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ABSTRACT 

Massive stars (> 20 M a) release a considerable 
o 

amount of mechanical energy in the form of strong s t e l l a r 
winds. A fraction of th i s energy may be transferred 
to r e l a t i v i s t i c cosmic rays by d i f fus ive shock 
accelerat ion at the wind boundary,' and/or in the expanding, 
turbulent wind i t s e l f . Massive stars are most frequently 
found in OB as soc ia t i ons , surrounded by H II regions lying 
at the edge of dense molecular clouds. The interact ion of 
the freshly accelerated p a r t i c l e s with matter gives r i se 
to y-ray emission. In th i s paper, we f i r s t br ie f ly review 
the current knowledge on the energet ics of strong s t e l l a r 
winds from 0 and Wolf-Rayet s t a r s , as well as from T 
Tauri s t a r s . Taking into account the f i n i t e l i f e t ime of 
these s t a r s , we then proceed to show that s t e l l a r winds 
dominate the energet ics of OB associat ions during the 
f i r s t 4 to 6 mil l ion years, after which supernovae take 
over. In the so lar neighborhood, the star formation rate 
is constant, and a s teady-s tate s i tuat ion p r e v a i l s , in 
which the supernova contribution i s found to be dominant. 
A small , but meaningful fraction of the COS-B y-ray sources 
may be fueled by WR and 0 s t e l l a r winds in OB a s s o c i a t i o n s , 
while the power released by T Tauri stars alone i s perhaps 
insuf f i c i en t to account for the y-ray emission of nearby 
dark clouds. F ina l ly , we discuss some controversial aspects 
of the physics of par t i c l e acceleration by s t e l l a r winds. 



I. INTRODUCTION 

Five years have elapsed since the publication of the 
first COS-B catalogue of y-ray sources (Hermsen et al. 1977). 
One of the most important informations brought by this cata
logue, and subsequently confirmed by a more homogeneous 
and complete list of sources (Swanenbarg et al. 1981), is 
that these sources have a very narrow galactic latitude distribu
tion, and therefore must be physically linked with the 
youngest objects in the Galaxy. This strongly suggests 
that some stellar associations, like OB associations or 
T associations, and/or their placental molecular clouds, 
may constitute a class of y-ray sources. In this paper, 
we discuss this type of y-ray source. 

The following ingredients are required : a cosmic-
ray "factory", a confinement mechanism efficient enough 
to keep the cosmic rays within the vicinity of the factory 
for some time, and a concentration of interstellar matter, 
with which cosmic-ray protons and electrons can collide to 
produce high-energy y-rays ; alternatively, a strong radia
tion field leading to y-ray emission via the inverse Compton 
mechanism. 

Let us consider these ingredients in turn. Obvious 
concentrations of interstellar matter are molecular clouds, 
or cloud complexes ; a typical molecular cloud has a mass 
^ 10 Mfl, and a linear size ^ 10-100 pc. We attribute the 
confinement of cosmic rays close to the factory to resonant 
interactions of cosmic rays with Alfvén waves they have 
themselves generated, while streaming through the surroun
ding gas at a velocity greater that the local Alfvén 
velocity (see Wentzel 1974 and references therein). These 
waves are damped strongly in dense, neutral clouds, but 
only weakly in ionized media, such as HII regions surroun
ding early-type stars, or the low-intensity, million-degree 
"hot interstellar medium" (HIM). If a large flux of cosmic 
rays is released in a short time, the particles remain 
strongly confined within the vicinity of the acceleration 
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region for a long time, even if neutral gas is present 
(see details in Rulsrud and Zweibel 1975). If the cosmic 
rays are released over a long time, the net flux is lower, 
and so is the growth rate of the waves. When the cosmic-
ray factory is surrounded by an H II region, particles 
are still efficiently scattered in the vicinity of the 
acceleration region ; if it is embedded in a dense, neu
tral cloud, particles are nevertheless partially confined 
within the cloud, because of scattering in the surrounding 
HIM. Problems related to cosmic-ray confinement is dense 
clouds have been examined by Cesarsky and Volk (1978), 
and Zweibel and Shull (1982). Detailed self-consistent 
models of sources embedded in various media have been 
constructed by Montmerle and Cesarsky (1981, 1982). 

•Supernovae (i.e., supernova shocks, or supernova 
remnants) are the most popular cosmic-ray factory. In
deed, it has been suggested (Montmerle 1979, Montmerle 
and Cesarsky 1980), that 1/3 to 1/2 of the COS-B 
sources can be identified with "SNOB^s" (Supernova remnants 
physically linked with OB associations, or with giant 
HII regions, containing early-type stars). It is evident 
that electrons are accelerated and trapped in supernova 
remnants f in view of their radio emission by the 
synchrotron mechanism. Quantitatively, it has been found 
that, for 8 SNOBs for which all the relevant information 
was available, the inverse Compton contribution to y~ray 
emission is small, while the bremsstrahlung contribution 
can reasonably account for the bulk of the Y ~ r a y s observed, 
provided the electron spectrum extends down the energies 
as low as 10 or 20 MeV. Of course, this leaves room for 
a possible contribution of cosmic-ray protons, via direct 
ff° •+• 2y decay, resulting from their collisions with H atoms. 
In the solar neighborhood, electrons and protons contri
bute about equally to the yray emissivity above 100 MeV 
(Cesarsky, Paul and Shukla 1978, Lebrun and Paul 1979), 
whereas, at 1 GeV, electrons are 100 times less numerous than 
protons . More recent work on the relation between super-
novae exploding in or close to molecular clouds, and y-ray 



sources, has been discussed by several people in this 
Symposium. 

Our own task is to consider another potential 
cosmic-ray factory, the stellar winds (see Cassé and 
Paul 1980), and to assess their role in a possible con
nection between stellar associations and y-ray sources. 
In section II, we summarize soma of the relevant infor
mation available on stellar winds from massive OB stars, 
and from low-mass, T Tau stars. In section III, we 
compute the overall energetics of supernovae and stellar 
winds on various scales, with the conclusion that winds 
in general do not play a major role, but may be quite 
significant in some interesting cases. In section IV, 
we address some of the physics underlying the results of 
section III : diffusive shrck acceleration at the wind 
boundary, possibility of injection of particles from the 
thermal pool or by stellar flares, etc... We conclude 
in section V by a brief outlook on some developments 
needed to firmly establish the links between stellar winds and 
Y~ray sources. 



I I . PROPERTIES OF MASS-LOSING STARS 

A. MASSIVE STARS 

Data g a t h e r e d at v a r i o u s w a v e l e n g t h s (main ly in 
the UV and r a d i o r a n g e s ) have shown t h a t a a s s i v e 0 and B 
s t a r s (M > 20 M f l) shed a c o n s i d e r a b l e amount of mass in 
the form of s t e l l a r winds ( e . g . de Loore 1 9 8 0 ) . The m a s s -
l o s s from 0 s t a r s i s on the o r d e r o f 10 M f l yr , Of s t a r s 
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v e l o c i t i e s ( 2 0 0 0 t o 3500 km.s ) . The c o r r e s p o n d i n g k i n e 
t i c " l u m i n o s i t i e s " are l a r g e , > 10 t o 10 e r g . s 
I n t e g r a t e d o v e r the l i f e t i m e of t h e s e s t a r s ( t y p i c a l l y 
a few m i l l i o n y e a r s ) , t h e energy r e l e a s e d i s t h e r e f o r e 
of the same o r d e r as t h a t of a supernova e x p l o s i o n . T h i s 
energy w i l l be r e l e a s e d in most c a s e s within an OB a s s o c i a 
t i o n , s i n c e 70 Z t o 80 % o f t h e known 0 s t a r s b e l o n g t o 
a s s o c i a t i o n s ; the remainder are runaway s t a r s ( C r u z -
Gonzalez e t a l . 1 9 7 4 ) . 

