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ABSTRACT. The goal of this paper is to provide a framework for thinking about the 
various physical processes that may play significant roles in driving the massive winds of 
cool, low-gravity stars. First, some general theoretical considerations involving mass, 
momentum, and energy balance are discussed. Next, the value of the solar wind as an 
analog for these late-type stellar winds and for related astrophysical flows is briefly 
examined. Finally, four specific mass-loss mechanisms are discussed, and the possible 
importance of each of these mechanisms for massive winds from cool, low-gravity stars is 
evaluated. 

1. INTRODUCTION 

The two principal purposes of this review are to complement the related observational 

and theoretical papers presented at this conference concerning the use of the solar wind 

as an analog for other astrophysical flows and concerning physically meaningful ways of 

approaching the general mass loss problem. It is hoped that we can develop here a 

framework for thinking about the various physical processes that may be important in 

driving massive winds from cool, low-gravity stars: a framework that is useful both to 

researchers developing theoretical models and to those interpreting observations of these 

massive stellar winds. Because an extensive review of this subject was published a little 

more than a year ago (Holzer and MacGregor 1985), the present paper has simply been 

adapted from that review, with some restructuring to make it more appropriate to this 

conference and with some extension of the material covered to address specific questions 

raised at this conference. There is no attempt made here to provide a complete reference 

list, as that is readily available to the reader upon reference to the aforementioned 

review (Holzer and MacGregor 1985) and to other recent reviews (e.g., Cassinelli and 

MacGregor 1986; Goldberg 1984). The interested reader can find more detailed discus-

sion of each of the four mass-loss mechanisms considered here in the review of Holzer 

and MacGregor (1985) and in papers referenced therein. 
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2. GENERAL THEORETICAL CONSIDERATIONS 

Let us consider the steady, radial, spherically symmetric expansion of a stellar atmo-

sphere. Although non-steady flow phenomena and substantial departures from spherical 

symmetry can be expected to occur in all stellar winds, a study of steady, spherically 

symmetric expansion provides us with a basis for understanding the more complex flow 

systems in real stellar atmospheres. The equations describing mass, momentum, and 

energy balance in our simple flow system can be written 

- Μ + = Απ pur2 — constant , (1) 

du _ I dp GM^ 

dr ρ dr 
+ " . (2) 

where ρ, u , ρ , and q are the mass density, flow speed, thermal pressure, and heat flux 

density, η is the ratio of specific heats, pD and Q are the net volume rates at which 

momentum and heat are added to the flow, and G , M*, and — M \ are the gravitation 

constant, stellar mass, and stellar mass loss rate. Depending on the physical processes 

giving rise to momentum addition (D^O) and heat addition ( Q ^ O ) , we may also need 

Maxwell's equations, a radiative transfer equation, and other auxiliary equations to close 

our system of equations. 

It will prove useful at times to write the energy balance description in the form 

[derived from eqns. (2) and (3)] 

1 u 2 , 7 Ρ G M * 

2 7-1 Ρ r 
+ 4π?Γ 2 = F. +FA , (4) 

where the "o" subscript refers to a reference level, r0, and 

r 

FA = f dr' [ ( - M J D +4nr2Q ] . (5) 

Evidently, F is the energy flux of the wind associated with advection of flow energy, 

enthalpy, and gravitational potential energy and with the conduction of heat. Note that 

the energy added to the wind as it expands [cf. FA in eqns. (4) and (5)] results from both 

momentum addition and heat addition. It is most important to distinguish momentum 

addition from heat addition and to avoid considering energy addition and heat addition 

to be synonymous. These distinctions can be understood through consideration of equa-

tions (2)-(5). Such a consideration reveals that momentum addition corresponds to the 

addition of flow energy to the fluid through the application of a body force, while heat 
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addition corresponds to the addition of internal energy to the fluid (and an increase in 

entropy of the fluid), generally through the dissipation of some energy flux (such as an 

energy flux associated with an electromagnetic radiation field or hydromagnetic waves). 

2.1 Energy requirements 

The energy-per-unit-mass of a stellar wind can be defined by [cf. eqn. (4)] 

* = } " 2 + Τ Γ * < 2 - { * < 2 + } * < 2 ' ( 6 ) 

where the characteristic speeds associated with internal energy (v, ), gravity (vg ), and 

thermal conduction (vq ) are denned by 

vt2 = p/p, (7) 

V = 2GMJr , (8) 

V = 8 ^ r 2 / ( - M J . ( 9 ) 

In the present context, it is most appropriate to interpret these characteristic speeds in 

terms of the energy available to the flow that resides in internal energy, gravitational 

potential energy, and a conductive energy flux. The gravitational contribution to the 

available energy is, of course, negative, because it reflects the work that must be done to 

lift the wind out of the gravitational field. 

