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ABSTRACT

Wind outflow around a late-type star driven by radiation pressure on dust grains is investigated in detail.
The equation of motion for the outflow coupled with the equation of radiative transfer is solved treating the
circumstellar envelope, which consists of gas and dust, as a two-component fluid. Because of the drift of the
dust particles through the gas, the dust-to-gas ratio varies with distance even if grain formation is a prompt
process. The coupling between dust and gas weakens as the mass-loss rate decreases until finally the rate of
momentum transfer to the gas is insufficient to overcome gravity when the mass-loss rate is too low. This
results in a lower limit, on the order of 1077 M yr™%, to the possible mass-loss rates that can be driven by
radiation pressure on dust. Radiative transfer considerations pose a bound on the capability of the radiation
field to overcome gravity also in the opposite limit of large mass-loss rates. Due to the difference in optical
properties between carbon stars and oxygen stars, these considerations produce a meaningful upper limit on
the mass-loss rate, of several times 10~* M yr~%, only for carbon stars.

Subject headings: circumstellar matter — dust, extinction — ISM: jets and outflows — stars: mass loss

1. INTRODUCTION

Radiation pressure on dust grains is widely believed to be
the driving force of stellar outflows from late-type giants and
supergiants (cf. Salpeter 1974; Goldreich & Scoville 1976). As
the gas cools below a certain temperature (around 1000 K),
heavy elements condense. Radiation pressure acts on dust
grains, and momentum is transferred to the gas molecules by
collisions. A complete solution of the dynamics of the outflows
must involve a solution of the radiative transfer problem in
spherical dust clouds, a problem that was treated in a number
of works in the past (Leung 1975; Rowan-Robinson 1980;
Rowan-Robinson & Harris 1982, 1983; Adams & Shu 1986).
All of these studies assumed a given mass density distribution,
which in the case of circumstellar envelopes implies a given
velocity field. The latter, however, is determined by the radi-
ation pressure exerted on the envelope by the radiation origin-
ating in the central star. Thus the radiative transfer problem
and the dynamical problem are inherently coupled.

The importance of radiative transfer effects in stellar out-
flows is manifested by the evidence for a gradual acceleration
in certain red supergiants (Chapman & Cohen 1986; Bowers &
Johnston 1990). A possible dependence of the dust opacity on
position can arise not only from grain growth, but also because
the envelope is a two fluid system. It consists of dust and gas,
and the dust moves supersonically within the gas, reaching its
terminal velocity much faster than does the gas. Thus the dust-
to-gas ratio is reduced relative to its rest value by the ratio of
the two outflow velocities, which is not constant throughout
the envelope. Although this relative motion has been men-
tioned in several works (cf. Gilman 1972; Kwok 1975), its
impact on the opacity has not been incorporated. In this work,
we attempt to address this problem within the full solution of
the dynamics and radiative transfer coupled together.

The momentum transfer problem is presented in § 2. In § 3
the equations of radiative transfer in the moment form are
solved by separation of the stellar radiation field from the
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diffuse infrared field of the envelope. In § 4 the dust formation
and properties are discussed, as well as the dust drift. In § 5 the
results of the calculations for carbon and oxygen stars are
presented. In § 6 we discuss a possible explanation for outflow
velocity gradients in supergiants, and in § 7 we summarize the
general conclusions.

2. THE MOMENTUM TRANSFER PROBLEM

The equation of motion of the circumstellar envelope is
given by
do  1dP 1

® M
= _ _ F.dv — *,
Var pdr+c_[)x””v r

(M)

where v, p, and P are, respectively, the gas velocity, density, and
pressure; y, is the opacity per unit mass at frequency v; F, is
the radiative radial flux; and M, is the stellar mass. The second
term on the right-hand side expresses the radiation pressure.
This is the dominant force in the envelope and the only term
that will be retained in this section. The first term, the gas
pressure gradient, is negligible in general: if we replace P by
pv2, where v, is the isothermal sound velocity, then with the aid
of mass conservation p = M/(4nr?v),

b, o2 do
Sdr

2

L 2y = 20 ‘. @
pdr

All the terms on the right-hand side are much smaller than
vdv/dr for the highly supersonic outflows discussed here. The
gravitational deceleration, too, can be ignored in most of the
important cases and is omitted in this section to simplify the
discussion.

Define the flux mean of the opacity

1
XF=_J.Xvdev’ (3)

F

where F = j F,dv is the overall radiative flux. Then, utilizing

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...410..701N

702 NETZER & ELITZUR

flux conservation

3
= 4
4nr?”’ @

where L, is the stellar bolometric luminosity, we have

L
J\XV dev = XF 47,::2 (5)

and hence

dv L,
Yar 4nr3c’ ©

The mean opacity yr can vary with position due to possible
changes in grain size and spatial density relative to the density
of gas, and due to variations in the radiation spectral distribu-
tion (resulting from radiation absorption and reemission),
which occur if the envelope is optically thick. Even when these
effects can be neglected, yy still can vary due to the two-fluid
character of the problem, which will be discussed below.

Define dtp = yppdr, so 15 is the flux-mean optical depth
from the inner edge of the envelope outward. Then equation (6)
becomes

dvv L,
drp r ()
and integrating we get
. L
M[v(r) — v(ro)] = —f Te(r) - ©®

This result shows that at every point in the envelope, the veloc-
ity is linearly related to the flux-mean optical depth 7. In
deriving this relation, we used flux conservation, equation (4),
which is not strictly obeyed since the total flux decreases
throughout the envelope due to conversion of radiative energy
into kinetic energy. Flux conservation, however, is an excellent
approximation in the cases discussed here. Strict conservation
1mp11es that L, should be replaced everywhere with L,
M(u — v3), and equation (8) would then contain a term

M (v — v3)1,/2¢ on the right-hand side. The relative correction
is of order tpv/c, typically much less than 1; only a minute
fraction of the stellar luminosity is converted into kinetic
energy.

Assuming that sufficiently far from the star the velocity
increases greatly above its initial value, we can ignore v,, and
equation (8) becomes

. L
Mu(r) = == 1(r) , )
c
or, numerically,

M=2x10’5rFf—4MO yr~t. (10)

10
Here L, is the luminosity in units of 10* solar luminosities and
vy, is the velocity in units of 10 km s~ *. Equation (9) expresses
a well-known relation (cf. Knapp 1986). It has often been
referred to as a qualitative result, applicable only when the
optical depth is small, in which case it is the probability for a
photon to interact on its way out. Thus L,/c has been assumed
to be the maximum possible value for momentum transfer rate,
providing an upper limit on the possible mass-loss rate. This is
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not the case, however. As long as the various assumptions
listed above are met, equation (9) is an exact relation, not
merely a qualitative approximation, provided that the optical
depth is taken as the flux-mean optical depth; this has also
been recognized by Gail & Sedlmayr (1987). Moreover, it is a
general result, not merely restricted to small optical depths,
and thus L, /c is not an upper limit on the rate of momentum
transfer from the stellar radiation to the envelope. This does
not violate momentum conservation, as might appear at first.
The reason is that the common consideration about momen-
tum conservation assumes, implicitly, that a photon interacts
with a dust grain only once. But when the envelope is optically
thick this is no longer the case. A photon interacts several
times on its way out and this multiple scattering effect is con-
tained in 7. On the average, the envelope stores 7 photons for
each photon emitted by the star, since 7 is the mean number of
scatterings a photon undergoes on its way out, so the stored
momentum is multiplied accordingly. This is best illustrated by
equation (8): Mu(r) is simply the rate at which mechanical
momentum is transferred outward across a spherical surface
with radius r. Therefore equation (8) shows that the overall
amount of momentum stored in a thick shell bounded by the
radii ro and r increases in linear proportion to the shell’s mean
optical depth, 74(r).

