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~ 1. INTRODUCTION

The two subjects of the variability of WR stars and of supergiants are
still in their infancy and are certainly promised to a great develop-
ment in coming years. The physics and pulsation properties of WR stars
and supergiants, although both kinds of stars result from massive star
evolution, are indeed very different and will be discussed separately.

2. OBSERVATIONS ON WR STAR VARIABILITY

The classical view about the variability of WR stars is that by Moffat
and Haupt (19743 cf. also Lamontagne and Moffat, 1986). In extensive
photometric observations in the continuum and emission lines of seven
WR stars (five WN, two WC) they observed no significant variations with
time scales of 2 minutes to 1 hour, as was expected from studies of the
pulsational instabilities of massive helium stars. These authors found,
however, that some WR stars show variations, particularly in the
emission lines, over a few days and even over hours, and they suggested
the fluctuations to be caused by orbital effects in close binary systems
containing a WR and a neutron star (cf. Moffat, 1982). Like the previous
authors, Weller and Jeffers (1979) observed no variation in line
strength for O and WN stars; however they found several spectral
features of WC stars to vary on time scales less than one hour, which

is a particularly interesting finding.

Vreux (1985) has recently claimed that the binary origin of the
variations in the so—called "WR + compact companicn’ systems is doubt-
ful. He showed that the periods of variations in the emission lines of
different WR stars are in some cases surprisingly identical and in other
cases just related by a simple multiple factor. He therefore suggested
that the emission line variability, rather than being due to spiralling-
in neutron stars, is an intrinsic stellar property and is due to non
radial pulsations in single stars (cf. Vreux et al., 1985).

For now we conclude that if there is no doubt about the reality of
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pulsations in some WR stars, particularly in WC stars, the nature of
the pulsations (binary motions, non radial, radial etc.) is uncertain.
The identification of the pulsations is made very difficult by the fact
that pulsations cannot be observed directly: WR stars generally have
extended optically thick winds which do not allow the star itself to be
seen., Moreover, we are still very ignorant about the response of an
extended non-static envelope to inner pulsations: the interior and the
extended envelope have different characteristic times and the matching
of these two different physical systems has to be investigated in
detail,

3. THEORETICAL STATUS OF WR PULSATIONS

WR stars are nowadays considered by most authors, with substantial
justifications, to be bare cores in the He-burning stage. Most of these
objects are likely to result from initial stellar masses larger than

40 Mg. Since long, the instabilities of helium stars have been investi-
gated, in particular by the Li&ge group (cf. Boury and Ledoux, 1965)
and also by Simon and Stothers (1969, 1970). Above a critical mass of
16 My (cf. Noels and Maserel, 1982; Noels and Magain, 1984), the He-
stars are vibrationally unstable. The driving mechanism of the insta-
bility is the nuclear energizing of pulsation in the stellar core, the
so-called Eddington's e€-mechanism. However, we must remark that a WR
star is likely to have some significant differences with a chemically
homogeneous He-star: as a result of evolution, u-gradients are present
inside WR models; in WNL stars even an hydrogen gradient is likely to
exist in the outer layers.

Do we expect radial or non radial oscillations in WR models? Let
us firstly discuss the non radial case. The driving of non radial
oscillations by central nuclear energizing is in a very unfavourable
situation, because the amplitudes 8T/T, d&p/p tend to be zero at the
stellar center and no efficient pumping of energy can occur there (cf.
Simon, 1957). This explains why Kirbiyik et al. (1984), in an investi-
gation of non radial oscillations for WR models, found these stars to
be stable for the low harmonics %; they noticed however the appearance
of instabilities for high degrees of harmonics (£ = 15). Noels and
Scuflaire (1986) interestingly showed that, while there is no driving
of non radial oscillations in WR stars to be expected from He-cores,
the H-burning shells may produce some efficient driving of non radial
pulsations. The periods found are of the order of a few hours. There is,
however, a limitation: the H-shell is, if any, only present for a very
short time in WR stars. In the case studied by Noels and Scuflaire it
lasts only 6000 years. Indeed, most WR models (cf. Maeder, 1981) even
do not exhibit an H-burning shell. This is particularly obvious if we
remember that WNE as well as WC stars no longer have hydrogen at their
surface; thus only a fraction of the WNL stars could have an efficient
driving from the H-shell.

