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CLUMPING AND MASS LOSS IN HOT STAR WINDS
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ABSTRACT

We construct a simple model for the continuum free-free or subordinate line emission from Wolf-Rayet star
winds, in which full-scale, compressible, supersonic turbulence is assumed to prevail. Based on observed
properties of the turbulent eddies with extrapolation by analogy with Giant Molecular Clouds, such clumpy
winds could lead to a decrease in the estimate of the mass-loss rate by a factor 23 compared to homogeneous
winds of the same free-free or subordinate line flux. Clumping may be important in all hot stars with winds.

In the particular case of the key eclipsing WR +O binary V444 Cygm the observed difference between the
higher values of M traditionally found from the radio free-free emission or the recombination flux of He 1 1.08
pum assuming homogeneity, and the lower M values from dynamical arguments or polarimetry is found to be
a factor 23, in agreement with the above turbulence-based factor. The former methods depend on the square
of the density and hence are sensitive to clumping effects, while the latter methods are impervious to density

fluctuations and are considered more reliable.

Subject headings: stars: early-type — stars: individual (V444 Cygni) — stars: mass loss — stars: Wolf-Rayet

1. INTRODUCTION

It is becoming clear that a parameter almost as basic among
stars as the mass, is the mass-loss rate (M). This is especially
true for massive, hence luminous stars, where values of M lead
to significant cumulative losses during the lifetime of the star.
The epitome of such stars are probably the Wolf-Rayet (W-R)
stars with M believed to lie in the range 107 °-10"* Mg yr™ %,
depending mainly on the W-R subclass, but also on the
emission-line strength (e.g., Smith & Maeder 1990: their Fig. 2
and text, p. 74; but see Willis 1991). With a typical W-R life-
time of ~5 x 10% yr (Maeder 1991), the total mass loss during
the He-burning W-R phase alone (typically ~10% of the total
lifetime) can be well over half the total initial mass. (For the
Sun, the total mass lost during its main-sequence lifetime of
9 x 10° yr via the solar wind will be a mere ~0.01% of its
initial mass.) Uncertainties of “only” a factor of 2 can have
serious impact on massive star models (e.g., Maeder 1991) and
hence on our interpretation of the related observations.

Because of their hlgh M’s, the winds of W-R stars can in
practice be measured in more diverse ways than stars with
lower rates (e.g., O stars have a mass-loss rate which is 210
times lower). This is especially true for the eclipsing system
V444 Cygni (WN5+06), a kind of Rosetta Stone for cali-
brating different techniques for determining M. Although V444
Cygni is a binary, there is no reason to expect the WNS5 com-
ponent to behave differently from if it was single, in view of its
high-speed, dense wind.

As shown recently by St.-Louis et al. (1993, hereafter S93)
there is a serious discrepancy in the literature for estimates of
M for the WN’5 star in V444 Cygni. On the one hand, relatively
low values are found (1) from dynamical arguments relating to
the rate of period increase (Underhill, Grieve, & Louth 1990
found 04 x 107> My yr~! and Khaliullin, Khaliullina, &
Cherepashchuk 1984, 1.0 x 107° M yr~*; S93’s new data for
the time of secondary minimum supports a value intermediate
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between these two) and (2) from the amplitude of linear polar-
ization modulation (0.6 x 107°> My yr~! from the double-
wave orbital modulation and 0.75 x 107° Mg yr~! from the
polarization eclipse at phase 0.5 when the O star eclipses the
W-R star: S93). Note that the dynamical value is not very
sensitive to the mode of mass loss (Khaliullin 1974). These two
methods (dynamical and polarlzatlon) are mutually consistent,
giving amean of ~(0.7 + 0.1) x 1075 My yr 1.

On the other hand, significantly hlgher values of M for V444
Cygni are obtained from radio free-free (f-f) emission fluxes
(~24 x 1073 M yr~! from Bieging, Abbott, & Churchwell
1982, corrected for the new lower v, and lower ionization in
the radio emitting region from Prinja, Barlow, & Howarth
1990; and 2-5 x 107° M yr~!'—with preference for the
former—from modeling the recombination flux of the He 1 1.08
um line by Howarth & Schmutz 1992). Errors of the radio data
are typically +0.2 dex.