From this discussion it follows that L_/(v,c), where v, is the
envelope’s final expansion velocity, is not an upper limit, only a
rough estimate for the order of magnitude of the mass-loss
rate. This invalidates a commonly used argument against radi-
ation pressure as a possible mechanism for acceleration of pro-
tostellar jets (e.g., Welch 1989) In addition, the large scatter
observed for carbon stars in the correlation between L, /(v, c)
and M (Knapp et al. 1982) is, therefore, not a valid argument
against radiation pressure on dust grains as the mechanism for
mass-loss.

Utilizing mass conservation, the flux-mean optical depth is

XF(")
() ——J e (1)

Therefore, the explicit dependence on M disappears from equa-
tion (9) since both sides of the equation are proportional to it.
The only possible dependence on M is indirect in that it can
affect y, through the averaging procedure (eq. [3]) because of
its impact on the radiation spectral shape through the overall
solution. To lowest order, radiation pressure does not provide
any constraint on the mass-loss rate M ; all the material fed in at
the dust formation point, by whatever process is lifting it to the
radius r,, will be driven away by radiation pressure. The only
constraint the operation of this mechanism provides is on the
velocity profile. This is easily seen by inserting equation (11)
back into equation (8) leading to

XF(")

r v(r) (12)

olr) = vlro) + 5 - f
The above discussion breaks down in the limit in which the
fraction of radiative energy converted into kinetic energy is not
negligible. As M is increased, more radiative energy is con-
verted into kinetic energy and eventually the flux conservation
assumption (eq. [4]), on which the above derivation is based,
no longer applies. Typically, this will occur when 7, v/c begins
to approach unity. Late-type stars are always far below this
limit.
It should be noted that even in the case of prompt dust
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! formation and negligible grain growth afterward, x still does
vary with position in general. This quantity involves an
average weighted with the spectral distribution F,/F (eq. [3]),
and this weight function varies with radius as radiation is
absorbed and reemitted, shifting toward the red. Thus the
dynamical problem and radiative transfer are inherently
coupled. The solution of this combined problem is discussed in
the next section.

3. THE CENTRAL STAR AND DIFFUSE FIELD EQUATIONS

3.1. Moment Equations

Along with the equation of motion, equation (1), the first
moment of the equation of radiative transfer (cf. Schwarzschild
1958) provides the flux relation

% L F = BT —w), (13)

where u, is the energy spectral density and x4 is the opacity per
unit mass due to absorption; that is, the total opacity per unit
mass is written as

=10t (14)

and y; is the scattering opacity. The second moment provides
the radiation pressure equation

ﬂ 3Pv_uv XvP

dr+ " + . F,=0, (15)
when P, is the radial-radial term of the stress tensor, expressing
the radiation pressure when the radiation field is isotropic. It
should be noticed that equation (13) describes the change in
the spectral distribution, which is affected by absorption but
not by scattering and hence x4 appears there. The third term on
the left-hand side of equation (15), on the other hand, is a force
term and hence scattering contributes too. We assume iso-
tropic scattering.

As is well known, the above set of equations cannot be
closed. Higher moment equations can be easily generated, but
they simply lead to more relations in which the number of
unknown variables exceeds the number of equations. This
problem can be avoided only if an additional relationship
among the first three moments is identified. Such a relationship
is easily recognized in two limiting cases: (1) When the radi-
ation field is isotropic (the optically thick case), P, = u,/3. The
second term in equation (15) then vanishes and the density of
radial force exerted by the radiation field is the pressure gra-
dient. (2) When the radiation field is radial, as in the case of a
point source, we can use the approximation F = cP, = cu =
L/4nr?, where P, = [P,dv is the overall radiation pressure.
Assuming that L is the stellar radiation that has not been
extinguished (and hence is variable) we get from equation (13)

dL
E+PXFL=0=L=L*exP(‘fXder)’ (16)

which expresses the exponential extinction, as well as the fact
that the photons lost from the radial beam cause the driving
force.

Since the diffuse radiation from the dust is neither isotropic
nor a point source, the general case of a circumstellar envelope
does not correspond to either of the above two limits and
another relation among the first three moments is required.
For that we shall separate the radiation field into two com-
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ponents: The first component corresponds to photons ema-
nating from the central star that have been neither absorbed
nor scattered by dust. Since the star is assumed to be a point
source, this component is radial and satisfies

F5  nR2

* B(T,) exp (—1,), (17)

PS=us 3
cr

v v

where 7, is the optical depth measured from the inner edge of
the envelope along the radius. Once the density profile is
known from the equation of motion, t, can be readily calcu-
lated. The second component of the radiation field is the diffuse
radiation, consisting of photons emitted or scattered by dust
grains. The pressure, flux, and energy density of the diffuse field
will be denoted by P, F¢, and u¢, respectively. From equation
(13) we obtain

% S [P(FS + FA) = 0p[4nBUT) — e — cud]

Then with the aid of equations (14) and (17) we get

1d
55 2 (PFY = 2 p[4nBUT) — cuf]
2
+ XvP r2 Bv(’re) eXp (_Tv) . (18)

This is the source equation for the diffuse radiation, which
shows that it has two sources (thermal emission of grains and
scattering of photons from the central star) and a sink
(absorption by dust grains). Similarly, from equation (15) we
get

dp? 3P —
hhinil J + -y + M
dr r

These results show that the forces exerted by each component
of the radiation field can be treated independent of the other.

Fi=0. (19)

3.2. The Closure Relation

As mentioned above, an additional relation among the
energy density, the radiative flux, and the radiation pressure is
needed to close the system of equations, a problem involving
only the diffuse field since the stellar component is known. As a
relation valid everywhere, Adams & Shu (1986) introduced the
equation

u=3P,—%F, (20)

where q is a continuous function, ranging from 2 for optically
thin regions (u = P, = F/c) to O for optically thick ones (v =
3P,); the exact value of g is determined from overall flux con-
servation at every point. The Adams & Shu relation involves
the frequency-integrated energy density, flux, and pressure. We
extend this relation to spectral densities

wl =3P - Fi, (21)

and parameterize g, according to
g, =2[1 —exp (—az,)] . 22

Here o is a dimensionless parameter (typically o 2 1) deter-
mined from a best fit to flux conservation at every point.
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Note that t, is measured from the shell’s inner edge outward.
When the wind’s overall optical depth is large, small values of
1, correspond to the optically thick (inner) parts of the wind
while large 7, mark the optically thin (outer) parts. It turns out
that g, = 2 throughout the entire envelope and for all fre-
quencies is a reasonable approximation in many cases. The
reason is that in the optically thick region, where the diffuse
radiation is isotropic, F¢/c < u¢, and hence the results are not
very sensitive to the exact value of q,.

This approach enables us to complete the system of equa-
tions describing the full problem. Substituting equation (21)
into equations (17) and (18) we get

14
= o (PFY) = £3p[4nB,(T) = 3cP! + q,F1]

2

nR
+ 0P rz* B(T,) exp (—7,) (23
dP! q
— = | = Fd 24
along with the radiative relations
RZ
FS = cul = "3 B(T) exp (~1,), 29)
drs
=yl 26.
o P (26a)
ar;,
—¥ s 6
o P (26b)
and the equation of motion

dv 1 4 TR} GM,
Udr—cJXv[Fv_l— 2 BT exp (—1,) |dv ——3=. (27)

The only quantity still undetermined is the dust temperature
T. The required relation for it can be obtained from integra-
tion over frequency of the flux conservation relation, equation
(13), leading to

xpaT* = y,u. (28)

Here y, and x, are mean absorption opacities obtained by
averaging x4 over frequencies (as in eq. [3]) with the Planck
function and the energy spectral density, respectively. This
relation can be used to determine the temperature.