The maximum r a t e s o f m a s s - l o s s presumed t o l a s t 
on a s i g n i f i c a n t t i m e s c a l e are o b s e r v e d in Wolf -Rayet 
(WR) s t a r s . These s t a r s , o f which about 200 are known, 
are r e l a t e d e i t h e r t o o l d Pop. I I s t a r s ( c o r e s o f p l a n e 
tary nebulae ; about 60 are known) or to Pop. I stars (Van der 
Hucht e t a l . 1 9 8 1 ) . In t h a t c a s e , they are thought to be 
a l a t e , but c o m p a r a t i v e l y b r i e f (a few 10 y r s , e . g . 
Maeder and Lequeux 1982) e v o l u t i o n a r y s t a g e of 0 s t a r s , 
perhaps immediately preceded by an Of phase (Conti, Niemela and Walborn 1979) 
S e v e r a l models e x i s t f o r t h i s t r a n s i t i o n (Maeder 1982 , 
de Loore 1 9 8 0 ) , but i s i s thought t h a t a l l 0 s t a r s above 
^ 23 M0 d i s p l a y the "WR phenomenon" b e f o r e becoming SN I I 
supernovae (Maeder and Lequeux 1 9 8 2 ) . However, the WR 
s t a r s appear t o be l i n k e d l e s s f r e q u e n t l y than 0 s t a r s 
wi th OB a s s o c i a t i o n s (or g i a n t H II r e g i o n s as t h e i r 
t r a c e r s ) , s i n c e at l e a s t *v 60 7. are i s o l a t e d o b j e c t s 
(Van der Hucht e t a l . 1 9 8 1 ) . (In view of the l i n k s b e t 
ween WR and 0 s t a r s , i t i s not c l e a r why t h i s i s so . ) 



Furthermore, the OB associations in which there are WR stars 
are quite rare (see Humphreys 1978) : they have therefore 
specific kinetic properties, in much the same way SNOBs do 
(see discussion in section III). 

A feature worth mentioning is that the galactic 
distribution of WR stars displays a steep galactocentric 
gradient near the solar radius : compared with the blue 
supergiants, they are 3 times more frequent between 7 and 
9 kpc than between 9 and 11 kpc, and 10 times more than between 
11 and 13 kpc (Maeder, Lequeux and Azzopardi1980). This will 
have consequences for the contribution of the winds to 
the overall energetics on a galactic scale (section III). 

Another property of massive stars in OB assocations, 
which is particularly helpful for cosmic-ray confinement, 
is their ability to produce extended H II regions around 
them. However, the number of ionizing Lyman continuum 
photons is a strong function of the spectral type : for 
instance, it is 10 s for 04 stars like in the Carina 

4 9 - 1 Nebula, and only 10 s for 06 stars, the earliest type 
found in the Orion Nebula (M 42), and as low as 10 s~ 
for B 2 stars (see Panagia 1973). As a result, the sizes 
of the H II regions are strongly dependent on the stellar 
content of the 0B associations : 50 pc in radius for Carina 
(this figure includes the contribution of the associated WR 
stars), down to <v 2.5 for Orion, or less for associations 
having later-type stars. 

B. LOW-MASS STARS 

Recent progress has also been made as regards 
another class of mass-losing stars : the T Tauri stars. 
These are low-mass stars (M < 2 M Q) , which usually cluster 
in associations (T associations), and are linked to 
small molecular clouds (̂  10 - 10 M-) , usually called 
"dark clouds". Many observational methods are used to 
derive the mass-loss characteristics of T Tauri stars : 
radio emission, Ha emission line width measurements, etc... 
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As d i s c u s s e d by De Campli ( 1 9 8 1 ) , t h e m a s s - l o s s 
r a t e s d e r i v e d are a f f e c t e d by l a r g e u n c e r t a i n t i e s 
(rp t o 3 orders o f magnitude in some c a s e s ) , 

—8 — 1 
but r a t e s on the o r d e r of up t o a few 10 Mfl y r are 
c o n s i s t e n t w i th t h e o b s e r v a t i o n a l d a t a and, p e r h a p s , 
e x p l a i n a b l e by t h e o r y . On the o t h e r h a n d , t h e t e r m i n a l 
v e l o c i t i e s are m o d e r a t e , though s t i l l s u p e r s o n i c , 
t 250 km.s . As a r e s u l t , the energy r e l e a s e p e r s t a r 

32 - 1 
i s n o t enormous ( t 10 e r g . s ) , but t h e T Tau ' s are 
numerous (up to s e v e r a l t e n s i n t h e p Oph dark c loud 
f o r i n s t a n c e ) and , at l e a s t i n t h e i r e a r l i e s t s t a g e s , 
c o n c e n t r a t e d and b u r i e d w i t h i n t h e i r p a r e n t c l o u d . 

While T Tau s t a r s have s p e c t r a l t y p e s 
(K5 t o M5) c o r r e s p o n d i n g t o coo l p h o t o s p h e r e s (^ 3500 °K) , 
recent*UV o b s e r v a t i o n s have shown t h a t a s i g n i f i c a n t p a r t 
of t h e i r s u r f a c e i s covered by h o t e m i s s i o n r e g i o n s ana
l o g o u s t o , but much more e x t e n d e d t h a n , s o l a r p l a g e s 
( G i a m p a p a e t a l . 1 9 8 2 ) . They are no t l i k e l y , h o w e v e r , 
t o d r i v e e x t e n d e d H I I r e g i o n s - a s i g n i f i c a n t d i f f e r e n c e , 
in our c o n t e x t , w i t h hot s t a r s . 3^«Mf, 
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III. STELLAR WINDS : CONTENDERS OF SUPERNOVAE AS GENERATORS 
OF COSMIC RAYS AND GAMMA RAYS ? 

A. MECHANICAL ENERGY RELEASED BY MASSIVE STARS 

The lifetime of an OB association is typically 
2 x 10 years, after which the association is dispersed 
because of random star motions (e.g., Blaauw 1964, 
Reeves 1978). The stars end their lives in the form of 
supernovae (SN II). 

The formation timescale for stars in associations 
(i.e., on a small scale) is ouch smaller than the stellar 
lifetimes, hence we can approximate the birth of an asso
ciation by a localized burst. In the solar neighborhood 
(i.e., on a larger scale), births and deaths of massive 
stars average out, resulting in a steady state. On this 
scale, the star formation rate must have been constant 

9 formore than 3 x 10 y r s , a t l e a s t f o r s t a r s be low 
10 M0 (Grosbrfl 1 9 7 8 ) . 

Lequeux (1979) has d e r i v e d t h e I n i t i a l Mass 
F u n c t i o n (IMF), u s i n g the s t e l l a r p o p u l a t i o n o f t h e s o l a r 
ne ighborhood (< 2 . 5 kpc) , f o r masses 2 . 5 t o 100 M_. He 
i n c l u d e d a c o r r e c t i o n f o r o l d - p o p u l a t i o n runaway s t a r s . 
C laudius and Crosb^l (1980) d e r i v e d the IMF of i n d i v i d u a l 
young 0B a s s o c i a t i o n s : t h e i r r e s u l t s , at l e a s t i n t h e 
range 2 . 5 - 10 MQ , are c o m p a t i b l e w i t h t h o s e o f Lequeux. 
We emphasize t h a t the s i t u a t i o n f o r h i g h e r masses i s much 
l e s s c l e a r . C o n s e q u e n t l y , we f i r s t use Lequeux ' s IMF 
(which i s c o m p a r a t i v e l y poor i n s t a r s w i t h masses above 
20 M . ) , and then i n v e s t i g a t e the c o n s e q u e n c e s of u s i n g 
a n o t h e r , more r e c e n t IMF, which i s r i c h e r in h igh-mass 
s t a r s (Garmany, C o n t i . a n d C h i o s i 1 9 8 2 ) . 