Which value is correct: 0.7 or 22 x 1075 Mg yr ~19 (See
S93 for a discussion of the effects on the different M’s due to
the adopted stellar parameters, such as v, ionization struc-
ture, distance, magnitude difference ....) One potential source
of deviation not fully explored so far could be related to clum-
piness of the wind. A simple clump model has been proposed
previously on several occasions, but generally rejected as a
viable explanation for anomalies in IR/radio M’s of O star
winds (e.g., Barlow & Cohen 1977; Abbott, Telesco, & Wolff
1984). Clumping has also been modeled in W-R winds by
Hillier (1991) using arbitrary, inhomogeneous shells. Here, we
wish to model clumps in W-R winds based on viable physical
grounds.

Indirect evidence for clumps in the W-R wind of V444 Cygni
was suggested from the broad secondary eclipse in the IR
{Cherepashchuk, Eaton, & Khaliullin 1984). The clumpiness of
W-R winds is well documented observationally for a large
sample of W-R stars of different subclass by Robert (1992);

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


http://adsabs.harvard.edu/abs/1994ApJ...421..310M

CLUMPING AND MASS LOSS IN HOT STAR WINDS 311

Moffat et al. (1993); Robert, Moffat, & Drissen (1994); and
Robert & Moffat (1994). If, as suspected by these last authors,
the clumps are due to density fluctuations as a result of turbu-
lence (especially in the outer wind, where radio and IR f-f
emission and He 1 1.08 um line emission arise) then it is almost
certain that the radio, IR, and He 1 1.08 um values give over-
estimates of M. The reason is clear: f-f emission and subordi-
nate line recombination emission are sensitive mainly to the
square of the density (e.g., Osterbrock 1989). Thus, for a given
outflow rate, clumpy structured winds will emit more f-f and
subordinate line emission than smooth flow winds. The
dynamical estimate of M from the rate of period change of
V444 Cygni (unique among early-type binaries!) is indepen-
dent of clumping, as is the polarization technique (electron
scattering is proportional to the electron density n,, not n2);
these two techniques (especially the former) are expected to be
more accurate. Also, there is a trend that other W-R stars in
binaries reveal M’s from polarization that are below those
based on radio f-f emission (St.-Louis et al. 1988). The same
appears to apply to M’s based on light-curve analysis of non—
core-eclipsing WR + O binaries, in which n,-dependent elec-
tron scattering also applies (Lamontagne et al. 1994).

In this paper, we derive a simple model to determine to what
degree clumping can account for the observed difference in M’s
for V444 Cygni. We assume that the clumps are the conse-
quence of supersonic turbulence in a compressible medium
(Henriksen 1991) based on studies of the variable structures
superposed on the wind profiles (Robert 1992; Moffat et al.
1993; Robert & Moffat 1994).

2. A SIMPLE CLUMPY WIND MODEL

Rather than attempt to derive an absolute value for M, we
prefer to construct a differential model, which should be less
sensitive to basic, poorly known wind parameters. Thus, we
compare the emission (f-f or subordinate line recombination
emission, proportional to the square of the density) in a
clumpy wind, with an extrapolated power-law spectrum based
on the largest clumps (Robert & Moffat 1993), to a homoge-
neous, classical wind without clumps. In both cases (see Fig. 1),
we assume that the radio and IR emission arises in regions of
the wind between radii R, and R, that are relatively far from
the central star (Willis 1983) and that hence, the density drops
off relatively slowly in this region. (Even if it does not, however,
it will have little consequence in our highly differential model.)
Therefore we take the density (p) and the temperature (T) to be
approximately constant in the region where the emission
arises.

Thus, for the homogeneous wind (filling factor f = 1) we have
the total volume (V,,,), mass (M,,,) and flux (F,,,) for the f-f or
subordinate line emission flux:

Viw = $7(R3 — R}), 0]

M = pVier » 0]

Fioo = kp*Vioy , ' ©)

where k is a constant (we assume a constant temperature in the

emitting region).

For the clumpy wind, with filling factor 0 <f< 1, we
assume that the emission arises in the same volume as above,
and obeys the basic scaling law for supersonic turbulence in a
compressible medium (Henriksen 1991), like that seen in giant
molecular clouds (GMCs; e.g., Wolfire, Hollenbach, & Tielens

(a)

p =const.