3.3. The Solution Scheme; Boundary Conditions

The system of equations is now fully defined. In order to
solve it we divide the shell into radial zones, and at each radius
we build a grid of n frequencies. Equations (23)—(28) then
provide a set of 4n + 2 differential equations in 4n + 2
unknown functions, namely, 2n optical depths for scattering
and absorption, n differential pressures, n differential fluxes, the
outflow velocity, and the temperature. In the numerical solu-
tions we typically use n = 80 frequency points. The radial inte-
gration is carried out using a predictor-corrector method and
the integration step is defined at each point so that the con-
vergence is fast and a minimum of time is required for the
entire process.

The boundary conditions are specified on Ry, the inner
envelope radius, as follows:

Vol. 410

All the optical depths 7% and 75, which are measured from
inside outward, are zero at R,. The initial value of the outflow
velocity is given some arbitrary small magnitude since its
actual value is determined by processes in the stellar atmo-
sphere that are outside the scope of this work. Fortunately, the
results are almost independent of the exact value of this initial
guess.

The inner radius R, is determined from the assumption that
this is the dust formation point. The temperature at this radius
then corresponds to the dust formation temperature and can
be determined from the radiative equilibrium relation, equa-
tion (28). Most of the radiation in the inner hollow cavity
corresponds to the stellar contribution, but at high mass-loss
rates there is also a significant diffuse infrared component that
originates from the dusty envelope. From equation (28),

e ¢]

@© © R2
4nf 1B(To)dv = f % 725 B(T)dv + CJ X uy(Ro)dv ,
(o} 0 4R0 0

29)

where T is the dust formation temperature, taken as 800-900
K. This equation involves the remaining boundary conditions
that need to be specified, namely, the flux, F¢, and pressure, P¢,
of the diffuse radiation field in the cavity. We can reasonably
assume this radiation field to be constant. The reason is that
when the dust shell is optically thick, the radiation field in the
central cavity is similar to that of a blackbody. And when the
envelope is optically thin, most of the radiation is contributed
by remote shells, whose size is much larger then the size of the
cavity. Therefore, in the first iteration for the diffuse radiation
within the cavity we assume

et =L B (1), Y

where T; is an arbitrary initial guess for the cavity’s tem-
perature, constrained only by the requirement that it is lower
than the assumed dust formation temperature. This completes
the specification of all the necessary boundary conditions and
enables the finding of a solution, from which we calculate the

cavity’s diffuse energy density for the next iteration

Re .
= j £ oz BAT) exp (¥4~ <)dr, (1)
Ro nry
where R, is a large cutoff radius. This result provides the
energy density at the center, assumed valid throughout the
entire cavity, which is used for the next iteration, and so forth.
Evidently, the dust formation radius does vary somewhat from
one iteration to the next, but convergence is usually very fast.
For both silicate and graphite grains this radius turns out to be
~4-6 stellar radii if the photospheric temperature is assumed
in the range between 2000 and 3000 K.

As a test of our solution procedure, we have solved the wind
structure using frequency-independent (gray) dust opacity as
an input. This unrealistic case admits a simple analytic solu-
tion (see eq. [38] below), and we have verified that our numeri-
cal scheme properly reproduces this solution.

4. DUST PROPERTIES

4.1. Optical Properties of the Dust

The dust opacity is an essential ingredient that enters the
equations as described in the previous chapter. The dust
optical properties depend on its chemical composition. When
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the dust consists of silicates, as is the case in outflows of oxygen
stars, the optical properties are dominated by the absorption
peaks at A = 9.7 yum and A = 18 ym. Outflows in carbon stars,
on the other hand, are characterized by an absorption opacity
that decreases monotonically as a function of wavelength over
most of the infrared range. The relative abundance of heavy
elements determines the amount of mass in grains, and the
grain sizes determine their number. If we assume for simplicity
that the dust grains are spherical, the opacity is given by

$) = % f 0 (@nanada (32)

where n(a) is the number density of dust particles per unit grain
radius a. When a < 4, the absorption efficiency is given by the
dipole approximation (van de Hulst 1957)

ay_ 4 2Ta e—1
(@) = 4—1 Im <€+ 2) s (33a)
. __§ 2rna\*|e — 1/?

Q@) = 3 <——/1 ) 12 (33b)

Here € is the dielectric function of the grain material. Although
it usually depends only on wavelength, for graphite grains it
may depend also on grain size (Draine & Lee 1984). When
a > A the total extinction efficiency is 2, and we shall assume
that both the absorption and scattering coefficients separately
become constant in this regime.

If the fraction of mass incorporated in dust grains is fixed
then

Ja3n(a)da = const X p, (34)

where the proportionality constant is related to the cosmic
dust to gas ratio. From equations (32)—(34) it then follows that,
when the dust consists mostly of small grains, the absorption
opacity becomes independent of the functional form of the size
distribution n(a) and scattering becomes negligible. On the
other hand, when the grains are large, both opacities decrease
as the grain size increases. The dynamics of the outflow modi-
fies this situation, as discussed below.

4.2. Dust Drift

Another important issue is the variation of the opacity with
radius at each frequency. It is usually assumed that dust forma-
tion is an abrupt process that occurs as a phase transition
when the temperature decreases below a certain value. This
would imply that, beyond this point and at each frequency, the
opacity per unit mass becomes independent of radius. Indeed,
this assumption is frequently made (e.g., Goldreich & Scoville
1976). There are, however, considerable uncertainties. At small
radii, collisions among grains can lead to coalescence or
breakup. In addition, not all the species condense at the same
temperature and grains can keep growing after their initial
formation. Even though in a steady outflow one might expect
grain growth to stop at large radii because of kinetic consider-
ations (the drop in gas density), it is quite likely that clumps are
present and hence continued accretion is feasible. Unfor-
tunately, no adequate modeling has yet been performed to
describe clumps and their effect in a quantitative manner.

All of these uncertainties are dwarfed by another effect. The
dust flows out faster than the gas, resulting in a two-
component fluid. Therefore the dust-to-gas ratio, and hence
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the opacity too, is reduced by a factor v/v,, where v and v, are
correspondingly the gas and dust outflow velocities (note that v
is the observed envelope outflow velocity). To account for
these different velocities, the gas and dust must be treated
separately in the dynamical equations.

Three forces act on a dust grain in a circumstellar envelope:
the radiation pressure, the gravitational pull of the star, and
the drag force of the gas. The equation of motion of a single
dust grain is thus

dv; QeL,ma®> GM
-2

M

dnrimyv

*

2.2
v, = v; —v)na*, (35
“dr T Anr*myc r (v =) (33)
where m, is the grain mass and Q is the flux mean of the
extinction efficiency (the dust drift relative to the gas is
assumed to be highly supersonic, which is a self-consistent
assumption). Correspondingly, the equation for the gas is
dv GM, Mn, s 2
V—=——F"+—— (v; — v)*na*, 36
dr 2 dnriv, p (vg =) (36)
where n, is the volume density of dust grains. This equation
contains a variation of the dust-to-gas ratio in proportion to
v/vg, on account of the different velocities for dust and gas.
From these equations it is easy to show that the drift velocity,
Vgrist = Ug — U, reaches its terminal value much faster than the
gas outflow velocity (see Gilman 1972). This steady state drift

velocity is given by
Qr L, v\
Darite = (——‘;WC* : 37)

Therefore, in regions where v is still small but vy, is already
close to its terminal value, the factor v/v, leads to a consider-
able decrease in opacity. This is the case in the innermost parts
of the envelope, where otherwise the above-mentioned uncer-
tainties regarding the opacity are the most severe. This effect is
also stronest in thin envelopes.

Since Qf in equation (37) depends on a, grains of different
sizes drift at different velocities and any assumption about an
initial grain size distribution does not hold throughout the
entire envelope. For simplicity we shall only consider a single
size for all grains.