We a d o p t , f o r the r a t e of s t a r format ion N, and 
for the number of s t a r s formed s i m u l t a n e o u s l y , N, per 
u n i t area (w i th masses in M f l ) , the f o l l o w i n g e x p r e s s i o n s : 
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Steady state 

a - ç*Ma ( ? ' - 1.3 * 10~ 3 yr _ 1kpc" 2 (3.1) 
d l n M ' a - - 2.0 

Burst : 

** - ÇM° o - - 2.0 (3.2) dlnM 

ç being a normalisation factor, which may vary from 
one association to the next ; it is related to the 
"strength" of the burst. In both cases, the IMF extends 
up to M r max 

The lower limit M to the mass of the progenitors 
P 6 

of type II supernovae is still under debate, and we take 
M • 4 M_ or M • 8 M 0. The progenitors of type I super-
novae are not well understood ; they are presumably low-
mass stars in binary systems. Ic is therefore impossible 
to derive a SN I rate using IMF considerations, but obser
vations of supernova explosions in external galaxies 
of type similar to the Milky Way suggest that the rates 
of SN I and SN II explosions are about equal (Tammann 1981) 
We assume that the same is true in the solar neighborhood. 
The kinetic energy released by each supernova explosion ~ 51 is taken to be E s « 10 ergs for both types. 

As for stellar winds, the rate of mass-loss M is 
observed to depend mainly on the bolometricmagnitude 
M. , of the star. The influence of other parameters, 
DOl 
such as gravity, temperature, etc... cannot be clearly 
disentangled, given the observational uncertainties 
(e.g., de Loore 1980). Using a theoretical HR diagram, 
it is possible to derive an empirical relation between M 
and the luminosity L (Lamers 1981), and, going one step 
further,an M - M relation (since for high masses, the 
luminosity remains constant throughout che evolution), 
in the form : 
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M « XMW X - 10 " M„yr * I M > M_._ - 20 M X « 1 0 ~ C M ^ r " 1 , ! M * M . i a 

y - 1.6 1 
X - 0 M < 20 M. 

(3-3) 

The wind terminal velocity is, on average : 

<w> - 2500 kn.s" 

The theoretical lifetime T(M) of stars is : 

T(M) = 6jM M > 15 M e (3.4) 

w i t h 8 j » 5 . 7 x 1 0 7 y r s , Yj • - 0 . 7 ( f r o » de L o o r e 1 9 8 0 ) , 
and 

Y 2 T(M) = 6 2M L 4M e < M < 15 Mfl ( 3 . 5 ) 
« 

w i t h 6 2 - 9 .4 x I 0 7 y r s , Y 2 " " ! « 7 3 ( f rom M i l l e r and 
S c a l o 1 9 7 9 ) . 

To compute t h e t o t a l power r e l e a s e d by WR s t a r s , 
i t i s b e s t t o use d i r e c t l y t h e s t a t i s t i c a l d a t a , s i n c e 
t h e i r r e l a t i o n t o o t h e r s t a r s i s n o t f u l l y u n d e r s t o o d . 
The s u r f a c e d e n s i t y o of WR s t a r s in t h e s o l a r n e i g h b o r h o o d 
i s o ^ 1.8 kpc (Hidayat, Supell i and Van der Hucht 1 9 8 1 ) . A l s o , 

- 5 - 1 - 1 we t a k e M - 3 x 10 M_yr and w » 2500 km.s f o r a l l 9 
WR s t a r s . 

( i ) s t e a d y _ _ s t a t e 

In t h e steady state c a s e , t h e a v e r a g e m e c h a n i c a l 
powers r e l e a s e d by s u p e r n o v a e and s t e l l a r w inds p e r u n i t 
a r e a a r e : 

P S ( D - P g ( H ) 

M max 
• f i i 
'sj dM 

P 8 ( I I ) - E_ | ^ dM 
M 

P ( 3 . 6 ) 
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M •ax 
P w(OB) - J j M<w>2 |£ x(M) dM 

N . 
•in 

P w(WR) - 1 ( o M w 2 ) W R 

With the IMF of Lequeux and M « 120 M., one has, 
n aax 0 altogether 

i ; 
.52 ._ -2 , . „ 6 . - 1 . P - 2 x lo erg.knc (10 yr) i f M » 8 IT , s ° p 8 

P s - 8 x 1 0 5 2 e r g . k p c " 2 ( 1 0 6 y r ) " 1 i f M » 4 HQ I 
P 

P (OB)* 1.3 x l o 5 1 e rg .kpc" 2 ( 1 0 6 y r ) " 1 , ( 3 * 7 ) 

P (HR) « 3.5 x l o 5 1 e r g . k p c " 2 ( 1 0 6 y r ) " 1 . 

Therefore, WR stars dominate the energetics of s t e l l a r winds , 
not only i n d i v i d u a l l y , but a l s o c o l l e c t i v e l y . S t i l l , the 
t o t a l mechanical power re l eased by supernovae exceeds 
that of s t e l l a r winds by a f a i r l y large fac tor : 

P /P » 5 s w i f M - 8 >r ) P e l 
i f M - 4 Ha ) 

( 3 . 8 ) 
P /P - 20 n 

• w p e 

These results depend only weakly on M , provided, of 
•ax course, that If >> 20 M_. For instance, if M « 60 M-•ax _ 0 _ aax 0 

instead of 120 M 0, P is lower by 20 Z, P (WR) by 10 Z, 
P is practically unchanged. The results are not very 
sensitive either to the slope of the IMF, if different at 
high masses from that at low masses. For instance, if —2 6 dN/dM « M * above 20 M., as proposed by Carmany, Conti and Chiosi 0 • 
(1982), the ratio F /P of cq. (3.8) is decreased by 20 Z. 

. However, the results of eqs. (3.8) are perhaps 
not valid beyond the solar neighborhood. Given the magni
tude of the observed WR/OB gradient ( section II) as a 
function of galactocentric distance (a factor of 10 
increase from 13 to 7 kpc) we cannot rule out the intri
guing possibility that winds from WR stars shed more 
mechanical energy t'ian supernovae in the inner galaxy, 
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(ii) Burst 

Let us turn now to the energetics of a region where 
a burst of star formation has just taken place. During the 
lifetime of an OB association, some field stars may explode 
as SU I ; they are so rare that we disregard their contribu
tion. The mechanical energies released are given by : 

M , p 

" " ) 

M t 

max I 
! s ( I I ) " V . f % dM ( M (t) 

E (I) << E (II) s s 

1 if t > T ( M ) max (3.9) 

E (OB) - P w w 

t M 
dt I * f 

o 
* 

I • 2 dN J w j H <w> ^ dM 

min 
I, M M if t < T ( M A ) max max 

- 1, M - M(E) if T(M m ) <. t < T ( M . ) 

o, 
max 

if t > T(M . ) min 
min 

(3.10) 

For WR stars, it is not possible to make a similar evalua
tion without some additional assumptions about their gene
sis. We then assume that all stars having more than 23 Mfl 

become WR stars near the end of their evolution, and that 
this stage lasts 'v 4 * 10 yrs (Maeder and Lequeux 1982). 
The total energy supplied by a WR star is then 
E-.R - 7 x 10 ergs, comparable to that of a SN explosion. 
Since this energy is released on a comparatively short 
titnescale, the contribution of WR stars can be calculated 
like that of SN (eq. 3.9), with p - 1 for 
T(M ) < t < T(23 M r t), and Pf.„- 0 elsewhere, max — — & WK 

To calculate the normalization factor ç appearing in 
eq. (3.2), we will consider that OB associations having 
very early-type stars (04, 03) i.e. M max 

a 120 M , contain 
roughly 40 stars with masses above 1.5 M Q (0 stars and 
supergiants ; see Humphreys 1978), Then ç - 2 x 10 . 
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The corresponding (absolute) powers P = E are repre
sented as a function of time on Fig. 1 for OB and WR winds 
and for SN II explosions. With M » 120 Mrt, the total 

max 0 
power turns out t o be a p p r o x i m a t e l y c o n s t a n t in the w i n d -

38 — 1 
dominated phase o f the OB a s s o c i a t i o n , 1-2 * 10 e r g . s 
Winds dominate dur ing the f i r s t •»» 5 m i l l i o n y e a r s , SN I I 
t h e r e a f t e r . Such a c o n f i g u r a t i o n c o u l d be r e p r e s e n t a t i v e 
of the Carina N e b u l a , which c o n t a i n s 3 WR s t a r s and s e v e r a l 
03 s t a r s (and probab ly no supernova , s e e d i s c u s s i o n i n 
Montmerle, Cassé and Paul 1 9 8 2 ) , or o f the Cygnus X com
p l e x , f e a t u r i n g 7 WR s t a r s and s e v e r a l 03-C4 s t a r s in 
i t s two y o u n g e s t a s s o c i a t i o n s . The m e c h a n i c a l energy d e 
termined from the a c t u a l l y measured m a s s - l o s s from the 
e a r l y - t y p e and WR s t a r s p r e s e n t in the Carina Nebula i s 

38 — 1 
**» 3 * 10 e r g . s (Montmerle 1 9 8 1 ) , which compares f a v o u 
rably w i t h the r e s u l t s shown on F i g . 1. 