(b)

F1G. 1.—Cross section of wind from which continuum f-f emission or sub-
ordinate recombination line emission arises (radio and IR) for (a) a homoge-
neous wind and (b) a clumpy wind.

1992), which appear to have similar mass spectra as the W-R
star wind clumps (Robert & Moffat 1993). Thus, for the ith
clump:

Cc
pi=l_.l9 (4)

where J; is the radius (“length”) of the ith clump. We confine
the constant ¢; by taking p; = p in the limiting hypothetical
case where the whole wind between R, and R, is effectively one
big cell with the same density as above for a homogeneous
wind, i.e.:

Cy

P=1 ®)
0
where
410 = Vi - (6
Thus
3 1/3
¢y = p<4— Vm> . (M
T

We furthermore adopt a flux spectrum as found by Robert &
Moffat (1994) on the average for emission-line subpeaks in
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different W-R stars: 7171 77
dN = N(F)dF,, ® C ]
0.8 -
where L ]
N(F)=c,F*, 9 C ]
( x) C2 i ( ) 06 - i
o~ —25, (10) . - ]
and, by analogy with the homogeneous wind, 04l ]
Fi=kptV;, (11) C ]
where 02 N
Vi=$nl} . (12) [ ]
Hence for the clumpy wind: ol v L v v 1y
F -6 -4 -2 0
- lal (1 log(7)
Vit = V.N(F)dF, = ——2_max (] _ «
w7 S N e

(13)

where y is the ratio of minimum to maximum flux of the
clumps:

min (14)

We also have for the clumpy wind:

Fmax cz F3+m

ot = M;N(F)dF, = ——=2%% (] — y3%¢ s
M, - i N(F;)dF; (47t/3)k20?(3 + o) ( y°7%)
(15)
F, 2+a
’ max Cy Fmax 2+
F, = F;N(F)dF,; = 1— 9. 1
# Lm NN, = 3= (L= (16
By imposing:

V:ot =thot > 17
My = mM,, , (18)
F;ol = Fig» (19)

we attempt to find m, the ratio of inhomogeneous to homoge-
neous mass in the shell for constant (observed) flux. Note that
for a constant expansion velocity in the shell for each kind of
wind, m also represents the ratio of mass-loss rates
(inhomogeneous to homogeneous).

After substitution of equations (7), (13), (15), and (16) in
equations (17), (18), and (19), we find :

¢ Foad(1 —9*"%) = %4 + o) V3, (20)
¢ Foald(1 = 3% = k2p*(3 + a)mV73, @1
C FRlli(l =92 = kp*(2 + o)V - 22

Our goal is to solve for m; to do this we solve equations (20)
and (22) for V,,, and c,. Substitution of these in equation (21)
leads to
2+ 04+ )
- G+

(1 _ ,y3+az) f1/2
(1 _ y2+az)1/2(1 _ ,y4+a)1/2 ‘
(23)

Note that m is independent of V,,,, F,...,, p, k, and ¢,, due to the
normalization process.
Thus, for o = —2.5, close to what is observed (Robert &

FIG. 2—Mass (or mass-loss rate) ratio of clumpy shell to homogeneous
shell for a filling factor f'= 1, vs. the logarithm of the ratio of maximum to
minimum flux of clumps: y = F,;./F rax-

MofTat 1994), and f =1 (corresponding to an upper limit for

m), we get
1— 0.5 0.5
m= |:3y°‘5<1 — z”ﬂ . (24)
This yields
lim(m)=1, (25)
y—1
as expected for no clumps, and
lim (m) = /3y%%5 . (26)

y<1

3. DISCUSSION

In Figure 2, we show a plot of m as a function of log (y) (for
f = 1,i.e., with the reasonable assumption that there are no real
density voids). This shows that correction factors (to multiply
the homogeneous mass-loss rate to get the true rate) are 1/
m=12,2,3,and6fory =10"1,1072, 1073, and 104, respec-
tively. Taken at face value, the observed range for W-R clumps
over which N(F) obeys a power law of mean index o ~ —2.5, is
only A log (y) < 1.0 (Robert & Moffat 1994). However, this is
certainly a lower limit imposed by instrumental noise and the
analysis technique for the inhomogeneities. A more realistic
value can perhaps be estimated from more complete observa-
tion of cloudlets in GMCs, whose mass spectrum
N(M) oc M™% on average, with a spread in power index from
~ —1to —2, depending on the age (Williams & Blitz 1993) is
close to that for observed clumps in W-R winds:
N(M) oc M@~ 12 oc M~1-75 [This follows from: F oc p?V—
ie., neglecting temperature fluctuations, pocl™!, Voc B3,
M oc pV, N(F)dF = N(M)dM, and N(F) oc F*] Sizes of GMC
cloudlets vary over factors of at least 103 (Wolfire et al. 1992;
Falgarone, Phillips, & Walker 1991), implying values of y =
Foin/ Fnax = Imin/Imax < 1073 or log (y) < —3. If such a limit is
also valid in W-R winds, this yields a factor 1/m 2 3 to correct
for the assumption of homogeneous winds.

