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Abstract. The evolution of massive stars is far from being fully under-
stood, as we outline by pointing to a number of open problems related to
massive stars in the Magellanic Clouds. We argue that rotation may be
a key ingredient in the physics of massive stars. We report on recent re-
sults obtained including rotation, and their relevance to these remaining
questions.

1. Introduction: Current Problems in Massive Star Evolution

The quantitative theory of stellar structure is more than 100 years old (Emden
1907). Our understanding of the stellar interior has improved dramatically since
then, especially so since the 1950's when it became possible to construct detailed
stellar models with the help of computers. Although there are still many funda-
mental questions left in the field of low- and intermediate mass stars, we can say
that their evolutionary path - i.e., their route from the main sequence through
the red giant and asymptotic giant branch to the white dwarf stage - has been
known in detail for several decades (see, for example, Iben 1974). In addition,
the principles of the evolution of massive stars' cores through the major nuclear
fusion stages from hydrogen to silicon burning have also been known for a similar
length of time (Weaver et al. 1978).

However, even today our understanding of the evolution of the observable
properties of massive stars (MZAMS ~ 8 M0 , log L/L0 ~ 4) is still rudimentary,
as demonstrated by the following six problems related to massive stars in the
Magellanic Clouds, a list which is far from complete.

1. Where is the post-main sequence gap in the distribution of massive stars
in the HR diagram of the LMC (Blaha & Humphreys 1989; Fitzpatrick &
Garmany 1990)? It is predicted by all stellar evolution calculations (Fig. 9
in Langer 1991) but there is no trace of it in the data. Can this gap be
filled by secondary stars in massive close binary systems (Fig.1)?
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Figure 1. Evolutionary tracks in the HR diagram of the components
of a 13+12 M0 case B close binary system with a metallicity of Z0/4
and an initial period of 3.1 days. The path of the primary compo-
nent (initial mass 13 M0 ) is marked by the thick line and upper case
letters, that of the secondary by the thin line and lower case letters.
Mass transfer stages correspond to the dot-dashed parts of the lines.
The thin dotted lines designate the zero age main sequence and the
location of pure helium stars (helium main sequence). The letters des-
ignate beginning and end of nuclear burning stages, i.e., core hydrogen
burning (alA - b/B}, core helium burning (c/C - diD), core carbon
burning (e/E - f/F) , and neon ignition (giG). Numbers designate mass
transfer events for both stars. 1: beginning of Case B mass transfer, 2:
maximum of mass transfer rate, 3: start of slow phase of Case B mass
transfer, 4: end of Case B mass transfer, 5: start of Case BB mass
transfer. The final masses of the primary and secondary are 1.6 M0
and 22 M0 , respectively. Note that this kind of binary evolution may
be relevant to problems 1) and 3) mentioned in Section 1. See Braun
& Langer (1999) for more details.

https://doi.org/10.1017/S0074180900117838 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900117838


194 Langer and Heger

2. The observed trend of the blue-to-red supergiant ratio as function of the
metallicity is opposite to the one predicted by any stellar evolution models
(Langer & Maeder 1995).

3. When in 1987 a blue supergiant exploded as a supernova in the Large Mag-
ellanic Cloud (Arnett et al. 1989) it was a surprise to the community. The
reason for the blue color of the progenitor star is still not unambiguously
explained (see Langer et al. 1989, Woosley et al. 1998, and see Fig. 1).

4. What is the origin of the B[e] supergiants primarily found in the Magellanic
Clouds (Gummersbach et al. 1995), i.e., how can evolved supergiants have
disks or disk winds around them (Langer & Heger 1998)?

5. What is the evolutionary status of the WNL/Ofpe stars which again are
primarily found in the Magellanic Clouds (Pasquali et al. 1997; Crowther
& Bohannan 1997)?

6. Does the upper stellar mass limit depend on metallicity? While extremely
massive stars (rv 200 Mev) are found in the LMC (Kudritzki et al. 1996),
recent investigations of stars near the Galactic Center (Figer et al. 1998)
indicate the presence of very massive stars also in high metallicity envi-
ronments.

The uncertainty in massive star evolution is dominated by the lack of under-
standing of two kinds of processes: the physics of mass loss from the stellar sur-
face, and the physics of internal mixing processes (Langer 1994). In the present
paper, we want to outline that both processes, despite acting in quite different
locations in massive stars, may be strongly influenced by a process which has
mostly been neglected in past studies of massive star evolution: rotation.

2. Massive Star Evolution with Rotation

Massive stars are rapid rotators. Equatorial rotation velocities span the range
Vrot = 100 - 400 km S-l, with B stars rotating closest to their break-up speed
Vcrit, and values of Vrot/Vcrit = Wrot/Wcrit = 0.5 frequently observed for 0 stars
(e.g., Howarth et al. 1997). During the last decade, many observations have
revealed unusual surface abundances that may require additional internal mixing
(beyond that of plain convection) for their explanation (Langer et al. 1998, and
references therein).