If we consider only stellar winds that are strongly gravitation ally bound at the 

atmospheric base and whose energy flux is almost entirely in the form of directed flow 

energy at large distances from the star, then we can evaluate equation (6) at the atmos-

pheric base (r0 ) and at a suitably large distance from the star (r œ ) as follows 

E. «-|"V2 + }v 2> (10) 

Evidently, the difference between Eœ and E0 represents the energy-per-unit-mass that 

must be added to the stellar atmosphere above the atmospheric base in order to drive 

the wind. This energy requirement can be expressed in terms of the energy flux FA by 

making use of equations ( 5 ) and ( 9 ) - ( l l ) : 
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FAoo= j dr [ ( - M J D + 4 π Γ 2 ρ ] 

(12) 

~ \ ( « M + V i 7? ) - 4 7 Γ ? ο Γ ο 2 -

If we include the conductive flux as a component of the energy flux said to be driving a 

stellar wind, then we can conclude that the driving energy flux, Fdo, that must be sup-

plied at the atmospheric base (r0 ) and dissipated in the atmosphere to produce a wind 

characterized by - M * and u œ is given by 

Fd0 > FA TO + 4nq0 r, 2 « i (-M J (« £ + v

2 ) . (13) 

Note that may be larger than the nominal estimate of the driving energy flux, 

because some part of the energy flux supplied to the wind through heating can be radi-

ated away (i.e., Q is a net heating function, and the dissipation of the driving energy 

flux must account for the actual heating rate, which is given by the sum of Q and the 

radiative cooling rate). 

The information contained in equation (13) can be simply stated in words: the 

energy flux required to drive a stellar wind is that necessary to lift the mass transported 

by the wind out of the stellar gravitational field, to accelerate the wind to its asymptotic 

flow speed, and to supply the energy radiated away by the wind. Let us, for the 

moment, ignore the energy radiated by the wind, as it is generally observed to be small 

for the winds we consider (see, however, section 3 on thermally driven winds). In mas-

sive winds from early-type stars, u£ » v^, and most of the driving energy goes into 

accelerating the flow to its asymptotic speed. In solar-type winds (and some hybrid-star 

winds), u£> « Vgl1, and comparable parts of the wind's driving energy go into lifting the 

expanding atmosphere out of the stellar gravitational field and into accelerating it to its 

asymptotic speed. In the massive winds from low-gravity, late-type stars (except for 

some hybrid stars), « vQ

2

0, and almost all of the driving energy of the wind goes 

into lifting the expanding atmosphere out of the stellar gravitational field. 

It is possible to use equation (13) to estimate the energy flux density emanating from 

the atmospheric base that is required to drive a stellar wind, provided we know the 

values of the stellar mass and radius (M* and R *) and the wind mass loss rate and 

asymptotic flow speed (-M* and η^). Assuming r0 = R and expressing -M* in units 

of solar masses per year, equation (13) can be written 

The solar wind, which has a very low mass loss rate (-M© ~ 2 X 10~ 1 4 MQ y'1), is 

found to have a driving energy flux density requirement of about 10 5 erg cm - 2 s"1. (Note 

that the value of 5 Χ 10 5 erg cm - 2 s"1 normally quoted for high-speed solar wind streams 

https://doi.org/10.1017/S0074180900156591 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900156591


THEORY OF WINDS FROM COOL STARS 293 

takes account of the non-sphencally symmetric expansion of high speed streams.) For a 

typical K5 supergiant (Μ* ~ 16M© , R* ~ 400/?© ), which has a much larger mass loss 

rate (-M# « 10~7 M© y"1) than the sun, the driving energy flux density requirement is 

about 6 X 104 erg cm"2 s"1, which is comparable to the solar case. Similarly, a typical 

Mira variable (M^ « M© , R * « 4007?© ), which has an even larger mass loss rate 

( -M* « 2 χ ΙΟ"6 M© 2/" 1), has a driving energy flux density requirement of only about 

5 X 104 erg cm - 2 s"1, again comparable to the solar case. Why is it that these very mas-

sive winds have atmospheric base driving energy flux density requirements comparable to 

that of the very tenuous solar wind? First, the radii of these stars with massive winds 

are so large that the gravitational potential energy barrier (oc R + 1 ) is much smaller than 

that of the sun; second, the large stellar radii correspond to a stellar surface area 

(oc RI ) from which the driving energy flux is supplied that is much larger than the solar 

surface area. In other words, despite the fact that Μ + / Μ © « ίο7, this is more than 

made up for by the fact that {RjRe f - 6 X 107 [cf. eqn. (14)]. 

2.2. Momentum requirements 

Consideration of the wind momentum flux has been found to place important con-

straints on the mass loss mechanism of for massive winds from hot stars, and for this 

reason some workers assume that momentum flux considerations should be equally useful 

in the study of massive winds from cool stars. Yet, in the case of cool stars, the useful-

ness is severely limited. Consider, for example, a wind driven purely by radiation pres-

sure (above some level r = r0 in the atmosphere), for which momentum balance is 

described by 

J_JL [ , „ · , « + ( 1 - ^ / 4 ™ ]—< 4 * f £ - . (15) 

Here, η(τ ) measures the fraction of the asymptotic stellar radiation momentum flux 

{L/c) received by the wind during its transit from the atmospheric reference level (r0) 

to a distance r. Integrating equation (15) from the reference level (r0) to a point in the 

asymptotic flow regime (r œ) yields 

A >
 η°° L ί 1 , V £ U°° Ϊ 1

 fie\ 

c I u*> 2<u > I v J 

where <u > 1 = j dr r0/u r 2 . When the asymptotic flow speed is much larger than 

the gravitational escape speed at r0 (more specifically, when ν£ « 2 Μ 0 0 < « > ) , then 

equation (16) reduces to the more familiar form 

-Af* «oo « η ο ο L/c . (17) 