5. THE SOLUTION

5.1. Grain Sizes

There exists considerable uncertainty regarding the sizes of
grains in the expanding shells. Papoular & Pegourie (1983) find
that these grains might be larger than interstellar grains and
Snow et al. (1987) suggest that they are not smaller than 0.05
um, and could be as large as 0.3 um. Our results, utilizing
compilations by Draine (1987) for optical properties of astron-
omical silicates and graphites, enable us to draw some conclu-
sions about the grain size distribution. Figure 1 displays the
terminal velocities of the gas and the dust along with their
difference, the drift velocity, as functions of grain size for model
oxygen and carbon stars. In each case the calculations were
carried out both with and without scattering opacity. The
figure shows that, for a < 0.1 um, scattering is negligible, the
results are essentially independent of the grain size (cf. § 4.1),
and the gas terminal velocity that we get is comparable with
observed values. Larger grains (0.3-1 um) lead to higher
outflow and drift velocities. When scattering is ignored, the
outflow velocity is still compatible with observed values. But
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FiG. 1.—Terminal gas outflow velocity (solid lines), dust velocity (dashed lines), and drift velocity (dotted lines) as functions of grain size for (a) an oxygen star
neglecting dust scattering opacity, (b) an oxygen star with scattering, (c) a carbon star without scattering, and (d) a carbon star with scattering. The oxygen star model
(panels [a] and [b]) assumes silicate grains, M = 1 x 1075 M o¥r L, L,=5x10*Ly, M, =3 M and an effective temperature of 2500 K. The carbon star model
(panels [c] and [d]) assumes graphite grains, the same mass and mass-loss rate, luminosity of 5.6 x 10* L, (based on that of IRC + 10216; cf. Le Bertre 1987), and

temperature of 2000 K.

the inclusion of scattering, which is important, leads to unrea-
sonably high outflow velocities, so these grain sizes must be
excluded. When the grains are even larger (@ = 1 um), the ter-
minal velocity decreases again toward values compatible with
observations. Although the possible existence of such grains
cannot be ruled out from these results, it is certain that they
cannot dominate the optical properties of the dust. The reason
is that the peak observed at 9.7 um in emission or absorption
in red-giant IR spectra is not produced in such a case. These
conclusions remain valid for forward-dominated anisotropic
scattering since momentum transfer by scattering from radi-
ation to dust is less efficient in this case.

The drift effect and its dependence on grain size can be
understood in terms of equation (35). The second term on the
right is of no interest here since it appears also in the equation
of motion of the gas and hence does not affect the relative
motion of the two components. For very small grains the first
term is independent of a while the third term, the dust-gas
coupling term, behaves like 1/a. Therefore the dust velocity
grows with grain size. As the dipole approximation breaks
down, scattering becomes important and acceleration by radi-
ation pressure increases significantly. When the grains reach a
very large size (X 1 um), both Q, and Q, are assumed constant
and both the first and third terms decrease like 1/a. Then the
drift velocity, and also the gas outflow velocity, again
decreases.

From these results it follows that grain sizes are mostly of
order 0.05 um. Larger grains, though possible in principle,

would drift very fast, reducing their space density. In addition,
at such high drift velocities the grains could suffer significant
sputtering (Draine & Salpeter 1979), although the implications
of this effect in this case need further study. Therefore, for
simplicity we assume identical size of 0.05 um for the grains.
With this assumption we find that mass outflow in red giants
driven by radiation pressure on dust will always have a lower
limit on M. This limit is best illustrated by Figure 2, which
presents the terminal outflow velocity versus mass-loss rate for
oxygen and carbon stars. The stars used in this comparison
between theory and observation are listed in Table 1.

As the mass-loss rate decreases toward ~10~7 Mg yr™ %, the
outflow velocity decreases to the thermal velocity. At lower
mass-loss rates, the coupling of gas and dust is so weak that the
kinetic energy transferred to the gas is insufficient to overcome
gravity. This effect may have been observed by Hagen, Stencel,
& Dickinson (1983), who conclude on the basis of observations
of red giants and supergiants that radiation pressure cannot be
responsible for the mass-loss. In fact, their analysis is based on
stars which, with almost no exception, are below the limit we
derive and in these stars the envelope expansion indeed must
be driven by another mechanism; it should also be noted that
the expansion velocities in their sample are rather low (<7 km
s~ 1). Conceivably, the mechanism responsible for lifting the
material to the dust formation point is capable of providing it
with a small velocity, sufficient to overcome gravity. Higher
velocity is then possible only at higher mass-loss rates due to
radiation pressure on dust.
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F1G. 2—Terminal outflow velocity vs. mass-loss rate for calculated models and individual stars. Curves present the results of calculations while individual data

points are from Knapp (1991; see Table 1 for detailed listing). (a) Carbon stars with T,

¢ = 2000 K, assuming a grain size of 0.05 ym. The solid curves correspond,

from top to bottom, to stellar masses of 1.5, 3, and 5 M, and a luminosity of 5.6 x 10* L. The dashed curve corresponds to a star with a mass of I M, and a

luminosity of 1 x 10* L

o- (b) Oxygen stars with T, = 2500 K and a grain size of 0.05 um. Dashed curves correspond, from top to bottom, to stellar masses of 15,3,

and 5Mand a lumm051ty of 5 x 10* L. Solid curves correspond, from top to bottom, to supergiants with masses of 10, 20, 30, 40, and 50 M, and a luminosity of

4 x10° Lg,.

5.2. Dust Optical Properties and the Dynamics

In order to discuss the implications of the dust optical
properties on the dynamical problem, consider first the simple
case where the dust is assumed to have a gray opacity and the
drift effect is ignored. Then the spectral distribution of the
radiation is independent of radius, as is the mean opacity yg.
Equation (6) can then be solved at once and the result is the
familiar expression (e.g., Goldreich & Scoville 1976)

aeLs (| Ro
2nR, ¢ r)’

which shows that the velocity profile is independent of the
mass-loss rate; as already mentioned, our numerical scheme
properly reproduces this solution. The initial outflow velocity,
v(R,), is taken at the sonic point (cf. Deguchi 1980). Since it is
much smaller than the terminal velocity, the implication of its
exact value for the solution is negligible; this is also true for
nongray dust, and for the case that the drift effect is included.
However, as the mass-loss rate is increased, the diffuse radi-
ation inside the cavity becomes important, R, is pushed farther
out, and the terminal velocity (inversely proportional to Ry) is
reduced. We have verified that when a gray opacity is used in
our numerical scheme it properly reproduces this solution.

For the actual case of nongray dust, the behavior of y; as a
function of radius must be known. From equations (5) and (13),

v*(r) = v*(Ro) + (38)

dr _ M

d
B —_
ir Lo Xy Xs[4nB(T) — cu,Jdv + xp — o —In

39)
The second term on the right is always positive. The first term,
on the other hand, is negative when y, is a monotonically
increasing function of v and positive in the opposite case. The
reason is the following: In the inner zones u, is dominated by
the stellar radiation, which can be approximated by a diluted
blackbody field at a temperature of ~2000-3000 K, much
higher than the dust temperature. As a result, the integrand is
dominated by its first term at low frequencies and the second
term at high frequencies. Without the factor yx, the integral
vanishes because the equilibrium condition states that

| xi[4nB(T) — cu,]dv = 0. The weighting with a function that
emphasizes different frequency regions then causes the integral
to be positive or negative, as stated above.

In carbon stars, g, is a monotonically increasing function of
v and the integral on the right-hand side of equation (39) is
negative. In oxygen stars, on the other hand, the opposite is
true and yg(r) is a monotonically increasing function of radius
(since both terms on the right are always positive). In addition,
since the first term on the right is proportional to M, it
becomes negligible at small mass-loss rates. In such cases, yg(r)
is a monotonically increasing function of r for all stars, both
oxygen-rich and carbon-rich. As the mass-loss rate increases,
the first term dominates and g tends to become a decreasing
function of r for carbon stars with large mass-loss rates.