In r e a l i t y , M i s probably d i f f e r e n t from one 
max 

a s s o c i a t i o n t o t h e n e x t . For i n s t a n c e , t h e Orion OBId 
a s s o c i a t i o n (Trapezium c l u s t e r , i o n i z i n g M42), c o n t a i n s 
no s t a r above * 30 Mfl ( e a r l i e s t type 0 6 ) , but i s however 
known t o be much younger than the l i f e t i m e o f a 30 M 

5 
s t a r ( l e s s than 5 * 10 y r s [ e . g . Reeves 1 9 7 8 ] , as compa
red t o 4 x 10 y r s ) . The s t e l l a r c o n t e n t i s t h e r e f o r e 
very d i f f e r e n t from t h a t of the " C a r i n a - l i k e " a s s o c i a t i o n s 
mentioned e a r l i e r . 

Taking now M • 30 Mn as r e p r e s e n t a t i v e o f O r i o n -
* max 0 v 

l i k e associat ions , we o b t a i n F i g . 2 . Orion i s in the pre-WR 
37 -1 

s t a g e , and F i g . 2 g i v e s P • 4 .5 x 10 e r g . s , as compa-
37 - l w 

red w i th 5 * 10 e r g . s o b t a i n e d by summing the a c t u a l 
c o n t r i b u t i o n of s t a r s w i th known m a s s - l o s s (Montmerle 1 9 8 1 ) . 
Once the WR s t a g e i s reached, i t l a s t s o n l y i 1/10 of the 
t o t a l a s s o c i a t i o n l i f e t i m e . Thi s e x p l a i n s - q u a l i t a t i v e l y -
why t h e r e are r e l a t i v e l y few a s s o c i a t i o n s wi th WR s t a r s 
in them. Note a l s o t h a t SNRs dominate the e n e r g e t i c s as 
soon as the f i r s t m a s s - l o s i n g s t a r s d i e : t h i s may a l s o 
e x p l a i n why t h e r e are more SNOBs than WR-dominated a s s o c i a 
t i o n s . 
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Another interesting case is the Gould Belt (Stothers and Frogel 
1974) , an expanding ring of gas clouds and young s tars , lying 

*v 150-500 kpc around the sun and t h o u g h t t o be about 
30 m i l l i o n y e a r s o l d ( s e e Olano 1 9 8 2 ) . I t probab ly 
o r i g i n a t e d i n a huge b u r s t o f s t a r f o r m a t i o n , f o l l o w e d 
by o t h e r , s m a l l e r e v e n t s . I t s e s t i m a t e d age i n d i c a t e s 
t h a t , as a w h o l e , t h i s part of the s o l a r n e i g h b o r h o o d has 
been i n the SN-dominated phase f o r t h e l a s t s e v e r a l m i l l i o n 
y e a r s ( • ) . 

(*) À very d i f f e r e n t s c e n a r i o f o r the o r i g i n of the Gould 
B e l t has been p r e s e n t e d by S t r a u s s , Foeppe l and V i e z r a 
( 1 9 7 9 ) . These a u t h o r s c o n s i d e r t h a t the B e l t i s a s e l f -
g r a v i t a t i n g s y s t e m , Dorn as a r e s u l t o f the c o l l a p s e of 
a m a s s i v e clump o f gas ('v 10 M f l ) , about 50 m i l l i o n 
y e a r s a g o . The gas would have been a lmost e n t i r e l y 
turned i n t o s t a r s , and thé e x p a n s i o n o f t h e Gould 
B e l t in the g a l a c t i c p lane would s i m p l y be t h e dynami
c a l consequence of the v e r t i c a l c o l l a p s e o f the clump 
on the p l a n e . In t h i s mode l , the e n e r g y r e l e a s e d by 
s t e l l a r winds in the s o l a r n e i g h b o r h o o d must have been 
c o n s i d e r a b l e ( s e e , e . g . , Cassé and Paul 1 9 8 0 ) . However , 
i f the IMF of Lequeux (1979) h o l d s , the model a l s o 
p r e d i c t s a d e n s i t y o f 1 to 5 M_ s t a r s - no h i g h e r - m a s s 
s t a r i s s t i l l a l i v e a f t e r 5 « 10 y r s - about 150 
t i m e s h i g h e r than o b s e r v e d . Models o f the Gould B e l t 
such as r e c e n t l y proposed by Olano ( 1 9 8 2 ) , i n which 
the e x p a n s i o n i s dr iven by s t e l l a r winds and SN e x p l o 
s i o n s , are much more s a t i s f a c t o r y i n t h i s r e s p e c t . 

B. STELLAR WINDS, y-RAYS,AND ÇQSMIC RAYS 

The power r e q u i r e d t o m a i n t a i n the o b s e r v e d cosmic 
51 - 2 

ray pool in the s o l a r n e i g h b o r h o o d i s 'v 2 . 3 * 10 e r g . k p c 
(10 y r ) " , ( e . g . , Blandford and O s t r i k e r 1 9 8 0 ) . I f s u p e r -
novae are the f a c t o r i e s of g a l a c t i c cosmic r a y s , the e f f i 
c i e n c y of c o n v e r s i o n of mechan ica l energy i n t o c o s m i c - r a y 
energy must be : 
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n - 10 Z if M « 8 M„, n = 2.5 Z if M - 4 Mrt. s p © s p 0 

Local stellar winds can fulfill the energy requirement 
only if n = 1. On this basis, local supernovae are still 
the prime candidates for the acceleration of local galactic 
cosmic rays. It is interesting to note that, if n = n , 

w s 
stellar winds contribute a fraction f - 1/5 to 1/20 

w 
of the p a r t i c l e s ( s e e b e l o w ) . In the framework o f the 
s e l f - c o n s i s t e n t model of the y - r a y s o u r c e 2CG288-0 a s s o 
c i a t e d w i t h t h e Carina N e b u l a , Montmerle and Cesarsky 
(1981) have found t h a t the e f f i c i e n c y n r e q u i r e d i s i n d e e d 
of a few p e r c e n t . 

More g e n e r a l l y , c o n s i d e r i n g the e v o l u t i o n of OB 
a s s o c i a t i o n s as a f u n c t i o n of t ime l e a d s t o o t h e r c o n s e 
quences as r e g a r d s y - r a y s o u r c e s and p e c u l i a r i t i e s in t h e 
cosmic r a y s . 

In a d d i t i o n t o the Carina N e l u l a , s e v e r a l o t h e r 
g a l a c t i c r e g i o n s are known t o c o n t a i n WR a n d / o r Of s t a r s , 
most n o t a b l y the Cygnus r e g i o n , which i n c l u d e s two a s s o c i a 
t i o n s ( Cyg OB 1 and OB 2 ) , a p p a r e n t l y C a r i n a - l i k e , i n the 
WR-wind dominated phase ( F i g . 1 ) . The r e g i o n s e x p e c t e d to 
have the most powerfu l winds are known t o be a s s o c i a t e d 

wi th y - r a y e m i s s i o n : the y - r a y f l u x of 2CG288-0 measured 
—6 —2 — 1 

by COS-3 i s 1.6 x 10 photons (> 100 MeV).cm , s 
(Swanenburg e t a l . 198I) whereas the Carina Nebula l i e s 
at ^ 2 . 5 kpc from the Sun. The Cygnus complex, ^ 1.8 kpc 
a w a y , i s a l s o a s t r o n g y - r a y e m i t t e r , but w i t h a s t r u c t u r e 
more complex than a s imple s o u r c e . 