Note that can be greater than unity when there is multiple scattering of photons 

and less than unity when only a fraction of the stellar radiation field couples to the 
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wind, but it is frequently assumed that « 1. Equation (17) is applicable to many hot 

star winds, in which the flow accelerates rapidly (<u > ^ w ^ / 2 ) and the asymptotic 

flow speed is much larger than the atmospheric base gravitational escape speed (viz., 
u £ > » vgo, with ro = R * ) - Its o n l y possible applicability to cool stars, however, 

appears to exist when one sets the reference level far enough out in the atmosphere 

(r0 » i ? J that ν 2 « u£> (also, it is necessary that u 2 « u£>). Then it is required 

that some mechanism (e.g., waves) extend the atmosphere in R + < r <; r0 and that 

radiation pressure abruptly take over from the atmospheric extension mechanism, near 

r = r0 and accelerate the wind to its asymptotic flow speed. Even in this very special 

case, it is a mistake to imagine that the wind from a star for which vg\ « u is 

driven by radiation pressure (as might be inferred from eqn. (17)), for most of the driv-

ing energy is supplied by the atmospheric extension mechanism. 

The preceding discussion indicates why one should generally avoid trying to apply 

momentum flux arguments to winds from cool stars, even though the same arguments 

have proved useful in considerations of winds from hot stars. Up to this time, it appears 

that such arguments have led to more confusion than clarification of our understanding 

of cool star winds. 

2.3. Mass loss rate and asymptotic flow speed 

There are some rather simple concepts relating to the mass flux of a stellar wind that 

can help us interpret observations of mass loss rates and asymptotic flow speeds. Con-

sider first an isothermal, thermally driven wind: from equations (1) and (2), with D = 0, 

we obtain 

Integrating equation (18) from r0 to the point where u = vt [i.e., the critical point of 

eqn. (18), rc = r0 vg

2/4vt

2 (Parker 1958): cf. section 2.4) 

For stellar atmospheres that are strongly gravitationally bound at the atmospheric base 

(i.e., v 2 » 4v t

2), it is clear from equation (14) (cf. leading term in argument of 

exponential) that the mass loss rate increases exponentially with increasing atmospheric 

temperature. This strong temperature dependence of -M* results from the atmospheric 

extension produced by increasing the temperature and thus the density scale height, and 

it is evidently directly related to an equally strong temperature dependence of the radia-

tive flux emanating from a thermally driven wind (cf. section 3). 

Note that in the above discussion of mass loss rate, only the properties of the atmo-

sphere inside the critical point (where u = vt in the isothermal case) are considered. 

More generally, we can say that the mass loss rate of a stellar wind is normally primarily 

determined by the properties of the atmosphere inside the sonic point of the flow (the 

sonic point corresponds to the critical point in the isothermal case; see, however, section 

2.4), because beyond this point compressive information cannot propagate upstream in 

https://doi.org/10.1017/S0074180900156591 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900156591


THEORY OF WINDS FROM COOL STARS 295 

the wind, and thus cannot reach the atmospheric base so as to modify u0. This state-
ment is also normally applicable to winds with driving forces other than the thermal 
pressure gradient force (D 7^ O), for which equation (19) can be generalized to 

- M + oc u0 = vt f —— 1 exp 

where re is the location of the sonic point, at which the flow speed equals the sound 
speed. From equation (20) we can infer that energy addition by either heating (which 
increases vt ) or by momentum addition (corresponding to an increase in D ) is effective in 
increasing the mass loss rate (-M*) only if it occurs in the region of subsonic flow. This 
inference is also significant for the asymptotic flow speed of the wind, as we see below. 

Recall from equation (13) that the asymptotic flow speed is simply related to the 
(net) energy added to the wind and to the mass loss rate: 

ul ~ 2 (FA „ + 4πς0 r, 2 )/(-M J - ν 2 . (21) 

Obviously [cf. eqn. (12)], FAoo is increased regardless of whether energy addition to the 
subsonic or supersonic region of flow is increased, but (as seen above) -Μ* is increased 
only if energy addition to the subsonic region is increased. As it happens, energy addi-
tion to the subsonic region tends to produce such a large increase in - M * , relative to the 
increase in FAoQ) that is either unaffected or slightly decreased by subsonic energy 
addition. In general, we conclude that the addition of energy to the region of subsonic 
stellar wind flow has the effect of increasing the mass loss rate (-M*) but has relatively 
little effect on the asymptotic flow speed (uœ), while the addition of energy to the region 
of supersonic flow increases but has relatively little effect on - M + (e.g., Leer and 
Holzer 1980). For a wind in which u « vg

2, most of the driving energy of the wind 
must, therefore, be supplied in the region of subsonic flow, and it is to this region where 
we must direct most of our attention when discussing the driving mechanisms of massive 
winds from cool stars. 