Fig. 2 gives an overview on the evolution of some surface properties of mas-
sive star models which include mixing due to rotationally induced instabilities
and the effect of the centrifugal force. For the most massive models with the
fastest rotation, one can even obtain a transition to Wolf-Rayet (WNL) type
abundances (see also Langer 1992), which may be relevant for understanding
the WNL/Ofpe stars (Pasquali et al. 1997). Furthermore, for a distribution
of initial rotation rates, one obtains, at a given initial mass, a spread in main
sequence luminosities and effective temperatures (Fig. 3). This might reduce
the problem of the missing post-main sequence gap mentioned above, but seems
not to solve it completely.
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Figure 2. Evolution of surface properties of stellar models with ro-
tation for initial masses of 12 M0 (left panel), 15 M0 (middle panel),
and 20 M0 (right panel) and various initial rotation rates (no rotation:
solid lines, about 100, 200, 300, 450 km s-l: dotted, dashed, dash-
dotted and dash-triple-dotted lines, respectively) as function of time
throughout core hydrogen burning. Shown are the the logarithmic in-
crement of surface abundance ratios with respect to the solar ratio,
the equatorial rotational velocity, and the stellar luminosity (see Heger
1998, and Heger et al. 1999 for more details).
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Figure 3. Evolutionary tracks in the HR diagram from the zero age
main sequence to the pre-supernova position, for 12 M0 stars with
initial equatorial rotational velocities of 0 km s-l, 99 km s-1 (dotted
line), 206kms-1 (dashed line), 328kms-1 (dash-dotted line), and
474 km s"! (dash-triple-dotted line). See Heger (1998) and Heger et
al. (1999) for more details.

Rotation also increases the stellar mass loss rate (Langer 1998), which ap-
pears to be required by observations (Meynet et al. 1994). The anisotropy of
the wind of rotating massive stars (Bjorkman & Cassinelli 1993) may also be
related to the B[e] phenomenon (Langer & Heger 1998), to the bipolarity of
LBV nebulae (Langer et al. 1999a), and perhaps to the rings around SN 1987A
(Heger & Langer 1998).

In summary, rotation has the potential to assess most of the problems men-
tioned in Section 1 (see also Talon et al. 1997; Maeder 1999). It certainly needs
to be considered in the context of star formation, which is the process determin-
ing the initial angular momentum in a star (possibly in relation with problem 6;
Figer et al. 1998) and its distribution function. Moreover, in addition to the ef-
fects outlined here, rotation has further implications for nucleosynthesis (Langer
et al. 1999b), supernova explosions, pulsar rotation (Langer et al. 1999c; Heger
et al. 1999), and even i-ray bursters (MacFadyen & Woosley 1999)
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Discussion

Nolan Walborn: In answer to a question during the talk, the two 03 stars on
your 200 Mev track are in associations. Sk-67°211 = HDE 269810 is next to a
small HII region, and Mk 42 is in the 30 Dor central cluster.

Paul Crowther has found an exact spectroscopic counterpart of the LMC
OfpejWN9 stars in the Galaxy; it has an obscure name like NS4 or some such.
He has classified subgroups of this class as WN9-11 and, with Bruce Bohannan,
has proposed that the galactic OIafpe stars like (and including) HD 152408
should also be classified as WN9. So there are galactic counterparts of this
LMC class.

George Sonneborn: If rotation-induced mass loss can produce the rings around
SN1987A, does this also place the star in the right part of the HR diagram for a
single-star explosion? Does this argue for or against binary or single-star models
for the 1987A progenitor?

Langer: The post-red supergiant spin-up mechanism found by Heger & Langer
(1998) may certainly be relevant for shaping the inner ring; its effect on the
outer rings still needs to be investigated. Since the spin-up occurs for all kinds
of evolution from the Hayashi-line to hotter surface temperatures, it can not be
used to discriminate between single star progenitor models and models invoking
binary effects.

Philip Massey: Three comments, all concerning incompleteness:
(a) The "problem" with the main-sequence widening described by Fitz-

patrick & Garmany (1990 Ap.J., 363, 119) was really dominated by the incom-
pleteness at the hot end - not the over abundance of stars past the MS. In other
words, if you expect only a tiny fraction of MS stars to be seen past the "gap"
you can believe there's a problem if you greatly underestimate the number of
MS stars. With more complete data, and well determined incompleteness cor-
rections (down to 25 Mev anyway), there doesn't seem to be any problem in the
number of stars across the HRD, at least using the Geneva (Maeder's) tracks
using convection overshooting (Masseyet al. 1995, ApJ, 438, 188).

(b) Neither the number of blue supergiants nor the number of red super-
giants are known to an order of magnitude in the Milky Way or MC's - so does
the ratio really mean anything? In a recent survey for red supergiants and WR
stars in NGC 6822, M31, and M33 we do see an excellent correlation in number
ratio (RSGjWR) with metallicity - so maybe this is no longer a problem to
solve.
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(c) Finally let me note that there is one WN9/0fpe star known in even
the higher-than-solar metallicity galaxy M31; the Wolf-Rayet star OB69-WR2.
Their emission is weak in terms of equivalent widths so they are hard to detect!
See discussion in Massey & Johnson (1998, ApJ, 505,793).

Langer: (a) A post-main sequence gap is predicted by all massive star mod-
els, also by the Geneva models, and it can not coincide with the observed gap
between the Fitzpatrick & Garmany ledge and the red supergiant branch. Ob-
servations and theory are clearly in conflict here.

(b) The absolute numbers of blue or red supergiants are surely very uncer-
tain. However, the relative numbers, and thus the blue/red supergiant number
ratios at different metallicities, can conclusively be compared with each other
(e.g., Langer & Maeder 1995, A&A, 295, 685).

Sally Oey: Your evolutionary tracks including rotation evolve at higher L. Won't
this affect the evolutionary time scales and stellar winds?

Langer: Yes, it does. The life times get longer despite the increased luminosities,
since the rotational mixing brings more "fuel" to the center. And the mass loss
rates are considerably increased, not only due to the higher luminosities, but
also due to the centrifugal force (Langer 1998, A&A, 329, 551).
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