Us ing the c a t a l o g u e of Humphreys ( 1 9 7 8 ) , and assuming 
t h a t the a c c e l e r a t i o n and conf inement p r o p e r t i e s are as i n 
the c a s e of t h e Carina N e b u l a , i t i s p o s s i b l e to p r e d i c t 
which o f the known a s s o c i a t i o n s shou ld be v i s i b l e in y -
r a y s . The r e s u l t i s that o n l y some of the associations featuring WR 
s t a r s l i e above the v i s i b i l i t y t h r e s h o l d of COS-B 

—6 —2 — 1 
( 1 . 0 * 10 ph.cm . s for a s o u r c e ) : Cyg OB 2 , which i s 
part o f a b r i g h t y - r a y complex , Sco OB 1 , ^ 2 kpc away, 
u n f o r t u n a t e l y near the g a l a c t i c c e n t e r d i r e c t i o n , hence 
bur ied in a s t r o n g g a l a c t i c y - r a y background, and the Carina 
*n ,-.„ *; n + i „n c . ç î y o t h e r a s s o c i a t i o n s f e a t u r i n g WR a n d / o r of 
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s t a r s , a re e i t h e r not powerful enough or too d i s t a n t t o 
be v i s i b l e (Cassé , Montmerle and Paul 1981). 

What about O r i o n - l i k e a s s o c i a t i o n s in the wind-
dominated phase ? I f , again, e f f i c i e n c i e s of a c c e l e r a t i o n 
and confinement a re t he same than in the Car ina Nebula , 
we would c l e a r l y expect them to be below the v i s i b i l i t y 
t h r e s h o l d of COS-B , i f a t a t y p i c a l COS-B source d i s 
t a n c e , *v> 2 k p c . This i s a l s o confirmed by Cassé » Montmerle 
and Paul (1980) . 

But Orion i t s e l f shou ld emit a f lux of 
-5 - 2 - 1 

* 10 ph . cm . s , whereas no -y-ray source is found in this 
r e g i o n . We a t t r i b u t e t h i s lack of observed Y~*ay emiss ion 
to a much lower confinement e f f i c i e n c y , c o n s i d e r i n g t h a t 
M42 i s a much s m a l l e r H I I reg ion than the Car ina Nebula 
(Cesarsky and Montmerle 1982) . 

In the supernova-dominated p h a s e , O r i o n - l i k e 
a s s o c i a t i o n s r e l e a s e much more e n e r g y , and thus a re in a 
much b e t t e r p o s i t i o n to power a Y-ray s o u r c e ; hence t he 
p o s s i b l e i d e n t i f i c a t i o n of SNOBs wi th a s i g n i f i c a n t f r a c 
t i o n of the Y-ray sources (Montmerle 1979) . 

I n s h o r t , OB a s s o c i a t i o n s may be " t y p i c a l " COS-B 
sources only i f they are powered by WR winds or s u p e r n o -
vae. (This i s not i n c o n s i s t e n t wi th the a s s e r t i o n of 
Wolf s n d a l e [l 982], t h a t most molecu la r c louds - h e n c e , OB 
a s s o c i a t i o n s - a re " i n e r t " YTay e m i t t e r s , i . e . , domina
ted by ambient g a l a c t i c cosmic r ays , ) 

I f t r ue , the very f a c t t h a t an a s s o c i a t i o n i s a 
Y-ray source i n d i c a t e s t h a t t he cosmic rays must have t r a 
versed a grammage X not smal l wi th r e s p e c t to the p ro ton 

-2 i n t e r a c t i o n l e n g t h , *\» 70 g.cm . This i s most e a s i l y done 
while a s s o c i a t i o n s are s t i l l young and embedded in a 
dense gaseous medium. In the case of the Car ina Nebula , 
t a k i n g confinement by ion i zed reg ions i n t o a c c o u n t , we 

-2 f ind X ~ 40 g.cm (Montmerle and Cesarsky 1981) . Most 
n u c l e i w i l l then be broken up by s p a l l a t i o n r e a c t i o n s , 
whi le a n t i p r o t o n s ( in a d d i t i o n to y~v&y%) w i l l be 



copiously produced as secondaries resulting from inelastic 
collisions of protons with the cloud particles. This type 
of "dense source" may explain the hign p/p ratio observed 
at a few GeV by Golden et al. (1979), and Bogomolov et al. 
(1979), but not the p~ flux detected around 300 MeV by 
Buffington et al. (1981), see Cesarsky (1982). 
The number of such p sources required is consistent with 
the number of Y~ r ay sources and peaks of y-ray emission in 
the galactic plane observed by COS—B (Cesarsky and Montmerle 
1981 ; Cowsik and Gaisser 1981). Given the values of 
f * 1/5 to 1/20 found above, it may well be that a sizeable w 
fraction of the(y-ray + p)sources are related to stellar 
winds embedded in dense, ionized regions. 

Still, mass-losing stars are not found exclusively 
in associations, or in large cloud complexes : for instance, 
we have seen that many WR stars or runaway 0 stars do 
not belong to associations. In this context, it is interes
ting to note that Cassé and Paul (1982) have proposed 

22 that, to account for the observed overabundance of Ne 
in cosmic rays, about 1/60 of the galactic cosmic ray flux 
should originate in WR stars and traverse no more than the 

-2 usual *v 7 g. cm 

C. GAMMA RAYS ASSOCIATED WITH LOW-MASS STARS ? 

Compared with the energy output of winds from 
massive stars and SN, the mechanical energies associated 

32 -1 with T Tau stars seem minute , about 3 » 10 erg.s 
at most per star. 

However, molecular clouds contain a large number 
of these stars (T Tau or related pre-main-sequence 
objects), lying often within the boundaries of the cloud. 
A powerful tool to detect them is through their highly 
variable X-ray emission ; about 60 such stars were found 
in a recent Einstein survey of the p Oph cloud (Montmerle 
et al. 1982), associated with the y-ray source 2CG353+16, 



i.e., more than twice the previously known number of such 
objects. The total mechanical energy released P is 

6 7 w , t o t 
therefore on the order of 

P w , t o t * 2 X 1 ( ) 3 4 «S-" 1 

Assume further that the rate of conversion of gas into 
stars is -v 10 Z (which is reasonable for p Oph if the PMS 
stars have ^ 3 M_ on average, with a cloud mass of 
t 2000 M-, see discussion in Montmerle et al. 1982). 

5 For clouds having M ̂  10 M , we get about 3000 stars, 
35 -1 i.e., a total power t» 5 * 10 erg.s . This remains 

small with respect to the contribution of massive 
stars. 

Now, if we assume that the confinement properties 
of the Carina Nebula and of the p 0t>h cloud are identical, % 
scaling for the wind powers, "p Oph -like" clouds should 

—6 —2 —1 not be visible at the level of 10 ph.cm .s further 
away than 32 pc. This indicates that either the confine
ment is even more efficient, or that an energy source other 
than the PMS star winds is present. For the specific 
case of p Oph, there may be up to 9 massive B2 stars 
present (see discussion in Montmerle et al. 1982), 

35 -1 
boosting the wind power to 4 * 10 erg.s , The "visi
bility range" then becomes * 140 pc, in satisfactory 
agreement with the distance of the cloud. 