2.4. Critical points 

Often (e.g., in discussions on the fourth day of this conference), much is made of the 
critical point(s) of the stellar wind equation [e.g., eqn . (18)] in discussions of the physics 
of stellar winds. Although the critical point is most important from a mathematical 
standpoint, its usefulness in gaining physical insight is limited. We have just seen that 
in an isothermal, thermally driven wind, the critical point marks the point beyond which 
compressive disturbances cannot be transported upstream (i.e., towards the star). It is 
no coincidence that the critical point plays this role in the isothermal case. It will, in 
fact, play such a role whenever information is transported along flow lines by longitudi-
nal waves in which the restoring force has the same acceleration dependence as does the 
driving force of the wind. There are, however, many circumstances in which such a con-
dition is not met. For example, if information is transported along flow lines by high 
frequency sound waves that propagate adiabatically in the background isothermal flow, 
then the sonic point in the flow (the physically relevant point in this case) is located 

f dr D - — 
J f 2 w - (20) 
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where u2 = qvt

2, but the critical point is still located at u = vt. Even when the sonic 

point corresponds to the critical point, information relevant to the acceleration of the 

wind may be transported upstream beyond this point. For example, if Alfve'n waves 

play a significant role in accelerating the wind, and if the Alfve'n speed exceeds the sound 

speed, then Alfve'n waves generated in the region of supersonic flow can transport 

relevant information upstream into the subsonic region. In a thermally driven wind, 

electron thermal conduction can modify the wind's driving force by transporting heat 

upstream in the supersonic flow (in the presence of a positive radial temperature gra-

dient), and in a radiatively driven stellar wind, the transport of electromagnetic radia-

tion (at the speed of light) may have a similar effect. 

In general, then, the critical point cannot be expected to mark the point in the flow 

beyond which information relevant to the acceleration of the wind can be transported 

upstream. The sonic point, which does not necessarily correspond to the critical point is 

more likely to fill this role. It is probably safest to view the critical point as a 

mathematical singularity with limited physical meaning but considerable mathematical 

significance. Moreover, when we hear a statement like "the wind cannot be thermally 

driven because the critical point would have to be too near the star" (or "inside the stel-

lar surface", or "too far from the star", etc.), we can be relatively certain that the 

speaker has avoided an available physical discussion of the problem by appealing to a 

mathematical platitude. 

3. THE SOLAR WIND: A HOT, TENUOUS WIND FROM A RELATIVELY COOL 

STAR 

The solar wind is of interest to us, in part, because it is the best observed of all stellar 

winds. We must keep in mind, though, that its very existence would be difficult to infer 

from remote-sensing observations alone—i.e., from the sort of observations that are all we 

have available to us in our studies of other stellar winds. The solar wind is also of 

interest because it seems to represent a wind driven by two of the mechanisms we con-

sider as candidates for driving massive cool-star winds and because it is frequently cited 

(appropriately or otherwise) as an analog by theorists attempting to support their ideas 

for driving mechanisms of a variety of astrophysical flows. In this conference, it has 

been referred to as an example of a bipolar flow and as an example of a wind that illus-

trates the combined effects of rotation and magnetic field in driving a flow along the 

rotation axis. Unfortunately, although we do have much to learn from the solar wind, 

neither of these particular references is accurate. 

We cannot in this space even begin to present a full discussion of the solar wind (cf. 

the early work of Parker (1958, 1963, 1964a,b), as well as the review by Leer et al. 1982 

and references therein), but we can use the solar wind to illustrate some of the general 

principles outlined in section 2, and we can also correct the two misconceptions referred 

to in the preceding paragraph. First, let us consider the concepts introduced in section 

2.3. The best observed and most uniform type of solar wind flow is the high speed solar 

wind stream. These streams are best observed because they are the only type of solar 

wind for which a coronal source has been unambiguously identified, so that observation 

of the wind acceleration region is possible. In high speed streams, the asymptotic flow 

speed of the wind is comparable to the gravitational escape speed at the coronal base: 

i.e., u£> ~ vg

2. We can thus infer from the results of section 2.3 that comparable 

amounts of energy must be supplied to the flow in the subsonic and the supersonic 

regions. Since the solar atmosphere is strongly gravitationally bound at the coronal base 
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(viz., Vgl » 5 v£ /2 + u0

2 /2) the energy flux supplying the required energy to the flow 

must be transported outward from the coronal base by some mechanism other than 

advection. Thermal conduction is one such transport mechanism that can be expected 

to be important, because the corona is so hot (Τ ^ 10 e Κ). Yet, in order for conduction 

to supply adequate energy to the region of supersonic flow to produce ^ vgo without 

the temperature in the subsonic being so high as to produce a larger than observed mass 

flux, it would be required that radially outward thermal conduction lead to a solar wind 

temperature that increases radially outward (Leer et al. 1982). Suggestions that this 

may be the case (e.g., Olbert 1983, Scudder and Olbert 1983) appear at present to have 

little basis (Lallement et al. 1986, Shoub 1986). It appears, therefore, that some form of 

mechanical energy transport must supply energy to the region of supersonic flow, and a 

prime candidate for such a transport mechanism is Alfven waves (e.g., Hollweg 1978 and 

references therein). Hence, the solar wind appears likely to be a wave-modified thermally 

driven wind, with the thermal pressure gradient force lifting the wind out of the solar 

gravitational field and the waves helping to accelerate the wind to its asymptotic flow 

speed (through both heating and momentum addition in the supersonic region). This 

concept of two driving mechanisms working together is one to remember in the following 

discussions of massive winds from cool stars. 

