WIND DRIVEN MASS TRANSFER IN INTERACTING BINARIES
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ABSTRACT. Stars in close binary systems can suffer two kinds of mass change: 1) mass transfer
between the stars 2) mass loss completely from the system. Observational estimates indicate that
these are of the same order. A simple explanation can be found if the mass loss, by stellar wind,
from the Roche-filling star is the driving mechanism behind mass transfer. We find quantitative
estimates for the necessary conditions and find that the mass transfer rate and the mass loss rate
are indeed similar. We find that the radii of evolved semi-detached systems are more consistent
with wind-driven evolution than the traditional nuclear-driven Roche-lobe overflow.

1. Introduction

The origin of this idea was the realization that the evolved star in a binary prior to Roche-
lobe overflow (RLOF) appears to be losing mass at a rate comparable to, actually faster
than, the rate at which it was thought to lose by mass transfer once it had become a semi-
detached binary, after RLOF. In a semi-detached binary undergoing conservative case B
mass transfer, after passing the critical mass ratio (defined later), the loser would lose mass
on its nuclear timescale. Since

M
X Tnue X 10“7 years, (1)

SIS

where M, the mass of the star, and L, its luminosity, are in solar units, we would get
M = 5x 107" Mgyr~! for a typical late-type subgiant or M =~ 2 x 10~1°Mgyr~! for a
typical late-type giant. There exist both theoretical (Tout and Eggleton 1988) and ob-
servational (Mullen et al. 1989) indications that the evolved star in a binary, just before
becoming a semi-detached Algol-type system, is losing mass in an enhanced wind at a rate
of 1078 Mgyr~! (if a subgiant) or 10~"Mgyr~! (if a giant). Such rates are two or three
orders of magnitude greater than the conservative case B nuclear rates would be. We sus-
pected that such rapid rates, if taken into account, would alter our understanding of Algol
evolution profoundly. In fact the enhanced wind can dominate and, moreover, drive the
mass transfer throughout the semi-detached phase of the binary’s lifetime.
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2. Red Giant Stars and the Critical Mass Ratio

If the lobe-filling star is a red giant we can find a simple expression for its radius. By
constructing detailed models of red giant stars Eggleton and Tout (‘Tout 1989) found an
empirical fit to red giant radii in terms of their total mass and luminosity:

R = f(L)MT, (2)

with n = —0.27. The suffix 1 or no suffix refers to the mass-losing star while the suffix 2
refers to the gainer. Paczyfiski (1965) showed that the radius responds to mass loss on a
dynamical timescale. If mass transfer in such a system were to result in the Roche lobe
shrinking with respect to the losing star, positive feedback would force overflow to accelerate
on a dynamical timescale. To avoid this any mass transfer must result in the Roche-lobe
radius, Rr, growing faster than R or R < Ry while R = Ry. Differentiating Pacyiski’s

(1971) formula,
ﬁ 32?; (M’) , 0<g<0.8, 3)

which is actually a good fit to ¢ = 3, (M is the system mass and d its semi-major axis)
while conserving the total mass and combining these with the total angular momentum,
J x M]Mg\/d/M in the case of conservative mass transfer (M =J= 0, M, = —Ml,
throughout -M corresponds to the wind-mass-loss rate and M2 to the mass-transfer rate,
M1 =M- Mz) requires a mass ratio,

54 3n
6

g< = Qerit )

or for red giants ¢ < 0.7.

3. Wind Driven Transfer

If ¢ < gerit is satisfied, a system can be maintained in a semi-detached state either by
expansion on a nuclear timescale or by wind mass loss from the primary coupled with its
own expansion following the loss of mass. Consider a Roche-filling star (R = Rp). It will
fall out of its semi-detached state if R < Ry, when M; =0 (since transfer ceases if R < Ry).
Consider a case where there is no extra angular momentum loss so that J = Md3Q. With
equation (2), R < Ry is satisfied if

aM M —4M;

M—4My
AR ()

so for n > -1, windy mass loss will maintain the Roche filling state and thus drive mass
1-3n

transfer if
g< CESk (6)

which holds for ¢ < 0.826 if n = —0.27 (i.e. for giants). On the other hand it cannot be
satisfied for n > = provndmg a cut-off on wind driven transfer preventing it from taking

https://doi.org/10.1017/5S0074180900122491 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900122491

365

place for any star that shrinks fast enough. In addition the mass-loss timescale must be
much less than the nuclear timescale if wind-driven transfer is to dominate.