An alternative proposal has been made by Morfill et al. (1980), in 
terms of a chance collision between the p Oph cloud 
and a fraction of an old supernova remnant believed 
to be associated with the North Polar Spu-, and,visible 
in soft X-rays. If true, the source 2CG353+16 would then 
fall into the SNOB class, even though the original 
supernova is not genetically linked with the cloud. 
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I V . MAKING A GAMMA-RAY SOURCE OUT OF STELLAR WINDS 

A. A HANDY MECHANISM : DIFFUSIVE SHOCK ACCELERATION 

During the p a s t y e a r s , t h e t h e o r y of p a r t i c l e a c c e 
l e r a t i o n by shock waves in a d i f f u s i v e medium has d e v e l o p e d 
r a p i d l y ( s e e r e c e n t rev iews by Axford 1 9 8 1 , Drury 1 9 8 2 ) . 
This mechanisme r e l i e s on t h e f a c t t h a t f a s t p a r t i c l e s 
of v e l o c i t y v i n c r e a s e t h e i r momentum by a re lat ive amount 
**• w/v every t ime t h e y c r o s s a shock of v e l o c i t y w. I f 
p a r t i c l e s are s c a t t e r e d e f f i c i e n t l y on both s i d e s o f t h e 
shock , they remain trapped f o r some t ime i n the shock 
v i c i n i t y , and, on a v e r a g e , c r o s s t h e shock v/w t i m e s . 
But a few p a r t i c l e s remain around f o r a l o n g e r t i m e , 
as i n any F e r m i - t y p e mechanism, so t h a t a p o w e r - l a w 
spectrum of c o s m i c rays d e v e l o p s . The most a t t r a c t i v e 
f e a t u r e of such a mechanism i s t h a t , i n the c a s e o f a 
p l a n e shock , and i n the t i m e - i n d e p e n d e n t l i m i t , t h e 
s p e c t r a l index depends only on the compres s ion r a t i o o f 
the shock , p ( d o w n s t r e a m ) / p ( u p s t r e a m ) (Boba l sky 1977 a , b , 
1978a,b), as long as t h e angle tp between the m a g n e t i c 
f i e l d d i r e c t i o n and the shock normal i s no t t o o c l o s e 
to 90° ( s e c tp << v / w ) . In t h e c o n t e x t o f g a l a c t i c c o s m i c -
ray a c c e l e r a t i o n , i t has been a p p l i e d t o supernova s h o c k s , 
and to s t e l l a r wind t e r m i n a l s h o c k s , which s e p a r a t e 
the wind from the e x t e r n a l medium. S t e l l a r wind t e r m i n a l 
shocks are l i k e i n v e r t e d supernova s h o c k s , the shocked 

gas l y i n g o u t s i d e o f the shock (Weaver e t a l . 1 9 7 7 ) . 
» 

Depending on the va l ue o f the d i f f u s i o n c o e f f i c i e n t 
K in the v i c i n i t y o f the shock , d i f f e r e n t r e s u l t s are o b 
t a i n e d . I f K(R) > wR (when R i s the shock r a d i u s ) , t h e a d i a -
b a t i c l o s s e s s u f f e r e d by the p a r t i c l e s w h i l e they are 
d i f f u s i n g in the s t e l l a r wind ( i n the absence of l o c a l 
a c c e l e r a t i o n , s e e nex t s e c t i o n ) , h i n d e r s e r i o u s l y the 
e f f i c i e n c y of the a c c e l e r a t i o n mechanism. In t h a t c a s e , 
even in the t i m e - i n d e p e n d e n t , l i n e a r l i m i t ( i . e . , 
n e g l e c t i n g the b a c k - r e a c t i o n of cosmic rays on the s h o c k ) , 
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the pi.blem is extremely cumbersome. Webb, Axford and Forman (1981) 
were able to solve the problem analytically when the 
diffusion coefficient K is assumed to be independent 
of momentum, and proportional to the distance to the 
star, while Drury (1982) gives a solution valid when 
K/(wR) is small, but not negligible. For a given rate 
of particle injection, the maximum yield in cosmic rays 
is obtained when K/(wR) is very small, in which case 
the shock can be considered as planar, allowing to re
cover the simple power-law spectrum predicted by the 
elementary theory. 

The limit K << wR, which is thus the most favou
rable for stellar wind acceleration of cosmic rays, has 
been adopted in recent discussions of this problem by 
Montmerle and Cesarsky (1981), Vôlk and Forman (1981) and 
Cesarsky and Montmerle (1982). In the remainder of this 
paper, we will discuss the most controversial issues 
regarding this type of model. 

B. CURRENT OBJECTIONS TO THE PLAUSIBILITY OF STELLAR WIND 
ACCELERATION, AND POSSIBLE WAYS OUT 

The initial framework for SW acceleration (Cassé 
and Paul 1980) involved the possibility of injecting 
MeV particles by s tel lar- flare-like events, to fulfill 
a possible requirement of pre-existing non thermal 
particles injected into the diffusive shock mechanism. 

Two major objections were put forward against this 
approach : 

1) Adiabatic losses suffered by flare particles, 
during their transport out to the border of the wind ca
vity, typically a few million times the stellar radius, 
must be enormous, thus bringing efficiently the initially 
non -thermal particles back into the thermal pool 
(Vôlk 1981, Volk and Forman 1982). 
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2) The magnetic f i e l d l i n e s , anchored to a mass-
lo s ing s t a r , are in the form of Archemadean s p i r a l s i f 
the s t a r i s r o t a t i n g (Parker 1958). As a r e s u l t , far 
from the s t a r , the magnetic f i e l d i s azimuthal , and d i f 
fus ive shock acce lera t ion does not work any more. 

P o s s i b l e ways out of these d i f f i c u l t i e s e x i s t . 
Montmerle and Cesarsky (1981) point out that s t e l l a r 
f lares p a r t i c l e s can be r e - a c c e l e r a t e d by encounters 
with shocks whi le they traverse the s t e l l a r wind cav i ty ; 
indeed, recent observat ions have shown that i n t e r p l a n e 
tary a c c e l e r a t i o n does occur in the s o l a r wind, and, appa
rent ly the farther from the S»n f the more e f f i c i e n t l y 
(McDonald 1981). Volk and Forman (1982) cons ider , f o l l o 
wing Eichler (1979), Krymsky (1980) and Ellison, Jones and Eichler (1981), 

that the p a r t i c l e s p a r t i c i p a t i n g in the a c c e l e r a t i o n 
process are ions picked out of the t a i l of the thermal 
plasma, ins tead of being i n j e c t e d at t» MeV energ ies 
s e p a r a t e l y . Rather than e laborat ing a s e l f - c o n s i s t e n t 
scheme of shock-regulated i n j e c t i o n , they assume, in 
analogy with the Earth's bow shock, that i 1 Z of the s t e l 
lar wind ions are i n j e c t e d into the p r o c e s s . They argue 
that the a c c e l e r a t i o n can only be i n t e r m i t t e n t , occuring 
along small parts of the shock where the magnetic f i e l d 
l i n e s are at a f i n i t e angle to the shock, for a time on 
the order of a s t e l l a r rotat ion period at most, *»» 10 -10 s e c . 
In such short t imes , the ions can reach only a few MeV. 
As a r e s u l t , according to these authors , s t e l l a r winds 
could at best be as soc ia ted with sources of nuclear 
y - r a y s , but not of y-rays in the COS-B range, which requ i 
re protons above <v 1 GeV. 

In f a c t , the objec t ions above, and the arguments 
of Volk and Forman (1982) , res t almost e n t i r e l y on the 
assumption that the so lar wind i s " typ ica l" of s t e l l a r 
winds, and that some parameters, l i k e the d i f f u s i o n mean 
free path , have values s imi lar to those measured in the 
in terp lanetary space at ^ 1 A.U, 
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However, the winds from the kind of s tars which are of 
i n t e r e s t here , i . e . mainly massive 0 and WR s t a r s , and T 
Tauri s t a r s , are very different from the s o l a r wind. The 
bas ic reason for t h i s d i f f e r e n t behavior , i s that t h e i r mass-

—8 -1 —5 —1 
l o s s ra tes (10 MAyr to 10 M yr ) are enormously higher 
than the Sun's (10 M<gyr ' ) » which, in turn , impl ies widely 
different driving mechanisms. 

For massive 0 stars, the mass-loss is probably 
39 ~1 driven by the enormous radiation output (L. 1 = 10 erg.s ) , 

as discussed recently by Lucy (1982a), although extreme 
cases (like some WR stars) remain to be fully explained. 
On the other hand, it has been known for some time that 
such a mechanism leads to Rayleigh-Taylor-type instabi
lities* in the flow (Nelson and Hearn 1978) ; the basic 
physical ideas are as follows. The momentum is imparted 
to the gas by interactions with the stellar radiation at 
frequencies corresponding to the resonance lines of the 
ions, mainly in the UV range. If a part of the gas 
("blob") has a slightly higher density than its surroun
dings, the resonant radiation is more efficiently trapped 
there, thus increasing the net radiative force ; at the 
same time, the regions just in front of the blob are 
partially shielded. As a result, the blob becomes accele
rated with respect to the surrounding gas, until the com
bined "shadows" of similar blobs closer to the star atte
nuate the radiative force on the blob considered. 