Now, what about the idea that the solar wind is some sort of analog of bipolar flows 

from other stars? The idea that the solar wind is a bipolar flow apparently comes from 

the attention received by high-speed solar wind streams and their solar source, coronal 

holes. During the declining and minimum phases of the solar cycle, well-developed 

coronal holes usually exist near the solar poles (e.g., articles in Zirker 1977). Hence, dur-

ing these periods there is a tendency for two (very broad in solar latitude) regions of 

well-organized high-speed solar wind to dominate the structure of interplanetary space, 

and the centers of these two wind regions tend to be nearly 180° apart. It is essential to 

realize, however, that the solar wind always fills all of interplanetary space (not, for 

example, just the solar polar regions), and that, if anything, the mass flux density of 

high speed streams is less than (by as much as 30% to 50%) that of the lower speed, less 

well organized wind. In any case, the particle density in the high-speed streams is much 

lower (a factor of two or more) than it is in the lower speed wind. Hence, if we were 

able to obtain remote, density-sensitive observations of the solar wind (comparable to 

observations of winds from other stars), we might well infer that most of the solar wind 

is coming from the equatorial region, but certainly not that it is a bipolar flow from the 

two polar regions. Unless we substantially modify the usual concept of bipolar flows in 

astrophysical systems, it seems inappropriate to use the solar wind as an analog for such 

flows, except insofar as it represents a typical atmospheric expansion from a central 

gravitating body. 

Finally, we may ask whether the solar wind provides supporting evidence for the 

speculation that bipolar flows can be driven and self-focused by the effects of a magnetic 

field frozen into a rotating body lying between the oppositely directed flows. The answer 

is simply that the solar wind has little relevance to this speculation, because beyond a 

few solar radii the outflowing solar atmosphere begins to take control of the solar mag-

netic field, stretching it into the classic spiral structure characteristic of a nearly radial 

fluid flow and a ufrozen-in" magnetic field that is tied to the rotating central star (e.g., 

Parker 1963). The magnetic energy density in the solar wind at the orbit of the earth is 

only about 1% of the flow energy density, so the magnetic field has little effect of the 

flow in the asymptotic region. This particular misuse of the solar wind as an analog for 

the rotational/magnetic driving of a bipolar flow probably has resulted from the 
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inappropriate use of cartoons in place of sound, physically based calculations. Such cal-

culations, if performed, might give us some feeling for whether such a driving mechanism 

has any hope of explaining some bipolar flows. The absence of such calculations will 

continue to give free reign to the unbridled imaginations and unsupported speculations 

of our cartoon-astrophysicists. 

4. MASSIVE, THERMALLY DRIVEN WINDS FROM COOL, LOW-GRAVITY STARS 

In the terminology we are using, a thermally driven wind is one in which the only 

significant outward force on the expanding atmosphere is exerted by the thermal pres-

sure gradient [viz., D ~ 0 in eqn. (2)]. The energy supplied to the atmosphere to main-

tain the temperature required to produce a sufficiently large pressure gradient force can, 

in principle, be transported by a variety of mechanisms, including thermal conduction 

from a hot atmospheric base, a mechanical wave flux, and a radiative energy flux. In 

practice, however, the massive winds from cool stars seem themselves to be so cool that 

thermal conduction cannot play a significant role. Furthermore, a radiative equilibrium 

atmosphere for such cool stars is not hot enough to drive a massive wind through a ther-

mal pressure gradient force alone. Thus, we are left with a mechanical energy flux as 

the only source (considered up to this time, at least) of energy for heating a thermally 

driven wind. We must remember, however, that a mechanical energy flux not only heats 

a wind through its dissipation, but also directly accelerates the wind through the action 

of a wave pressure gradient force (i.e., D 0). If this wave force is not negligible in 

comparison with the thermal pressure gradient force, then we are not dealing with a 

strictly thermally driven wind, but rather with a wave-modified thermally driven wind, a 

thermally modified wave-driven wind, or simply a wave-driven wind. This point is 

touched on again below. 

In examining the viability of a thermally driven wind, we can, at first, ignore the 

mechanism maintaining the atmospheric temperature and simply consider an isothermal 

(in the subsonic region) wind that exhibits the mass loss rate of an observed wind and a 

suitable atmospheric base pressure. Then we can calculate the electromagnetic radiation 

flux (associated with radiative cooling) emanating from such a wind and ask whether 

such a radiative flux is consistent with observations. Carrying out such an exercise for 

the range of physical parameters relevant to massive winds from cool, low-gravity stars, 

it has been found (Holzer and MacGregor 1985) that all such thermally driven winds 

would have exceedingly large radiative energy flux densities—orders of magnitude larger 

than the solar radiative energy flux densities at comparable temperatures. Almost all of 

this radiation arises from a region that extends a few hundredths to a few tenths of a 

stellar radius above the atmospheric base. The radial extent of this radiating region is 

orders of magnitude larger than that of the comparable region in the solar atmosphere, 

and this, of course, accounts for the magnitude of the radiative energy fluxes. Such 

large radiative energy fluxes would be readily detectable (they are, after all, often com-

parable in magnitude to the stellar luminosity and occurring at a temperature much 

higher than the stellar photospheric temperature), but they are not observed. 

Watanabe (1981) has tried to get around this difficulty by postulating that the 

region of elevated atmospheric temperature required for a massive, thermally driven 

wind is quite narrow, so that the total radiative flux from this region is quite small. 

Although one can formally obtain thermally driven winds for such an atmospheric tem-

perature structure, Watanabe's proposal has a number of difficulties associated with it 

(Holzer and MacGregor 1985). One of the most serious is that if such an atmospheric 
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temperature structure were produced by the dissipation of any currently known mechan-

ical energy flux, the wave pressure force would dominate the thermal pressure gradient 

force and the correctly described flow would not be thermally driven. 