4. CONCLUSION
If the clumps in W-R winds behave like cloudlets in GMCs
as a result in both cases of supersonic turbulence in a com-

pressible gas, then corrections of M’s for inhomogeneous winds
(by a factor 2 3) are compatible with observational estimates
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for the wind in V444 Cygni (which shows a difference of a
factor 23), for which reliable M’s independent of clumping
versus those that are sensitive to clumping, are available.

If applicable to all W-R stars and indeed possibly all hot star
winds, in view of the generally ubiquitous turbulence-induced
variability of spectral lines from the winds of W-R (Robert
1992; Moffat et al. 1993; Robert & Moffat 1994) and O stars
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(Prinja & Howarth 1986, 1988), this means that present esti- spectral resolution and

mates of most M’s for hot stars based on smooth winds may have
to be decreased by similar factors. This would have an impor-

tant impact on evolutionary models, where a change of M by

even a factor of 2 produces remarkable changes in evolution-
ary tracks (Maeder 1991). Lower M’s will also significantly
diminish, or even eliminate, the so-called “momentum
problem” in (even spherically symmetric) W-R winds, where
the ratio of mechanical to photon momentum # = Mv_/(L/c),

Abbott, D. C,, Telesco, C. M., & Wolff, S. C. 1984, ApJ, 279, 225

Barlow, M. J., & Cohen, M. 1977, ApJ, 213, 737

Bieging, J. H., Abbott, D. C., & Churchwell, E. B. 1982, ApJ, 263, 207
Cherepashchuk, A. M, Eaton, J. A., & Khaliullin, K. F. 1984, ApJ, 281, 774
Falgarone, E., Phillips, T. G., & Walker, C. K. 1991, ApJ, 378, 186

Henriksen, R. N. 1991, ApJ, 377, 500
Hillier, D. J. 1991, A&A, 247, 455

Khaliullin, Kh. F. 1974, Soviet Astron., 18,229
Khaliullin, Kh. F., Khaliullina, A. 1., & Cherepashchuk, A. M. 1984, Soviet

Astron. Lett., 10, 250

Lamontagne, R., Moffat, A. F. J., Drissen, L., Robert, C., Matthews, J. M.,
Grandchamps, A., & Lapierre, N. 1994, in preparation
Lucy, L. B, & Abbott, D. C. 1993, ApJ, 405, 738

Maeder, A. 1991, A&A, 242,93

Moffat, A. F. J,, Lépine, S., Henriksen, R. N., & Robert, C. 1993, Ap&SS, in

Galactic Nuclei, (Mill Valley, CA: University Science Books), 12

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

REFERENCES

. 1988, MNRAS, 233, 123

Prinja, R. K., Barlow, M. J., & Howarth, 1. D. 1990, ApJ, 361, 607
Prinja, R. K., & Howarth, I. D. 1986, ApJS, 61, 357

Robert, C. 1992, Ph.D. thesis, Université de Montréal
Robert, C., & Moffat, A. F. J. 1994, in preparation
Robert, C., Moffat, A. F. J., & Drissen, L. 1994, in preparation

313

lies in the range n ~ 1-30 (Willis 1991). If a correction factor
23 is necessary to decrease the wind flux due to inhomoge-
neities, revised values will be < 0.3-10. Such values of n can
probably be produced mainly in a strongly ionization-
stratified model of W-R winds (Lucy & Abbott 1993).
However, better spectroscopic data of variable emission
lines in W-R stars (simultaneous higher signal-to-noise ratio,
resolution—a formidable
challenge) will be necessary to derive more complete mass
spectra of clumps and thus verify the correction obtained.
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