Calculations (Lucy 1982b) show that the velocities 
reached by the blobs are largely supersonic, reaching a few 
hundreds of km.s with respect to the expanding flow. 
Assuming, for simplicity, that all blobs are equidistant, 
a few teas of such blobs may coexist along a given radius 
of an 0 star wind cavity. This view, although rather crude 
at present, is consistent with the observations : the blobs 
are made of gas at 'v a few 10 K, emitting the UV lines 
which display strong P Cygni profiles, and the surrounding 
expanding gas is heated at X-ray temperatures by 
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the supersonic blob motions, resulting in a two-phase 
fluid, as observed. As for WR stars, simple radiative 
transfer in a monotonie wind cannot explain the highest 
mass losses observed, but including backscattering of 
the stellar UV photons on the blobs appears a promising 
way to solve this problem (see discussion in Lucy 1982b). 

This framework enhances the possibility of shock 
acceleration within the expanding flow. The acceleration 
of particles by a collection of randomly oriented shocks 
has been studied by Bykov and Toptyghin (1982). They consi
der in particular the specific problem of particle acce
leration in an expanding wind, and show that, for the 
case of interest here, the ratio of the adiabatic loss 
time to the acceleration time is B - wL/(vA), when L is 
the mean distance between the shocks, v the velocity of 
the particles and A their diffusion mean free path. 
(It is worth noting that the shocks must not be too 
highly packed, otherwise the time spent by the particles 
in the vicinity of a given shock is too short to lead 
to an appreciable gain in energy.) 

Typical values of the parameters for 0 stars 
are : w - 2500 km.s , L » 1/20 R where R is the radius of a wind 

w w 
c a v i t y , i . e . L = 0 . 1 pc ( s e e Lucy 1 9 8 2 b ) . We are i n t e r e s 
t e d in the f a t e of ^ MeV p a r t i c l e s , f o r which 

4 -1 
v = 1.5 x 10 km.s . The v a l u e of the m a g n e t i c f i e l d 
s t r e n g t h B in the c a v i t y i s d i f f i c u l t t o g u e s s . In a 
P a r k e r - t y p e wind , B ^ 3 x 10 G a t the t e r m i n a l s h o c k , 
p r o v i d e d i t s v a l u e at the s t e l l a r s u r f a c e i s <v» 100 C. 
Such a v a l u e o f the s u r f a c e f i e l d may be i m p l i e d by the 
r e c e n t o b s e r v a t i o n s of s o f t X-ray e m i s s i o n from 0 s t a r s , 
i f i n t e r p r e t e d in the framework of the " c o n f i n e d corona 
model" (Vaiana 1 9 8 1 ) . In t h e d i s o r d e r e d wind c o n s i d e r e d 
h e r e , we can e x p e c t some t u r b u l e n t dynamo e f f e c t , hence 
expec t B to *>e somewhat s t r o n g e r , perhaps on the order of 
10 G. We take the p a r t i c l e d i f f u s i o n mean f r e e path as 
A * r / a , when r i s the g y r o r a d i u s , and a < 1 i s a parame-
t e r w h i c h , in the framework of the q u a s i l i n e a r t h e o r y , i s 
roughly equal t o the r a t i o of the energy d e n s i t y in waves 
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resonating with the cosmic rays to the energy density of 
the magnetic field. Therefore : 

A(cm) = (1.5 x 10 1 0/a) (1(T5 G/B) 

0 = 4 x 10 6 a x (B/10 - 5 G) 

In the stormy medium we are c o n s i d e r i n g , i t seems r e a s o n a 
b l e t o e x p e c t a >> 10 , hence 8 >> 1 : p a r t i c l e s a c c e l e 
r a t e d by f l a r e s a t the s u r f a c e o f the s t a r may very w e l l 
g e t a b o o s t in e n e r g y w h i l e c o a s t i n g out t o t h e t e r m i n a l 
s h o c k , i n o t h e r w o r d s , be continuously a c c e l e r a t e d a l o n g 
t h e f l o w . Then, t h e s e p a r t i c l e s s t i l l have a p p r e c i a b l e 
e n e r g i e s when t h e y reach the s h o c k . 

Given the e f fec t s of di f ferent ial rotat ion, we can expect 
that the magnetic f i e l d , even i f part ia l ly regenerated by a turbulent dynamo 
in the w i n d , t e n d s t o be a l i g n e d p a r a l l e l t o t h e s h o c k . 
However, in v iew of the f a c t t h a t the blobs have r a d i a l 
s u r p e r s o n i c v e l o c i t i e s w i t h r e s p e c t . t o the mean f l o w , 
t h e f i e l d must have a l s o a s i g n i f i c a n t component p e r p e n d i 
c u l a r to the s h o c k , so t h a t the a n g l e cp i s c l o s e , but n o t 
q u i t e equa l , to 9 0 ° . A c c e l e r a t i o n can then o c c u r o n l y f o r 
p a r t i c l e s which can overcome the i n j e c t i o n t h e s h o l d 
v > w s e c «p, i . e . , main ly p a r t i c l e s from s t e l l a r f l a r e s 
( a s opposed to the wind p a r t i c l e s t h e m s e l v e s ) . The number 
of such p a r t i c l e s a v a i l a b l e i s probably no t h igh enough 
t o a f f e c t t h e shock s t r u c t u r e so that the linear theory of shock 
a c c e l e r a t i o n i s v a l i d . 

P r o v i d e d t h e a c c e l e r a t i o n i s no t i n t e r m i t t e n t , 
the h i g h e s t e n e r g i e s that cosmic rays of charge Z can a t t a i n 
at s t e l l a r wind t e r m i n a l shocks may be as h i g h as : 

E • 4 x 1 0 6 Z ( B / 1 0 " 5 G) ( w / 2 . 5 x l o 8 c m . s " 1 ) 2 GeV 
max ' ' 

whereas for supernova shocks : 

E < 10 5 Z(B/10"6 G) GeV max 

(Cesarsky and Lagage 1981, Lagage and Cesarsky 1982). Stellar 
winds are better than supernovae to reach very high energies 
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for two r e a s o n s : s t e l l a r wind s h o c k s are bounded on both 
s i d e s by a h i g h l y t u r b u l e n t a e d i u a (and t h e r e f o r e s h o r t 
a c c e l e r a t i o n t i a e s are e x p e c t e d ) , and the shock v e l o c i t y 
r e a a i n s h i g h s i g n i f i c a n t l y l o n g e r than f o r supernova s h o c k s . 

D. WIMPS FROM T TAP STARS 

As coapared w i t h 0 s t a r s , the wind d r i v i n g a e c h a -
n i s a s f r r T Tau s t a r s s e e a t o b e aach l e s s w e l l u n d e r 
s t o o d . Of c o u r s e , r a d i a t i o n i s by f a r i n s u f f i c i e n t , in 
energy and in wavelength. What i s s u r e , however , i s t h a t 
the winds f r o a T Tau s t a r s are very d i f f e r e n t f r o a the 
a c o u s t i c w a v e - d r i v e n s o l a r w i n d . In p a r t i c u l a r , i f i t 
were no t s o , t h e X-ray l u a i n o s i t y t h a t one would e x p e c t 
f roa T Tau s t a r s s h o u l d be s e v e r a l o r d e r s o f a a g n i t u d e 
h i g h e r than o b s e r v e d (De Caap l i 1981 ; M o n t a e r l e e t a l , 
1 9 8 2 ) . 