It seems, therefore, that the thermal pressure gradient force acting alone does not 

provide a viable mechanism for driving massive winds from cool stars. In addition, the 

preceding discussion indicates that thermal driving is a very inefficient wind acceleration 

mechanism when the wind density is sufficiently high that radiative energy losses become 

substantial. For example, in the study of isothermal winds by Holzer and MacGregor 

(1985), the energy required to keep the atmosphere sufficiently warm (i.e., to counter 

radiative losses) was generally several orders of magnitude larger than that required to 

lift the wind out of the gravitational field of the star and to accelerate it to its asymp-

totic flow speed. 

5. WAVE-DRIVEN WINDS 

The difficulties encountered in trying to drive massive winds from cool stars with only a 

thermal pressure gradient force lead us to consider the other type of driving mechanism 

that may be important in the acceleration of the solar wind: i.e., small to moderate 

amplitude mechanical waves, specifically hydromagnetic waves (e.g., Hartmann and 

MacGregor 1980). These waves may be either compressive (e.g., acoustic waves or mag-

netoacoustic waves: more generally, slow or fast hydromagnetic waves) or non-

compressive waves (intermediate hydromagnetic—i.e., Alfve'n—waves). Hartmann and 

MacGregor (1980) have pointed out that the compressive waves would only be able to 

extend an atmosphere at its base, but not able to lift a massive wind out of the stellar 

gravitational field, because such waves steepen rapidly into weak shocks and are dissi-

pated within a few pressure scale-heights of the atmospheric base. The non-compressive 

Alfve'n waves, in contrast, are not so readily damped and can do work on an expanding 

stellar atmosphere over a large enough radial range to drive a quite massive wind. 

The momentum addition to a wind associated with a flux of Alfven waves arises 

from the wave pressure gradient and is expressed by [cf. eq. (2)] 

(*'<«··>)• ( 2 2 ) 

where <6B2> and <6v2> are the mean-square magnetic field and velocity field of the 

wave. The net atmospheric heating rate associated with Alfve'n wave dissipation and 

with radiative cooling of the atmosphere can be written in the form [cf. eqn. (3)] 

Q - / /λ - LR , (23) 

where the Alfvén wave energy flux density, / , is given by 

/ = ρ < 6 υ 2 > | · . + ! « j , (24) 

v„ = Β /VÄnp is the Alfvén speed, and λ is the damping length for the waves. The 
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damping length in the winds of interest is likely to be determined primarily by ion-
frictional damping and the radiative loss rate is probably adequately expressed in terms 
of an optically thin radiative loss function (Hartman and MacGregor 1980). Because of 
the strength of radiative losses, the energy balance of a massive wind at chromospheric 
temperatures (Τ « 104 K) can frequently be well approximated by using LR ~ f /\ [cf. 
eqn. (23)] in place of equation (3). 

If momentum balance in the flow is dominated by the Alfven wave pressure gradient 
force, then (Holzer et al. 1983) the sonic point of the flow occurs near 1.75 i ? + , and the 
mass loss rate is 

/ . π « . ί / ! r « ο r,. ... 

where f0 (in erg cnrV 1 ) and B0 (in gauss) are both evaluated at the atmospheric base 
(r0 « R *). When the Alfve'n waves are undamped (i.e., all the wave energy is 
transferred to the flow through direct acceleration by the wave pressure gradient force) 
the asymptotic flow speed of the wind is approximately (Holzer et al. 1983) 

η 1/2 

(26) 

where the subscript s refers to the sonic point. Evidently, an Alfve'n wave driven wind 
will have a mass loss rate comparable to those observed for massive, cool-star winds (cf. 
section 2.1) even for relatively modest wave energy flux densities at the atmospheric base 
of f0 « 105 B0 erg cm - 2 s"1. (Note that if the waves are to be small amplitude in the 
region of subsonic flow, and thus remain undamped by nonlinear processes, then it is 
required that B0 ^ 10 gauss and that (va/u)e » l). The asymptotic flow speed, how-
ever, is much too large (η£> » ν2) for a wind driven by undamped Alfven waves. 
Hartmann and MacGregor (1980) noticed this difficulty and pointed out that damping of 
Alfven waves in the region of supersonic flow would significantly reduce the asymptotic 
flow speed without affecting the mass loss rate. Such damping might be provided by the 
frictional coupling of atmospheric ions with neutral atoms. Yet, the range of damping 
rates that produce massive winds with low asymptotic flow speeds is found to be quite 
small (Holzer et al. 1983), so the wave-driven wind mechanism probably requires some 
sort of atmospheric self-regulation process to be operative if it is to be the dominant 
mechanism in driving a substantial number of massive cool star winds. Such a self-
regulation mechanism, which would limit the effective wave damping length to an 
appropriate, narrow range, is still being sought. 

6. RADIATIVELY DRIVEN WINDS 

Our understanding of radiatively driven winds comes primarily from extensive studies of 
massive, very high speed (u^ » vgl) winds from early-type stars (e.g., review by Cas-
sinelli and MacGregor 1986, and references therein). The radiative flux in these hot stars 
exhibits a significant energy flux in the ultraviolet portion of the electromagnetic spec-
trum, and since the atmosphere has many strong resonance lines in this same part of the 
spectrum, the radiation field is well coupled to the expanding atmosphere and can add a 
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substantial amount of momentum to a stellar wind. The situation is quite different for 

cool stars, in which the radiative energy flux peaks in the red or near-infrared, and the 

strong atmospheric resonance lines occur in the visible and ultraviolet. The resulting 

poor spectral match implies that the potential effectiveness of radiative driving of mas-

sive winds from these cool stars can be realized only if some other opacity source can 

provide for efficient coupling of the radiation field to the wind. Two possible sources of 

opacity are provided by molecules and dust in the stellar atmosphere, but at present 

only the effects of dust have been considered extensively (e.g., review by Goldberg 1984, 

and references therein). We can illustrate the sort of role dust (or molecules) might play 

in driving a massive, cool-star wind with a very simple analysis, from which we can also 

infer some of the problems that need to be addressed before we understand the actual 

roles dust and molecules play. 