If these conditions are satisfied then loss of mass from the primary will keep the system
semi-detached so that, with M < 0 and M, >0, R= Ry and R= Ry,

3(1+n)g+3n-1

R ) PR VR

(7

As expected conditions (4) and (6) must be satisfied if M, is to have the opposite sign to
M and transfer is in the right direction.

4. Numerical Models
Numerically we can take into account more of the details. In particular we can use the true

Roche-lobe radius and we can easily vary the Alfvén radius so that the wind can carry off
additional angular momentum. In addition we can include nuclear evolution for a red-giant

loser.
[ LA I L LI LR T LA I | LB 1T LANEL AN B 4 T 71
. T T T oo - T T T ]
2 o B
. s - 1
« F 1 - i
% 15 - §~ 200 |- ]
2 5 4 X = .
b C 1 5 - B
) 1 — § - e
s f 1 & ¢
" 3 100 —
sH — - E
o C 1 1 1 1 I 1 1 1 1 l 11 1 1 I 1 1 1 1 l 1 l- 1.1 1 1 ‘ 11 1 1 I 11 1 1 I 11 1 1 l 1
6 5 4 3 2 6 5 4 3 2
q q
e e I LI I 1T TT I L ' L= L I L LENE L LS T rrir T T
of 3 F T T LI
C ] 2 .
. L s C ]
50 |- . r
o . s ]
I 1 3 ]
§ wf 135 & -
& 1" 'F e
E s ] L ]
5 | — - .
[ 4 St =
L e . o ]
I E - .
L1 1 1 I L1 1 1 I Ll 1 1 I Ll 1 I L3 o L 1111 I - - I 11 1 1 I Ll 1 1 I 1 J-
6 5 4 3 2 6 5 4 3 2
q q

Figure 1. Wind driven transfer — observable parameters as functions of the mass ratio. The solid
line is the wind driven case (M = —10"%Mgyr~1) and the dotted line is the nuclear driven case
(M = 0). The last graph shows the ratio of the mass transfer rate to the mass loss rate.
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Figure 1 shows the evolution of a system in which M = 10-5Mgyr~! (solid lines).
Initially it has My = 1Mg, ¢ = 0.6 and L = 100Lg. In the first three panels we have
plotted the variation of the masses, the period and the radius of the primary against the
mass ratio. The fourth panel shows the ratio of the mass-transfer rate to the wind-loss rate,
-M, /M . We have also plotted, in the first three panels, the same initial system evolved
with M = 0 (dotted lines). In this case the evolution is driven by the nuclear burning of
the primary. Notice that P and R increase by substantially more over the same range of g.
However, it is important to realize that the timescale is about 103 times longer than that
of the wind driven case and so P and R would actually be increasing at a slower rate. If
the timescales for nuclear burning and mass loss are comparable then the evolution will lie
somewhere between the dotted and solid curves.

5. Observational Consequences: the Increase in Radius

A way of using observation to verify the correctness of our wind-driven mass-transfer theory
is to examine the increase of radius, R, with decreasing mass ratio, ¢. Conservative mass-
transfer theory, the dotted curve in the radius-versus-q plot in figure 1, predicts a dramatic
increase in radius. From ¢ = gcrit to ¢ = 0.1 there is a fivefold increase. Our wind-driven
mass-transfer theory predicts a much less dramatic increase, the solid line in the same plot
of figure 1. From ¢ = gcrit to ¢ = 0.1 the radius increases by only a factor of 1.7. With
additional angular momentum loss the increase is even smaller because the primary does
not have to lose so much mass to achieve the same mass ratio.

As an observational test (amplified in Tout and Hall 1991) we consider known semi-
detached binaries with the evolved star late enough in spectral type to be convective and
find their radii to be consistent with the smaller increase predicted by wind-driven mass
transfer.
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