This discussion enables us to reach certain qualitative con-
clusions concerning the behavior of the solutions. In thin
envelopes (small M) the first term on the right-hand side of
equation (39) can be neglected, leading to the result

xF<1 + d"“) = const .
v

As shown earlier (§ 2), for a given opacity v is independent of M
while vy, increases as M decreases. Thus y, decreases with M,
setting a lower limit on the possible mass-loss rates that can be
driven by radiation pressure on dust. This is evident from Figure
2, which shows the expansion velocity as function of mass-loss
rate. Similar lower bounds were obtained by Kwok (1975), and
Table 2 presents a comparison between the two sets of results.
The limits we find are lower than his, typically by about factor
of 4, although in one case (corresponding to the highest mass
and T,g) the difference is as large as factor of 10. These differ-
ences can be attributed to the detailed, updated optical proper-
ties we employ, as well as the improved treatment of radiative
equilibrium. In particular, we find that grains reach their final
size at about 3—4 stellar radii, and that another mechanism
must be responsible for lifting the material to that distance.

For optically thick envelopes (high mass-loss rates) the
behavior of the opacity depends on the composition of the

(40)
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TABLE 1

Mass-Loss RATES AND TERMINAL OUTFLOW VELOCITIES OF THE STARS APPEARING IN FIGURE 2

M v, M v,
Star (Mg yr™") (kms™1) Reference Star (Mg yr™) (kms™1) Reference
Oxygen Stars Oxygen Stars

IRC +40004................... 2.7 x 1073 24.2 1 IRC —10529.....ccevieninan. 1.5x 1073 15.8 1
TCas...cooovvvieiiiiiiiinns 56 x 1078 52 2 IRC +80040............ce.en. 1.5 x 107¢ 12.0 11
IRC +10011 1.4 x 107° 230 1 CRL2646 ......cccovvviiinnn. 28 x 107¢ 154 6
IRC + 30021 80 x 107¢ 13.0 3 TCeP woeveiiiiiiiiiiinn 8.6 x 1078 5.0 6
CRL278 ..o 42 x 1077 7.6 2 IRC +40483................... 82 x107° 18.0 1
0Cet i 1.7 x 1077 5.0 1 UUPeg ...covvnininininenne. 74 x 1077 13.5 6
CIT4...cooiiiiiinnnn.n. 6.4 x 1076 122 3 RUCyg ... 1.1 x 107¢ 142 6
IRC —30023............. 14 x 107¢ 11.6 2 uCep...... 34 x 1077 10.0 12
| 13 5 (6] S 2.1 x 1077 6.6 4 EPAQr...cocceviveniniiinnnn. 57 x 1077 8.6 2
NMLTau ............... 4.5 x 107° 22.0 1 RTCep ..oovvvvviiiiiinnns 45 x 107° 18.5 11
VErn ...oooooeviiin. 42 x 1077 13.0 2 IRAS 2155+6204 ............. 21 x10°° 12.6 2
TXCam.........c...... 30 x 107¢ 16.9 5 TWPeg ..o 40 x 1077 9.5 2
IRC +50137............. 6.5 x 107° 14.7 1 SV Peg 1.0 x 107¢ 11.0 10
RAur .........coovennn 1.0 x 107¢ 109 1 IRAS 2227 +5435 ............. 6.3 x 1073 11.6 3
IRC +60154............. 1.1 x 1073 19.9 2 VPsA ..o 6.9 x 1077 21.0 4
IRC +70066............. 1.1 x 1073 21.1 1 CRL2999 ...cviiiiiiiiin e, 55 x 1073 17.6 10
VCam .........ccceenne 8.0 x 1077 12.2 6 IRS +60427 ................... 58 x 107° 19.0 4
IRC +40149............. 2.1 x 1073 19.8 7 RCas.......oovviiniiiiiiinn, 8.6 x 1077 12.3 1
IRC +60169............. 6.3 x 107° 16.9 1

IRC20101 ..............c...... 9.4 x 1076 200 8 Carbon Stars

GX Mon 19 x 10~ 18.7 2

IRAS 0713 + 1005 1.8 x 107° 10.0 3 IRAS 0021 +6221 ............. 32 x107¢ 13.0 13
VY CMa 22 x 1073 359 2 IRC +60041..........ccnntnn. 1.3 x 107° 23.3 6
YLyn oo 30 x 1077 5.4 5 VA 6.1 x 1078 35 14
RSCnc...oovvviiiiiiiiiinne, 6.3 x 1077 53 1 CRL190 .....oviiiiiiiiaen. 6.8 x 1073 19.7 2
IRAS 0937+ 1212 ....... 2.1 x 107¢ 25.0 8 RScl oo 42 x 107¢ 17.6 15
RLMi.....oooeiiiiiis 32 x 1077 6.0 9 IRAS 021542822 ............. 23 x107° 89 6
IWHya .................. 52 x 1078 14.0 2 RFor.......oooiiiiiits 1.0 x 107° 20.0 15
RLeo ...cooovviiiiiint 9.2 x 1077 6.5 9 CRL341 ... 1.7 x 10~ 14.2 3
RCrt .oovvviiiiiinns 6.9 x 1077 11.0 2 TWHor........ 80 x 1078 53 15
IRC —30163E............ 22 x 1077 8.0 2 CRL 482 ....... 1.7 x 1073 16.0 1
BKVir ..........coooeet 14 x 1077 4.7 6 IRC +50096... 55 % 107° 16.8 1
RTVir ...l 1.6 x 107¢ 84 10 UCam ......... 1.6 x 107¢ 220 3
SWVir ... 32 x 1077 94 11 CRL 5102 ...... 49 x 107° 133 2
RHya .................... 6.9 x 1078 75 5 IRC +60144 1.1 x 107° 204 1
WHya .......cooveiiin 1.1 x 1077 9.7 5 CRL61S8 ....... 7.7 x 1073 21.5 1
RXBOO ....ovvvunevnnnn 9.2 x 1077 7.8 9 STCam ............... 1.8 x 1077 10.0 14
WXSer ......oooviiiinn 1.4 x 107¢ 11.5 7 TIRAS 0453+ 4427 .... 40 x 107°¢ 20.8 16
XHer ....oooovvvvnin. 1.1 x 107¢ 8.8 2 RLep .....ooooiiiitns 4.5 x 1077 9.8 2
CRL1822................ 29 x 1073 142 4 WOri ..covvvvieenn. 1.2 x 1077 109 17
IRAS 1610—4205 ....... 1.5x 107° 14.0 10 IRAS 0510+2055 ... 1.1 x 1073 252 16
30gHer ...l 1.9 x 1077 15 2 IRAS 0513 +4712 5.7 x 107° 14.7 16
NGC6302 .....ooovvvvnnnnnn 1.1 x 107% 22.5 6 SAUr oo 14 x 107¢ 16.5 3
CRL 6815S 50 x 1073 25.1 10 1.7 x 107° 30.0 7
MW Her 6.5 x 10°¢ 233 3 1.1 x 1077 7.0 15
CRL 5379 79 x 107° 20.5 10 41 x 1077 10.7 15
161796 .........ooiiiiiiiill. 1.5 x107% 11.5 8 23 x107° 153 1
89Her...........ooiiiiii. 8.0 x 1077 44 8 52 x 1077 114 14
VXSag......... 1.3 x 1073 30.0 4 23 x 107° 25.8 6
IRC +10365... 6.3 x 107¢ 16.7 1 3.6 x 107° 129 3
IRC +10374 ...t 52 x 107° 18.5 3 58 x 107¢ 21.4 3
IRAS 1846—4802 ............. 38 x 107° 11.0 4 4.5 x 1077 11.5 2
IRC30398 .....ccvvvveniinnnnn 7.7 x 107¢ 132 10 63 x 107¢ 9.0 2
RSCra ....covvvveviinniinne, 7.0 x 107 20.7 10 2.5 x 107¢ 27.0 6
RAql.......oooii, 1.0 x 1077 10.1 5 2.7 x 1077 11.7 15
3880Sag ........coviiiiniinnnn 1.5 x 1073 222 10 1.7 x 107° 19.3 15
IRC 30404 ... O 1.1 x 1073 15.0 4 1.0 x 1073 19.0 7
CRL2343 ......ccooiiiiniin. 1.6 x 1074 33.0 8 CRL108S ....cevvviiiiinnnnnnn. 1.1 x 107° 23.8 2
CRL2362.........ccciiivinnn 46 x 107° 20.0 10 IRAS0721—1246 ............. 24 x 107 249 16
Vy2-2 oo 24 x 10°¢ 12.1 1 IRC —20131.....ccvvvinnnenn. 87 x 107° 25.5 6
IRC +10420..........ccenne 30 x 107# 51.7 1 IRAS 0758 —1933 ............. 46 x 107° 14.6 16
MI—92 oo 31 x1073 25.5 7 IRAS 0804 —1524 ............. 14 x 107¢ 13.7 16
GYAql ..o 6.2 x 107¢ 11.5 5 IRAS 0807 —3615 ............. 2.1 x 1073 17.3 10
CRL2477 ....coooiiiiiin . 9.2 x 10°°% 224 6 CRL1235 ... 24 x 1073 20.7 2
RRAqQl .......oooiiiii, 29 x 1077 74 2 CRL5250 ......ccvviviiinnns 1.7 x 1073 16.1 2
IRAS 2002+3910 ............. 1.1 x 107 10.5 2 D, €O T . 22 x 1077 12.0 14
19438Sag ........coeiiiiiinnnn, 1.9 x 1077 8.0 4 CRLS254 ......cooiiiviinnnnnn 64 x 1073 12.8 2
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TABLE 1—Continued