The force per unit mass associated with radiative driving of a stellar wind can be 

written in the form [cf. eqns. (2) and (8)] 

D = 
2r2 

(27) 

Evidently, Γ is just the ratio of the magnitudes of the local gravitational force and the 

local radiative force. In general, Γ must be considered to be a function of the various 

macroscopic (and perhaps microscopic) parameters of the expanding stellar atmosphere, 

but for the purpose of the present simplified discussion, we take Γ to be a function of 

radial distance. This approach allows us to draw some general conclusions about radia-

tive driving of winds, but it would not be appropriate, for example, to apply such an 

approach to the study of phenomena like the radiative amplification of hydromagnetic 

waves. 

In the models of dust-driven winds that might be appropriate to those cool stars 

with dusty atmospheres, the atmospheric dust and gas are generally so strongly friction-

ally coupled that radiative momentum transfer to the dust can be treated as momentum 

addition to the atmosphere as a whole (i.e., to both dust and gas, the latter of which 

comprises most of the stellar wind mass). For these models, therefore, the radial varia-

tion of Γ is determined by effects such as grain condensation and destruction, spectral 

redistribution of the emergent stellar radiation field through interaction with the dust, 

and radial variation of the dust density through atmospheric expansion. Let us consider 

a particularly simple case, in which there is no dust near the star, and dust is formed in 

a narrow radial range centered at radial distance r = rc . The reason for labelling this 

distance rc is that it also marks the critical point of the flow in our simple representa-

tion, as can be seen by considering a modified form of the isothermal wind equation (18), 

which includes the effects of radiative momentum addition: 

( u 2 - v t

2 ) JL èl 
u dr 

vt - - ν (1-Γ) (28) 

In the case at hand, we assume \ v 2 < v 2 and Γ « 1 in r <re , and Γ > 1 in r >rc . Evi-

dently, then, the zero of the right side of equation (18) occurs at r =rc and this is where 

the flow must be sonic. An examination of equation (20) indicates that moving the criti-

cal point inward from its position rct for a thermally driven wind to the position rcd 
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where dust is formed leads to an increase in the mass loss rate by a factor of 

The magnitude of the radiatively driven mass loss can be expressed simply in terms of 

critical point parameters: 

-M+d = 4π pe vtc rc

2 . (30) 

The exponential increase of the mass loss rate (-M+d) with decreasing rcd [cf. eqn. (29)] 

reflects the exponential falloff of density in the subsonic region of the wind and the con-

sequent exponential increase of critical point density (pc ) as the critical point is moved 

inward [cf. eqn. (30)]. 

If we try to argue that the principal driving mechanism of winds from cool, low-

gravity stars with dusty atmospheres is radiation pressure on dust grains, then we 

encounter the difficulty that this mechanism tends to produce relatively small mass loss 

rates, as long as the dust formation region is at relatively large radial distances (i.e., 

rcd « 10 R + ) . This difficulty could be overcome if a region of sudden grain formation 

were to occur very near the star (viz., red < C , 2R + ) , but the bulk of observational evidence 

seems to weigh against such a hypothesis, at least at present (e.g., Goldberg 1984). 

Alternatively, if grains were formed over a broad radial region near the star, or if 

"clean" grains near the star were to become "dirtier" with increasing radial distance 

(Draine 1981), resulting in a gradual increase of grain opacity over a broad radial region, 

then the atmospheric scale height in the subsonic region (r < rc ) could be significantly 

increased, and a substantial mass loss rate could be radiatively driven even if the critical 

point were to occur relatively far from the star (rc <; 10 R+). Unfortunately, we will not 

be in a position to evaluate such ideas until our understanding of grain formation in stel-

lar atmospheres is substantially improved. 

Another difficulty that is encountered in trying to attribute the driving of winds 

from cool, low-gravity stars to radiation pressure alone is that the atmospheric opacity 

structure must have a very special configuration to avoid producing large asymptotic 

flow speeds. To illustrate this point, consider again the simple case in which grain for-

mation occurs in a narrow radial region. The asymptotic flow speed can be calculated 

from equation (12), if we first note that [cf. eqn. (27)] 

/ dr D = Ο , (31a) 

l*D~g-[-&)- <3ib» 
where ßc = <-d (In T)/d (In r ) > is an average over the region just beyond rc . Combin-

ing equations (12) and (31), 
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(32) 

If we wish to have a substantial mass flux (i.e., re jr0 is not too large), to ensure that the 

mass flux is lifted out of the gravitational field (i.e., u£> > 0), and to have a small 

asymptotic flow speed (i.e., u£> « v£), then we see that rc , ßc, and Tc must be very 

finely tuned. Is there some sort of atmospheric self-regulation mechanism operating that 

can produce such a fine tuning? This, of course, is just the question that we had to ask 

in the consideration of wave-driven winds and that we must ask again in the context of 

shock-driven winds. 