The case of radial oscillations in WR stars is much more promising
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since the driving of pulsations can be produced by core nuclear burning.
Noels and Gabriel (1981) have found WR models to be unstable during a
limited fraction of the WR stage, centered on the time of maximum core
extension; however, when the star becomes a WC star, the stability of
their models is restored. Maeder (1985) has found that WR star models,
evolved with mass loss at the observed rates, enter the unstable
regime when H/He = 0.3 at the stellar surface and that the star remains
unstable during all the following WR stages; the pulsation periods are
in the range of 15 to 60 minutes. The differences between the two above
sets of models may probably be assigned to the mass loss rates M con-
sidered. The high mass loss rates are evidently an essential condition
for maintaining instability during the WR stage. Lower mass loss rates
favour chemical inhomogeneity during evolution, make higher p./p ratios
and produce a shorter unstable phase around the time of the minimum
value of p¢/p. From my models I estimate that the minimum M-value to

_ keep the WR star unstable during all the WR stage lies well in the
observed range as given, for example, by Conti (1982).

Any mixing process, such as overshooting, turbulent diffusion etc.,
by favouring the chemical homogeneity and thus reducing the ratio pc/a,
would enhance the vibrational instability of WR stars (cf. Maeder, 1985),
The same consequence can be inferred concerning the excess of mass loss
due to mass transfer in binary systems.

The unstable WR models occupy a well defined mass-luminosity
relation log L/Lg = 3.8 + 1.5 log M/Mgy (cf. Maeder, 1985), which is
characterized by a large overluminosity with respect to the main
sequence. The above finding that WR stars are closely associated to an
evolutionary stage where vibrational instabilities are present to some
extent meets the repeated claims by Thomas and coworkers (e.g. Costero
et al., 1981 and subsequent discussions) that some deep—seated non-—
static processes cause the WR phenomenon. At present we cannot assume
that vibrational instability is the only process responsible for the WR
phenomenon, but it is a very good candidate., Radiation is also likely
to be responsible for the high mass loss of WR stars (cf. Pauldrach
et al., 1985b), in particular since WR stars may have much higher Tgfs
than previously considered (cf. Pauldrach et al., 1985a). For now we do
not know whether radiation or pulsation is the main effect responsible
for the WR phenomenon. However I want to emphasize that the very high
L/M ratio of WR stars is likely to be at the origin of both pulsation
and radiative effects. Thus, the very large L/M ratio is probably the
deep physical reason for the WR phenomenon.

4, SUPERGIANT VARIABILITY: NEW EVIDENCES FOR NON RADIAL PULSATIONS

Recent reviews about supergiant pulsations were made by de Jager (1980),
Maeder (1980), Percy and Welch (1980) and A.N. Cox (1985) who provides
many new interesting theoretical results on the instabilities of super-—
giants and early-type stars. The main features of supergiant variability
(cf. Abt, 1957; Maeder and Rufener, 1972; Sterken, 1977, 1981; Burki,
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1978; Maeder, 1980; van Genderen, 1980, 1985, 1986) are the following

.ones:

- All spectral features of supergiants may be variable: brightness,
colour, radial velocity, spectral type, line profile, emission
features.

- The variations are cyclic, rather than strictly periodic; however,
the cycles are generally stable (cf. Sterken, 1981).

- The amplitudes of variations are irregular; the most luminous super-
giants show hourly variations superimposed on slower variations.

- The amplitudes generally increase with the luminosity of the super-—
giants considered. However, there is a small local maximum for the
early B-supergiants, and very large amplitudes (~0.8 m) are reached
for the red supergiants.

-~ Some supergiants have pathological behaviour, they show phases of
quiescence, erratic variations, mode switching, such as for example
89 Her (F2Ia) and HD 161796 (F3Ib) studied by Burki et al. (1980)
and Fernie (1981, 1983).

-~ There is a period-luminosity-colour relation with periods of a few
days for B supergiants to periods of hundreds of days for red super-
giants (cf. Maeder, Rufener, 1972).