M v

M v,

Star Mg yr™) (kms™?) Reference Star (Mg yr™) (km g_‘) Reference
Carbon Stars Carbon Stars

55x 1073 15.2 1 UXDra .........coooeeennnnnn. 1.5x 1077 6.9 14

23 x 1077 10.2 15 AQSag ......oovviiiiiiiiiinn 1.8 x 1077 6.0 4

1.7 x 1077 8.6 15 CRL2417 ................ 34 x107¢ 24.4 2

23 x107¢ 16.9 1 IRAS 1934+ 1209 1.7 x 1073 120 18

47 x 10™¢ 10.9 1 IRAS 1945+2920 ............. 14 x 1073 14.0 8

8.7 x 1077 21.2 15 IRAS 1947 +3119 ............. 23x 1073 17.0 8

49 x 1077 10.7 2 IRAS 1947 + 2401 1.7 x 107¢ 12.5 13

1.1 x 1077 8.4 14 163075 .............. 3.7 x10°¢ 11.0 8

4.5 x 107¢ 24.0 6 CRL2494 ......... 8.0 x 10™3 20.0 2

2.5 x 107¢ 11.0 16 RTCap ........... 1.0 x 1077 9.1 15

YCVn ..o 7.1 x 1078 6.3 2 VCyg covvvvaann 2.7 x 107¢ 14.0 17
i 9.5 x 107¢ 16.9 1 IRAS 2043 + 3825 .. 14 x 10°¢ 20.6 16
33x 1077 13.0 17 IRAS 2053+ 5554 .. 29 x 107¢ 114 16

23 x 107¢ 20.5 4 CRL 2686........... 58 x 10°¢ 235 2

XTrA oo 14 x 1077 9.2 15 CRL 2688 ........... 1.6 x 1074 19.7 1
IRAS 15195115 6.9 x 107° 233 4 IRAS 2100+ 4801 6.9 x 1079 14.8 6
VCB ..................... 2.7 x 1077 6.5 3 RVAQr ......oooovvviiiiii, 22 x107¢ 16.1 15
CPD —568032 ........... 1.6 x 107°¢ 17.0 4 V1549 Cyg ... 4.6 x 10™° 114 6
CRL 1922 ................. 9.5 x 107¢ 16.6 3 NGC7027 ..o 1.1 x 1074 179 1
V463Sco...........o.un 84 x 107¢ 25.6 6 IRAS 211445110 ............. 1.1 x 1074 11.5 18
IRAS 1721 -3916 14 x 107¢ 8.8 16 TInd ..., 8.0 x 1078 5.5 15
IRC +20326.............. 23 x 1073 17.5 1 YPav ..o 1.8 x 1077 94 15
IRAS 1737—-3021 49 x 107¢ 10.3 16 IRAS2122+5114 ............. 1.3 x 1075 20.6 16
TDra ... 1.3 x 107¢ 14.0 1 IRAS 2128+5050 ............. 14 x 10™° 18.0 19
IRAS 1758—1744 ............. 44 x10°°¢ 16.1 16 IRC +40485..........c........ 34 x10°¢ 149 1
FXSer .................... 8.6 x 107¢ 27.0 6 SCepeviiiiiiiiiiiiiaa, 24 x107¢ 224 2
CRL2135................ 1.3 x 107% 230 7 IRAS 2137+4540 ............. 1.1 x 10~¢ 14.7 16
CRL2154 ...l 1.1 x 1073 27.0 3 V460Cyg ..ooveeeeaeannnnnn. 34 x1077 114 14
CRL2155 ... 1.7 x 1073 15.1 1 RVCyg .ccovvvnnenn. 52 x 1077 14.7 14
IRAS 18240839 19 x 10™¢ 16.1 16 PQCep ...ovvnvvnnnnn. 20 x 10°° 21.7 3
IRAS 1826 —1257 ... 7.6 x 10°¢ 235 16 IRAS 2144+ 4950 29 x 10°¢ 14.6 16
TLYr oo, . 1.1 x 1077 12.2 17 IRAS 2148 + 5301 1.5 x 1073 223 2
CRL2199 ...t : 13 x10°° 8.0 1 CRL2901 .............. 1.7 x 1073 342 3
IRC +20370.............. 93 x107¢ 15.6 10 IRAS 2230+ 5950 54 x 107¢ 18.3 16
IRC +00365.............. 1.5 x 1073 345 3 CRL 2985 23 x 10°¢ 19.2 6
IRAS 1842 +0346 5.1 x 1077 20.0 18 CRL 3011 1.5x 1073 214 3
CRL 2259 ............ 1.5 x 107° 21.8 3 CRL 3068 73 x 107¢ 14.5 1
SSct .o 7.6 x 1077 19.9 15 CRL 3099 1.5 x 107¢ 10.1 1
IRC +10401 ....... 1.5x 1075 174 3 IRAS 2326+6854 ............. 12 x10°¢ 8.0 13
VAql............... 1.6 x 1077 8.2 14 IRAS 2327+ 5336 1.1 x 107¢ 8.8 16
IRAS 1906 + 0544 . 1.6 x 1073 20.5 16 IRC +40540........... 24 x 1073 14.7 1
V1942 Sag ......... 1.7 x 1077 10.0 15 IRAS 2332+ 6545 52 x 1073 15.0 4
IRC —10502................... 44 % 10°¢ 22.5 2 TXPSC eooviiiiiiiiiiin, 1.6 x 1077 11.8 14

REFERENCES.—(1) Knapp & Morris 1985; (2) Zuckerman & Dyck 1986a; (3) Zuckerman, Dyck, & Claussen 1986; (4) Knapp et al. 1989; (5) Wannier & Sahai 1986;
(6) Zuckerman & Dyck 1989; (7) Knapp 1986; (8) Likkel et al. 1987; (9) Knapp et al. 1982; (10) Zuckerman & Dyck 1986b; (11) G. Knapp (private communication);
(12) LeBorgne & Mauron 1989; (13) Arquilla, Leahy, & Kwok 1986; (14) Olofsson, Eriksson, & Gustafsson 1987; (15) Olofsson, Eriksson, & Gustafsson 1988; (16)
Rieu et al. 1987;(17) Jura, Kahane, & Omont 1988; (18) Leahy, Kwok, & Arquilla 1987;(19) Likkel et al. 1988.