Many of the stars which are surrounded by enough dust to provide strong dynamical 

coupling between the radiation field and the atmosphere also exhibit regular pulsations 

that can drive large-amplitude shock waves outward through the atmosphere. Because 

such shock waves deposit both heat and momentum in the stellar atmosphere, they may 

play an important role in driving stellar winds from pulsating stars, especially the Miras 

(e.g., Willson and Hill 1979; Wood 1979; references in Holzer and MacGregor 1985). 

Indeed, because of the frequent coexistence of dust and pulsations, it is possible that in 

some stars radiation-driving and shock-driving combin'e to produce the observed stellar 

winds (e.g., Wood 1979; Jura 1984). Let us first, however, consider the shock-driving 

mechanism in isolation. 

Although a shock-driven wind is inherently non-steady, we can gain a feeling for the 

basic physical effects important in such a wind by considering a time-averaged view, 

which involves casting an approximate theoretical description in the steady flow frame-

work that we have used up to now. Following our usual procedure, we ask first how we 

might formulate momentum and heat addition terms arising from the outward propaga-

tion of quasi-periodic shocks. When a shock front passes through a fluid element in a 

stellar atmosphere, that fluid element experiences rapid heating and acceleration. In a 

relatively strong shock, the heating is almost entirely dissipative (i.e., non-adiabatic or 

irreversible), which is to say that compressive (adiabatic) heating is small in comparison 

with the total heating associated with shock front passage. Hence, most of the heat pro-

duced will not be lost in the expansive cooling of the fluid element throughout the broad 

rarefaction region behind the shock front. The average heating rate owing to shock pas-

sage is thus 

where 8u is the shock speed in the local average rest frame of the atmosphere (moving at 

speed <u > ) , and τ is the pulsation period. We can similarly approximate the momen-

tum addition rate by 

7. SHOCK-DRIVEN WINDS 

Q, « ρ (Su f /τ , (33) 

Dt ^ Su /τ. (34) 

Of course, in the dense stellar atmospheres we are considering, radiative cooling behind 
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the shock front can play an important role in counteracting shock heating. In the limit 
of very strong radiative cooling, the shocks can be described as isothermal (the above 
description was for adiabatic shocks) and the atmosphere is then taken to be in radiative 
equilibrium. In this case, although the shock heating effects become negligible, the 
momentum addition [eqn. (34)] still plays a role in accelerating the wind. This contrasts 
sharply with the adiabatic case, in which (as long as 6u /<u > is large) heating is the 
major source of energy addition to the wind. 

Theoretical descriptions have been developed for the two extreme cases of adiabatic 
and isothermal shocks, and the results of the two descriptions are drastically different. 
Using an adabatic shock description (in which the wind is largely thermally driven) 
Wood (1979) calculated a mass loss rate some four orders of magnitude larger than the 
observation ally inferred rate for the Mira variable being modelled, and some ten orders 
of magnitude larger than the mass loss rate calculated using an isothermal shock descrip-
tion. One finds in an a posteriori evaluation of these calculations that that radiative 
cooling rate far exceeds the shock heating rate in the wind driven by adiabatic shocks, 
while just the opposite is true for the isothermal case. Thus, neither description comes 
close to providing an energetically consistent description of the wind. Evidently, there is 
much work to do before a clear statement can be made about the importance of shock-
driving in the winds of pulsating stars, and at least some of this work (involving a more 
realistic treatment of energy balance) needs to be carried out before one can make a suit-
able evaluation of the idea that shock-driving and radiation-driving may work in concert 
to produce the massive winds from pulsating stars with dusty atmospheres. 

8. SUMMARY 

The goal of this paper has been to provide a framework for thinking about the various 
physical processes that may play significant roles in driving the winds of cool, low-
gravity stars. We have concentrated on four mass loss mechanisms and described them 
in the context of steady, radial, spherically symmetric flow, but the basic physical char-
acter of these mechanisms remains essentially the same when they are invoked in the 
context of asymmetric, nonsteady mass loss, and when they act in concert with each 
other. Hence, an understanding of the relatively simple models described here should 
provide a sound basis for understanding the relatively complex phenomena that are 
actually observed. 

The general discussion of mass, momentum, and energy balance (cf. section 2), on 
which the descriptions of the simple models were based, provides us with the ability to 
articulate one of the most difficult problems encountered in trying to understand the 
driving of massive winds from cool, low-gravity stars. Observations seem to indicate 
that the asymptotic flow speeds of these winds are generally much less than the gravita-
tional escape speed at the base of the atmosphere (i.e., « vg%). If this inference is 
correct, then we can conclude from the arguments given in section 2 that most of the 
energy required to drive the wind goes into lifting the wind out of the stellar gravita-
tional field, and that most of this energy is supplied to the region of subsonic flow. The 
small fraction of the energy supplied by the region of supersonic flow is tightly con-
strained by the requirement that the asymptotic flow speed be small, but positive. This 
tight constraint, which seems to apply to a broad range of stellar winds, implies the 
existence of some sort of atmospheric self-regulation (associated with the wind driving 
mechanism(s)) that finely tunes the amount of energy deposited in the region of super-
sonic flow. One of the difficult problems we face is, thus, to explain how a driving 
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mechanism or combination of driving mechanisms can lead to this sort of atmospheric 
self-regulation in a broad range of massive winds from cool, low-gravity stars. 
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