- The mean observed period is larger than the period P, of radial
pulsation in the fundamental mode. This is particularly the case for
the early B-type supergiants, where the difference can reach a factor
of 10 (cf. Maeder, 1980; Percy and Welch, 1983; Ferro, 1985;
van Genderen, 1985), and it has generally been concluded that this is
due to non radial pulsations. However, Lovy et al. (1984) call the
attention about the evolutionary effects on the pulsation periods and
on the period differences between bluewards and redwards evolutionary
tracks.

- Other evidences in favour of non radial oscillations have also been
given. In the study of o Cyg data, Lucy (1976) has identified
16 periods between 6.9 and 100.9 days, some of which appear in pairs.
The small colour variations for supergiants with respect to what
would be the case for a pure Toff variation may also be considered as
an indirect evidence for non radial oscillations (cf. Percy and Welch,
1983; van Genderen, 1986).

A break-through has been made by high resolution spectroscopy
which has shown periodic travelling bumps in the lines of many early
B-type stars (cf. review by Smith, 1981). More recently travelling
bumps have also been found in the line profiles of some O~type stars
and OB supergiants (cf. Smith and Ebbets, 1981; Ebbets, 1982; Vogt and
Penrod, 1983; Baade, 1984a,b; Baade and Ferlet, 1984; cf. also Baade,
this Joint Discussion). A nice example of travelling bumps in OB stars
is the case of 7 Ophiuci (09.5 Ve, vgini = 370 km/s) which shows (cf.
Vogt and Penrod, 1983) at the 17 level well defined line distorsions
propagating uniformly across the absorption line profile of A 6678 Hel
with characteristic time of 5 h. The authors gave good arguments in
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favour of non radial oscillation in sectorial prograde mode with £ = 8
and m = -8.

One has to be careful that travelling bumps are features which are
different from the UV absorption components, which were interpreted as
evidences of relatively high velocity shell ejections or puffs (cf.
Lamers et al., 1978; Heck et al., 1980) and which stay the same for
weeks or months. The travelling bumps are caused by the redistribution
of line absorption by the velocity field of non radial oscillation
(* £ 20 km/s): due to the different Doppler shifts of the various
forwards and backwards sectors on the stellar disk some parts of the
line profile cumulate absorption while others do not, which thus
produces the observed bumps. The high rotation is necessary for the
visibility because it resolves the structure of the moving sectors on
the stellar disk.

Fast rotation appears necessary, not only for the visibility of
non radial pulsations, but also for the physical existence of stable
non radial oscillations (cf. Baade and Ferlet, 1984). This is well
illustrated, as discussed by these last authors, in the comparison of
the cases of the slowly rotating star p Leo (BlIb, vgipi = 70 km/s) and
of the rapidly rotating star Y Arae (BlIb, vgipi = 230 km/s). For p Leo,
Smith and Ebbets (1981) found no periodic variations in the line pro-
files, but event-like distorsion on a time scale of 3 hours. They
suggested multimode non radial pulsations, and explained the episodic
character of the line profile through destructive interferences
between various modes. They noticed an increase of the Ha emission,
which is a signature of mass ejection, during the phases of disturbed
lines (cf. discussion in § 5). At the opposite, the study of the line
profile of Si III X 4552 in the fast rotating star Y Arae by Baade and
Ferlet (1984) provides a convincing evidence of stable non radial
pulsations in an early-type supergiant. These authors found two stable
periods of non radial pulsations P71 = 0.87 d and Pp = 0.17 d, identi-
fied as corresponding to two sectorial modes (2,m) = (2, -2) and
(10, -10).

The opposite and very illustrative examples of p Leo and Y Arae
are not unique. Further works by Baade (1984b) also showed the existence
of two pulsation modes for the rapidly rotating star HR 3090 (BO.5Ib,
Vgini = 238 km/s), while for several narrower lined stars only variable
line cores were found. Let us finally emphasize the problem of the per-—
sistent (blue or red) line asymmetries, found for example by Baade
(1984b) in 507 of the supergiants. How should it be interpreted: as non
radial pulsations with asymmetric waves or as convective motions, Or as
something else?