dust. In carbon stars yp decreases outward and the rate of
decrease is higher as the mass-loss rate increases. Thus the
acceleration becomes progressively weaker as M increases and

TABLE 2

COMPARISON OF MINIMAL MAss-Loss RATES, M,,;, in M yr~!, OBTAINED
IN THIS WORK WITH THOSE OBTAINED BY Kwok (1975)

Mass L, Ty Grain Size M .. M, .
(M) (Lo) (K) (um) (Kwok) (This Work)
Lo 10* 2000 0.15 5.5 %1077 1.5 x 1077
Soei 10° 2000 0.11 1.8 x 1076 40 x 1077
Sevieiinn. 10° 3000 0.06 9.8 x 1077 20 x 1077
25, 10° 2000 0.08 6.0 x 107 1.5 x107°
25, 10° 3000 0.045 3.1 %x107° 50 x 1077
25 108 5000 0.02 1.6 x 1076 1.5 x 1077

the terminal velocity decreases until eventually the outflow
stops. Hence an upper limit on the mass-loss rate is also set in
this case. Its value, as evident from Figure 2a, is several times
107*Mgyr %

In oxygen stars the situation is more complicated: yxp
increases outward and its rate of increase increases with
M. Hence the terminal velocity would also be expected to
increase with M. This effect, however, is countered by the
diffuse radiation in the cavity that pushes outwards the dust
formation point. The combined effect of these two competing
phenomena is that for high mass-loss rates the terminal veloc-
ity varies very little with M, can be seen from Figure 2b.

Although our calculations did not produce an upper limit on
M for oxygen stars, such a limit must eventually be reached.
This should happen when the envelope becomes so thick that
the spectral distribution of the radiation is shifted beyond the
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silicate absorption peaks. In such a case, the behavior of y for
1 oxygen stars should become similar to that for carbon stars,
ultimately producing an upper limit on M. Such a limit,
however, would be of little interest since the involved mass-loss
rates must be considerably larger than all those considered
here, beyond the observed range.

It should be pointed out that when a limit mass-loss rate is
approached, the linear relationship between optical depth and
mass-loss rate, discussed in § 2, breaks down. The reason is
that the terminal velocity then approaches the escape velocity
so that gravity can no longer be neglected, leading to a
decrease in outflow velocity and an increase in optical depth.

5.3. Stellar Properties and T heir Implications on the Solution

Some of the parameters characterizing late-type stars with
potential significance for the outflow unfortunately involve
observational uncertainties, including the bolometric lumi-
nosity as well as the spectrum. Even when the star is assumed
to emit as blackbody, the radiation still undergoes molecular
absorption on its way to the dust shell. Fortunately, the solu-
tion is not severely affected by these uncertainties. Regarding
the luminosity dependence, Jura (1984) has shown qualitatively
that v, ~ L}/*, and this moderate dependence is supported by
our calculations. Therefore, outflow velocities vary by less than
a factor of 2 when L, is varied over the full range of giant and
supergiant luminosities, about one order of magnitude.
Regarding the stellar spectrum, our calculations show that the
velocity profile for a given model is almost independent of the
stellar effective temperature. Since little is known about the
absorption-line spectrum, we devised a simple method to test
its effect: the stellar radiation field is given a blackbody shape,
but certain bands are removed at random (assuming that their
corresponding secondary radiation escapes at long IR
wavelengths). Using this procedure, we found no effect on the
dynamics other than that caused by the effective reduction of
the stellar luminosity (a small effect, as just mentioned). This
leads us to conclude that the absorption lines have a rather
minor impact on the problem.

A parameter with important impact on the solution is the
dust-to-gas ratio. In our calculations we assumed a ratio by
mass of 1.5 x 1073 for all carbon stars and 5 x 1073 for
oxygen stars (Knapp 1985). It is quite possible, though, that
this ratio could vary within each group. Figure 2 shows that
the terminal velocity for oxygen stars is almost independent of
M at high mass-loss rates, yet observations show that stars
with high M and lower outflow velocities do exist. A possible
explanation is suggested by the results of Baud et al. (1981),
who find that OH/IR stars with terminal velocities less than 15
km s~ ! tend to belong to old disk population. This implies that
a reduced metallicity, and hence a reduced dust-to-gas ratio,
are to be expected. Figure 3 displays the impact of various
parameters on the profile and terminal velocity. The input
parameters of the models along with the resulting outflow
velocity, optical depths at 1 and 10 um, and flux-mean optical
depth are listed in Table 3.

5.4. The Inner Cavity Diffuse Radiation

The inherent differences between the solutions for carbon
stars and oxygen stars are best demonstrated by the spectral
shape of diffuse radiation in the inner cavity (see § 3.3), present-
ed in Figure 4. In general, the larger the mass-loss rate, the
more efficient is the processing of radiation into longer wave-
lengths. In carbon stars (Fig. 4a), lowering the mass-loss rate
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makes the escape of processed radiation easier, and the dust
temperature is lowered accordingly. This is why the peak of the
spectral distribution shifts to longer wavelengths and the inten-
sity increases as the mass-loss rate increases.

The situation in oxygen stars is more complicated. The sec-
ondary radiation is concentrated closer to the silicate absorp-
tion peaks, resulting in a greenhouse effect. As a result, the rate
of decrease of dust temperature with distance from the star is
moderate and almost independent of M. The IR field in the
inner cavity is characterized by a peak between 10 and 20 um
(Fig. 4b). When the mass-loss rate is very high, the distribution
approaches a blackbody shape.

6. GRADUAL ACCELERATION IN SUPERGIANTS

Maser observations of the circumstellar envelope of VX
Sagittarii provide evidence for considerable acceleration at
substantial distances from the central star (Chapman & Cohen
1986). The observed velocity is ~10 km s~ ! for the H,O and
OH main line masers, while for the 1612 MHz OH maser,
located further out by about 80 stellar radii, it is 19 km s~ 1,
Subsequent CO observations by Knapp et al. (1989) indicate a
terminal outflow velocity of about 30 km s~ !. The inferred
accelerations are considerably higher than what could be
expected at such large distances; radiation pressure on
promptly formed dust produces most of its acceleration imme-
diately following dust formation, during the initial stages of the
wind outflow. Chapman & Cohen considered the possibility
that grain growth due to ice accretion could lead to enhanced
radiation pressure at large radii. However, Netzer (1989)
argued that grain growth could not explain the observed accel-
eration and suggested that a radiation pressure gradient might
be responsible instead. Since the CO observed velocity is domi-
nated by the outermost layers of the envelope, which are too
dilute for radiative transfer effects to have any appreciable
impact, he suggested that this velocity reflects stellar evolution-
ary effects which cause the outflow velocity to decrease with
time. Using different methods, both Netzer and Knapp et al.
conclude that the mass-loss rate of VX Sagittarii is M ~ 2
x 10 "> Mgyr

The detailed calculations presented here enable us to
examine the different aspects of this problem. The discussion of
§ 4 shows that the flux mean opacity grows even if grain
growth is completely ignored, leading to a more gradual accel-
eration pattern than assumed in the past (cf. eq. [38]). In stars
with low mass-loss rates, the reason is dust drift, while in
oxygen stars (and OH/IR stars in particular) with large M the
effect arises from the optical properties of silicates. The acceler-
ation pattern is conveniently described in terms of the param-
eter € = (r/v,)(dv,/dr). We find that typically € <O0.1 at
distances of several tens of stellar radii, the location of the OH
maser shell. This value increases with mass loss rate, in agree-
ment with the recent observations of Bowers & Johnston
(1990). In particular, they find that the red supergiants OH
127.8—00 and OH 26.5 + 0.6 have mass-loss rates on the order
of 107* Mg yr ™! and € ~ 0.1. VX Sagittarii, along with IRC
+ 10420 with € ~ 0.2, seems to be exceptional. The uniqueness
of VX Sagittarii becomes more conspicuous when we note that
IRC +10420 is an F8 star, the only known OH/IR star which
is not a late-type star (Bowers 1984).

