u l a r 
momentum but o n l y r e m o v e m a t t e r t o g e t h e r w i t h t h e a n g u l a r momentum i t 
had a l r e a d y in t h e d i sk . H o w e v e r , I a g r e e w i t h y o u t h a t t h i s q u e s t i o n i s 
i m p o r t a n t and shou ld be s t u d i e d fu r the r . 

DUDOROV: M o t i o n o f c h a r g e d dus t g r a i n s w i t h g a s in a g a l a c t i c m a g n e t i c 
f i e l d may be i n d u c e d b y a s t e l l a r w i n d and r a d i a t i o n . What can y o u s a y 
a b o u t t h i s mechan i sm o f g a l a c t i c w inds? 

V O L K : I t h ink o f a g a l a c t i c w i n d as b e i n g d r i v e n on a l a r g e s p a t i a l 
s c a l e and b y t h e h o t g a s ( p l u s cosmic r a y s ) w h i c h c o n t a i n s c o m p a r a b l y 
l i t t l e dus t . T h e r e f o r e I b e l i e v e t h a t fo r a g a l a c t i c w i n d mechanism 
r a d i a t i o n p r e s su r e on dus t i s l e s s i m p o r t a n t t h a n f o r c o o l s t e l l a r w i n d s 
w h e r e t h e immed ia t e c i r c u m s t e l l a r r e g i o n can absorb and s c a t t e r t h e 
i n t e n s e s t e l l a r p h o t o n f l u x . 

Z A N I N E T T I : Do y o u t h i n k t h a t t h e s t e l l a r w i n d t h a t i s coming out from 
t h e G a l a c t i c c e n t e r i s some k ind o f r e g u l a r w i n d or i s r a t h e r due t o t h e 
v a r i o u s SN e x p l o s i o n s ? In t h i s l a s t ca se w e shou ld n o t f o r g e t t h a t w e 
h a v e more e x p l o s i o n s in t h e p l a n e w i t h r e s p e c t t o t h e h a l o , and t h e r e f o r e 
t h e r o t a t i o n a x i s i s a l s o t h e a x i s o f l e a s t r e s i s t a n c e . 

V O L K : What I mean t t o s a y is t h a t in t h e i n n e r f e w hundred pc o f t h e 
G a l a x y t h e a c t i v i t y , e .g . due t o s u p e r n o v a e x p l o s i o n s , i s so h i g h t h a t t h e 
r e s u l t i n g h o t g a s c a n n o t be r e t a i n e d , r e g a r d l e s s o f cosmic r a y s , and is 
s i m p l y b l o w n out in t h e p o l a r d i r e c t i o n s , t h e d i r e c t i o n s i n d e e d o f l o w e s t 
r e s i s t a n c e . T h i s ho t g a s p r o b a b l y has t o p e r c o l a t e t h r o u g h t h e m a s s i v e 
c louds in t h i s r e g i o n w h i c h shou ld t h e r e f o r e be in p r e s s u r e b a l a n c e w i t h 
t h i s h o t g a s . A s imi l a r e f f e c t a p p e a r s t o go on in M82. T h a t is w h y I 
c a l l e d t h e G a l a c t i c c e n t e r a m i n i - M 8 2 . 

T S I N G A N O S : What i s t h e v a l u e o f t h e p o l y t r o p i c i n d e x t h a t y o u assume 
in t h e r e l a t i o n s h i p b e t w e e n p r e s s u r e and d e n s i t y ? 

V O L K : T h e r m a l g a s and e n e r g e t i c p a r t i c l e s a re t r e a t e d as d i s t i n c t f l u id s , 
t h e g a s h a v i n g a p o l y t r o p i c i n d e x y g = 5 /3 , and t h e cosmic r a y s an i n d e x 
y c = 4 / 3 . T h u s P t o t a i = Pg + Pc has a p o l y t r o p i c i n d e x e x c e e d i n g 5 /3 . 
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