In summary we can say that there are very convincing evidences of
non radial oscillations for the early type supergiants, while for late
supergiants the evidences are less certain. We cannot exclude that later
than some spectral type (in the F region) the supergiants pulsate
radially.
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3. THEORETICAL STATUS OF SUPERGIANT PULSATIONS

Regarding the question why the pulsations are more pronounced in fast
rotators we may refer to the expression given by Ledoux (1959) and
which links the pulsation frequency 0 af a star rotating with an angular
velocity { to the frequency 0o of a non-rotating star: 0 = 05 + m C §
(m=-2, ¢¢.0.0y +o...%L) where C (< 1) depends on the pulsation mode.
In case of zero, or of slow rotation, all the (2 %£+1) modes have nearly
the same frequency, and any mechanism exciting one mode also excites

the other ones. Thus, the pulsation amplitude is limited by the sharing
of the pulsation energy among the (2 2+1) modes (cf. Dziembowski, 1980).
In case of fast rotation, degeneracy is lifted and the frequency inter-
vals are enlarged. Thus, a given mode may have a large amplitude; as
shown by Hansen et al., (1978), rotation preferably destabilizes prograde
sectorial modes. The resonant coupling of various modes has been dis-
cussed by Baade and Ferlet (1984) and Baade (1984a); they show that the
best case for a constructive and stable resonance to be created occurs
when the ratio of the orders of the two-resonant mode is 5. This well
corresponds to the case of the fast rotating star Y Arae, as seen above.
The absence of stable resonant periods in low rotating stars results,
according to Baade and Ferlet, from the rapid damping of non radial
pulsations by interferences, which then lead to chaotic motions, shocks
and intermittent mass ejections as in the case of p Leo seen above.

Let us now turn to the difficult question of the driving mechanism
of supergiant pulsations; this field is yet largely unexplored, but a
few propostions have been made. Firstly, we note that the excitation of
pulsations by the helium ionization zones seems very insufficient to
sustain the pulsations (cf. Lucy, 1976; Cox, 1983). Another process, the
so-called "jolt mechanism", was proposed by Cox (1983). This idea, which
is very interesting because it involves a process different from the
usual € and kK mechanisms, is that intermittent overshooting from con-
vective cores may cause sudden mixing. This in turn leads to a pressure
readjustment, it produces a small expansion of the envelope, which
recollapses and then induces enhanced overshooting; and the process goes
on. By studying non radial pulsation in a supergiant model, Cox (1983)
found that the gg mode precisely has a large amplitude in the region of
the steep y-gradient which could promote some mixing there. According
to Cox (1985) the jolt mechanism may produce mixing, but its ability to
drive pulsations is uncertain.

The possible role of convection in the pulsations of supergiants of
various spectral types was emphasized by Maeder (1980): instead of being
limited to red stars as is usually the case, deep external convective
zones are likely to also exist in G, F, A and even B supergiants, This
is a consequence of the destabilizing effect of high radiation pressure
on convection. I made the suggestion that non radial g-modes would be
excited in the external convective zones of supergiants and would become
periodic due to rotation as studied by Ledoux (1967). The high turbulent
pressure expected in the large external convective envelopes may play a
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leading role in the instabilities of the extreme supergiants, the so-
called Hubble-Sandage or S Doradus variables (cf. de Jager, 1984). In
the outer layers of these stars the gradient of turbulent pressure may
create an outwards directed acceleration, which in extreme cases (let

us call it de Jager's limit) makes the external layers unbound and leads
to an extreme mass loss (~ 1073 Moy_l). According to de Jager, the limit
where the resultant acceleration at the surface is zero well corresponds
to the upper limit of supergiant distribution in the HR diagram, as
studied by Humphreys (1984),

Another very promising instability mechanism of radiative origin,
the mass loss instability, has recently been proposed by Appenzeller
(1986). The basic general idea 1s that the stellar wind and the asso-
ciated instabilities will grow if an increase in the wind increases the
driving radiative acceleration g,,4q. As discussed by Appenzeller such
an unstable situation occurs when, due to opacity effects, g, 4 increa-
ses with Teff less rapidly than Té%f. Although this mechanism has been
proposed for the Hubble-Sandage variables, its generality and interest
make it a very attractive driving mechanism to be investigated in the
context of supergiant pulsations,

Let us conclude in saying that for now the relative importance
of the various mentioned driving mechanisms is very uncertain. My per-
sonal guess is that radiative mechanisms are likely to dominate in
early supergiants, while convective and turbulent effects may play the
leading role in yellow and red supergiants.
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