* 
A c l a s s o f c u r r e n t a o d e l s i s b a s e d on Al fvén w a v e s , 

assumed t o o r i g i n a t e i n the "shak ing" of t h e s u r f a c e ma
g n e t i c f i e l d by t h e c o n v e c t i v e zone which e x i s t s j u s t 

be low. The m a t t e r i s d r i v e n by h y d r o m a g n e t i c p r e s s u r e , 
—8 —1 

and mass l o s s e s up t o *v 10 MAyr may be e x p l a i n e d i n 
t h i s way. (De Campli [ 1 9 8 1 ] e s t i m a t e s t h a t h i g h e r m a s s - l o s s 
r a t e s cannot be e x p l a i n e d and t h a t the o b s e r v a t i o n a l u n 
c e r t a i n t i e s are compatible w i t h the c o n c l u s i o n t h a t they do 
not e x i s t . ) As s u c h , t h i s mechanism does n o t g e n e r a t e 
s h o c k s , and t h e r e f o r e does no t appear t o be a b l e t o l e a d 
t o p a r t i c l e a c c e l e r a t i o n w i t h i n the w i n d , a s i n the c a s e 
of mass ive s t a r s . But the s t a b i l i t y o f such a f low has 
not been s t u d i e d , and i t i s known o b s e r v a t i o n n a l l y t h a t , 
at l e a s t in some c a s e s (YY Ori s t a r s ) , t h e r e i s e v i d e n c e 
for a c o m p e t i t i o n between mass o u t f l o w and a c c r e t i o n ( s e e 
A p p e n z e l l e r 1 9 8 2 ) , l e a d i n g t o R a y l e i g h - T a y l o r i n s t a b i l i t i e s 
at the i n t e r f a c e between the wind and the s u r r o u n d i n g dense 
medium. Cases of n o n - s p h e r i c a l mass l o s s are also known in 
Herbig-Haro o b j e c t s , r e l a t e d t o T Tau s t a r s ( s e e Hundt 
and Hartmann 1 9 8 2 ) . 
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A good deal more work seems necessary at present 
to fully understand T Tau star winds, and therefore the 
situation as to the adiabatic losses of particles injected 
by the giant flares known to be present (Montmerle et 
al. 1982), or as to the magnetic field configuration, must 
still be considered as open. 
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V, CONCLUSIONS 

Stellar winds can play a significant role in various 
areas of galactic astrophysics. This role is in general short
lived, since massive 0 stars (> 20 M_) live only a feu million 

5 years, WR stars a few 10 years, and T Tau stars also a few 
10 years. Stellar winds probably dominate the energetics of 
the earliest stages of evolution of OB associations,-giving 
rise to Y-ray sources observed by COS-B only if WR stars 
are present. They are also perhaps an original clue to some 
intriguing problems in galactic cosmic ray astrophysics, such 

22 — 
as the origin of the Ne excess, the high p/p ratio, or the 
origin of some very high energy cosmic rays. 

% On the other hand, time is working for supernovae. 
Indeed, since all stars with masses above 4 or 8 H. end up as 
supernovae, they largely outnumber the stars able to have strong 
stellar winds. In the long run, then, the victory of super-
novae over stellar winds seems unavoidable... The situation, for 
various galactic environments, is summed up in Table 1. 

Of course, the possible relatively small, albeit physi
cally meaningful, role of stellar winds relies entirely on their 
assumed ability to accelerate particles to relativistic energies. 
On theoretical grounds, this has not been clearly demonstrated 
yet. But the prospects of such a demonstration look undoubtedly 
promising for 0 and WR stars. The situation, unfortunately, is ' 
much less clear tor low-mass pre-main sequence stars, for which 
the very phenomenon of mass loss is still poorly understood. 

Can we expect some advances on the observational side ? 
Obviously, one of the best ways is to look at OB associations 
in Y-rays, but a great leap forward is required from the expe
riments, both in angular resolution and sensitivity. The angular 
resolution must first help in assessing the identification of OB 
associations with a class of Y ~ray sources, and must be such that it 
becomes possible to separate out possible Y-ray "hot spots" 
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linked with OB associations in a molecular complex. For Orion 
as well as for Carina , at least a few arc minutes must be 
reached, a factor of 10 better than COS-B. The gain required 
in sensitivity should be large enough to allow observations of 
as many associations as possible in detail, in particular to 
check the links between confinement efficiency and extent of 

« 
the ionized regions. A gain in sensitivity of a factor of 10 
would allow to observe Orion-like associations out to *v 1.5 kpc, 
while an improved angular resolution would help in increasing 
the contrast with a possible galactic diffuse Y-ray emission on 
the same line of sight. 

Even then, it should be stressed that the observational 
answer to the problem of CR acceleration by stellar winds may 
not be clearcut f as it is very difficult to be sure that, in 
an association or in a molecular cloud, no SN lies hidden 
somewhere. For instance, at face value, the diffuse X-ray flux 
from the Carina Nebula region could be explained in terms of a 
SNR a few 10 y « old (Seward and Chlebowski 1982) ; we have seen that 
a SNR, associated with the North Fol'ar Spur, may be at work to 
explain the Y-ray source in the direction of the p Oph dark 
cloud . 

Perhaps another distinct possibility is to look for 
non-thermal radio emission from T Tau stars. One should 
however choose T Tau stars with weak mass loss, otherwise the 
free-free emission associated with the stellar wind (e.g., 
Berthout and Thum 1982) might bury the possible non-thermal 
emission. But only (comparatively) strong fluxes, on the 
order of a few mJy f could be detected with the best instrument 
to date, namely the Very Large Array. 

It thus seems that, for some time, we will have to rely 
mostly on theory to decide whether or not stellar winds are able 
to accelerate particles. "The answer, my friend, is blowing in 
the wind", but we do not know yet how to listen to it... 

Ackowledgment. We thank Michel Cassé for useful 
discussions. 



TABLE 1 
CONTRIBUTION OF STELLAR WINDS AND SUPERNOVAE 
TO COSMIC RAYS AND GAMMA RAYS IN THE GALAXY 

Scale Medium 
(distance) 

Stellar winds 
important for : 

Supernovae 
important for : Remarks 

Very small 
(£l PC) 

Small 
(M 0-100 pc) 

Medium 
(<l-2 kpc) 

Large 

Dark clouds 
(<200 pc) 

Molecular 
clouds 
(<3 kpc) 

Solar neighborhood 
(<2.5 kpc) 

Gould Belt (<500pc) 

Galaxy 

T associationst 

if CR confinement 
strong enough ; 
Y-ray sources ? 

OB associations, 
if WR present 

(Carina, Cygnu3): 
t Y-ray sources • 

i very high-energy CR ? 

22 Ne excess in CR 
from isolated WR ; 

diffuse y-ray features 

dominant contribution 
to GCR from WR 

in the inner galaxy ? 
part' of diffuse y-ray emission 

if chance 
collision with 
field SNRs : 
Y-ray sources 

OB associations, 
if SN present 

(SNOBs) : 
I Y-ray sources 1 P 

Looal CR s 
diffuse y-ray 

features 

probable major 
contribution 

to GCR ; 
part of diffuse y-ray emission 

P Oph cloud 
only known 

possible example 

Average OB 
associations 

("Orion-like") 
invisible as 
Y-ray sources 

P 8/? w - 5 or 20 
(depending on 
SN progenitors) 

gives SN acceleration 
efficiency : 

n - 2.5 to 10 % 
8 

o 
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FIGURE CAPTIONS 

Fig » 1 : The energetics of a "Carina-like" OB association as 
a function of time. Such associations are characte
rized by a high mass cut-off in the IMF (slope 
a « -2.0, after Lequeux 1979) at H a, « 120 M . 
Uolf-Rayet stars (UR) are here supposed to be a late 
evolutionary stage of all stars more massive than 
23 M 0, immediately preceding their explosion in the 
form of type II supernovae. The minimum mass for a 
star to have a strong stellar wind is taken as 20 Mfl. 

% (The average power is normalized so that the associa
tion comprises about 40 stars between 15 M_ and 
120 M-, and matches the actual mechanical power 
released by the OB and UR stars in the Carina Nebula), 

Fig. 2 : Same as Fig. 1, for "Orion-like" associations, 
characterized by M - 30 M_. 3 max 0 
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