Our calculations could not produce the high value of €
observed in VX Sagittarii at several tens of stellar radii. A
possible explanation for these gradients is the following: With
a mass-loss rate of ~2 x 107> My yr~! and the outflow
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TABLE 3
TERMINAL OUTFLOW VELOCITY, OPTICAL DEPTHS AT 1 AND 10 MICRONS, AND FLUX MEAN OPTICAL DEPTH FOR MOoDEL STARS USED FOR FIGURE 3

A. PANEL (a):
O-star, M =3 My, M =3 x 1075 M yr ™},
L=5x10* Ly, T,= 2,500 K

F. PANEL (f):
O-star, M =30 M, L =4 x 10° L,
T, = 2,500 K, Dust-to-Gas Ratio = 0.005

ve
(kms™?)

v,

Dust-to-Gas 7(1 pm) 7(10 pum) Tp (km ;") 7(1 pm) 7(10 pm) T
27. 1.3 3.9 1.1 39. 22 6.4 1.8
18. 12 34 09 35. 0.76 2.2 0.61
11. 12 35 0.97 30. 0.24 0.69 0.18

24. 0.08 0.24 0.059
B. PANEL (b):
O-star, M =5 My, M =3 x 1075 M yr™?,
L=5x10*Lg, T, = 2.500 K

» G. PANEL (g):

C-star, M =1 Mg, L=1x 10* L,

-1
Dust-to-Gas (kms™  zdpm) (10 um) o T, = 2,000 K, Dust-to-Gas Ratio = 0.0015
0.005................... 24. 1.5 44 12 -
0.003......coeenennnnn. 11. 2.0 5.7 1.6 M v,
Mg yr™h) (kms™1) (1 um) 7(10 pm) L
C. PANEL (¢):
Osstar, M = 1 Mg, L= 1 x 10* Lo, 31075 75 14, 027 17
T, = 3,000 K, Dust-to-Gas Ratio = 0.005 1x1075. ... 11.7 35 0.067 0.68
3x 1076 ... 13.5 0.86 0.016 0.24
M v, I1x107%............... 120 0.25 0.005 0.084
(Mg yr™Y (ms ) t(lum) (10 um) % 5% 1077 i 9.9 0.11 0002 0047
3x 1077 78 0.066 0.001 0.028
3x1075. ... 15.3 32 9.3 32
1x1075............... 14.5 1.0 29 0.99
3x 107 ... 13.8 0.33 0.94 0.31
1 x 10:3 ............... 11.7 0.11 0.32 0.11 H. PANEL (h):
5 x 10—7 ............... 9.5 0.056 0.16 0.054 C-star, M =3 My, L =5 x 10* L,
3x 1077 ... 6.4 0.038 0.11 0.037 T, = 2,000 K, Dust-to-Gas Ratio = 0.0015
D. PANEL (d): v
O-star, M =4 M, L=5x 10* L, €y
T, = 2,500 K, Dust-t0-Gas Ratio = 0,005 (ms™H) cpm) c(00pm) %
. S. 160. 3.0 72
M Ve 8. 59. 11 3.6
(Mg yr™Y) (kms™')  t(lpm) (10 ym) T 13. 134 025 17
3Ix 1074 ... 23. 11. 31. 83 19. 30 0.056 0.62
-a 22. 0.83 0.016 0.23
1x107%. ..., 23. 3.6 10. 32 19 021 0.004 0.096
3x 1075 22. 1.1 33 0.94 ) ’ : -
1x107%............... 19. 0.39 1.1 0.31
3x 1078 15. 0.12 0.36 0.09
E. PANEL (e): I. PANEL (i):
O-star, M = 10 M, L = 4 x 10° L, C-star, M =5 Mg, L =5 x 104 Ly,
T, = 2,500 K, Dust-to-Gas Ratio = 0.005 T, = 2,000 K, Dust-to-Gas Ratio = 0.0015
M v, Ve
Mg yr™?) (kms™1) (1 pum) 7(10 pm) . (km s~ 1) 7(1 pm) 7(10 um) T
1x1073. .............. 43. 6.6 19. 52 S. 44, 0.82 33
3Ix 1074 ... 43, 20 57 1.6 12 11. 0.21 1.5
Ix 1074 .............. 41. 0.67 1.9 0.52 17. 3.26 0.061 0.64
3x 1075 ... 37. 0.20 0.58 0.15 20. 0.90 0.017 0.24
Ix 1075 ..., 33. 0.063 0.18 0.045 17. 0.23 0.004 0.079

velocity observed in the OH 1612 MHz maser line, VX Sagit-
tarii is located on the v,-M diagram of Figure 2b where the sign
V' is marked. This location corresponds to a supergiant with
normal metallicity, a mass of about 40-50 M o, and a lumi-
nosity of 4 x 10° L, (its assumed luminosity and the one we
used in all the calculations for supergiants). If the mass-loss
rate were increased to about 10™* Mg yr~! (which is not
unusual for such supergiants) with the other parameters
unchanged, the outflow velocity would become about 30 km
s~ '—the observed CO velocity. It is possible that the mass-

loss rate was this high in the past, producing the high outflow
velocity of the observed CO layers. As the mass-loss rate
decreased to its current value, the outflow velocity decreased to
the observed value of the 1612 MHz OH maser line. Further-
more, Figure 2b shows that the current mass loss rate of VX
Sagittarii is not much higher than the minimum limit. The
outflow velocity in that part of the diagram is very sensitive to
changes in the mass-loss rate. Therefore, a minor decrease in
the mass-loss rate during the crossing time between the H,O
and OH maser shells, about 200 yr, could cause the difference
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F1G. 4—The spectral energy density in the central cavity inside the dust formation point. (a) Carbon stars with a mass of 4 M, effective temperature of 2000 K
and luminosity of 5 x 10* L. The dust-to-gas ratio by mass is 0.0015. The mass-loss rates are (solid lines, from bottom to top): 1 x 1075 My yr™!,3 x 107> Mg
yr™', 1 x107* Mg yr™%, 3 x 107 My, yr~*. The dashed line corresponds to a blackbody curve of 700 K. (b) Oxygen stars with a mass of 4 M, effective
temperature of 2500 K, and luminosity of 5 x 10* L. The dust-to-gas ratio by mass is 0.005. The mass-loss rates are (solid lines, from bottom to top): 3 x 1076 M,
yrT L1 x 1075 Mgyr 1,3 x 1075 Mgyr~,1 x 107* Mg yr~*,3 x 107* Mg yr~!. The dashed line corresponds to a blackbody curve of 700 K.

between the observed outflow velocities of the two regions.
Possibly, we are witnessing a stellar evolutionary effect involv-
ing decrease of the mass-loss rate.

7. CONCLUSIONS

Our results show that radiative transfer effects provide satis-
factory explanations for dynamical properties of circumstellar
envelopes. Dust drift through the gas has a major impact on
the opacity and leads to a lower limit on the mass-loss rates
that can be driven by radiation pressure on dust. This limit is
of order 1077 M yr™*, close to the value observed for Mira
variables. Lower mass-loss rates are characterized by lower
outflow velocities and must be attributed to other processes.

Differences in dust optical properties lead to different
outflow characteristics in carbon stars and oxygen stars, as the
stellar radiation is reprocessed differently in the two classes.
The difference is most notable in high mass-loss rates. In
carbon stars there is an upper limit of several times 10~ # yr ~*
on possible mass-loss rates, while the corresponding limit in
oxygen stars is presumably higher and of no observational
interest.

Major sources of uncertainty are the grain size distribution
and the character of scattering. Our results suggest that grains
with sizes of 0.3-2 um cannot dominate the envelope behavior.
The silicate optical properties, along with the dust drift, may
explain some of the gradual acceleration observed in the
outflow around red supergiants.
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