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ABSTRACT

We use the analysis of the heavy element abundances (C, N, O, S) in circumstellar nebulae around
luminous blue variables to infer the evolutionary phase in which the material has been ejected. We con-
centrate on four aspects. (1) We discuss the different effects that may have changed the gas composition
of the nebula since it was ejected: mixing with the swept up gas from the wind-blown bubble, mixing
with the gas from the faster wind of the central star, and depletion by CO and dust. (2) We calculate the
expected abundance changes at the stellar surface due to envelope convection in the red supergiant
phase. We show that this depends strongly on the total amount of mass that was lost prior to the onset
of the envelope convection. If the observed LBV nebulae are ejected during the red supergiant phase, the
abundances of the LBV nebulae require a significantly smaller amount of mass to be lost than assumed
in the evolutionary calculations of Meynet et al. (3) We calculate the changes in the surface composition
during the main-sequence phase by rotation-induced mixing. If the nebulae are ejected at the end of the
main-sequence phase, the abundances in LBV nebulae are compatible with mixing times between
5 x 10% and 1 x 107 yr. These values are reasonable, considering the high rotational velocities of main-
sequence O-stars. The existence of ON stars supports this scenario. (4) The predicted He/H ratio in the
nebulae, derived from the observed N/O ratios, are significantly smaller than the current observed
photospheric values of their central stars. This indicates that either (1) the nebula was ejected from a star
that had an abundance gradient in its envelope or (2) that fast mixing on a timescale of 10* yr must have
occurred in the stars immediately after the nebula was ejected. Combining various arguments, we show
that the LBV nebulae are ejected during the blue supergiants phase and that the stars have not gone
through a red supergiant phase. The chemical enhancements are due to rotation-induced mixing, and the
ejection is possibly triggered by near-critical rotation. During the ejection, the outflow was optically
thick, which resulted in a large effective radius and a low effective temperature. This explains why the
observed properties of the dust around LBVs closely resemble the properties of dust formed around red

supergiants.

Subject heading: ISM: abundances — ISM: structure — stars: atmospheres — stars: evolution —

stars: variables: other — supergiants

1. INTRODUCTION

Luminous blue variables (LBVs) are very luminous stars
with log L/Lo ~5.0-6.3 and variable spectral types
between about O9 and A (Humphreys & Davidson 1994).
In the HR diagram, they are located in close proximity to
the observed luminosity upper limit for very massive stars,
the Humphreys-Davidson (HD) limit. This upper limit sug-
gests that stars above log L/L ~ 5.8 do not evolve into red
supergiants (RSG) but that they are prevented from doing
so by very severe mass loss in the previous phases.

From an observational point of view, LBVs are charac-
terized by extreme instability, violent eruptions (with visual
brightness increases of 3 magnitudes or more), and high
mass loss. The material ejected (up to several solar masses)
is often observed in the form of spectacular associated
nebulae (Nota et al. 1995). In between such dramatic out-
bursts, LBVs still lose mass at high rates—typically 10~ -
10~* My yr~! (e.g, Leitherer 1997). The properties of
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LBVs are reviewed by Humphreys & Davidson (1994) and
in the proceedings of a dedicated workshop by Nota &
Lamers (1997). The ejected nebulae around LBVs have been
found to have typical diameters of 0.5-2 pc, an expansion
velocity between 25 and 140 km s %, and a dynamical age of
5 x 10% to 5 x 10* yr. The exceptions are # Car and P
Cygni, whose ejecta have higher velocities and much shorter
dynamical ages (for a comprehensive discussion of LBV
nebular properties, see review by Nota & Clampin 1997).

LBV’s are believed to be the precursors of Wolf-Rayet
stars. However, the evolutionary phase of LBVs is still
poorly understood: their instability and related nebula ejec-
tion is believed to occur during the post-main-sequence life
of a massive star, but it is not clear exactly when and how.
When the star is still on the main sequence, the O-star wind
creates a wind-blown bubble with a radius of at least 50 pc.
This bubble contains the hot, shocked wind from the main-
sequence phase. The LBV nebula is then formed within this
cavity by rapid mass loss during the LBV instability phase.
Subsequently, in the Wolf-Rayet phase, the fast and dense
wind collides with the LBV nebula. Waters et al. (1997,
1998, 1999) and Voors et al. (2000) have studied the proper-
ties of the dust in LBV nebulae and argued on the basis of
the dust properties (composition, grain size) that the dust is
very similar to that of RSGs. They conclude that the dust in
LBV nebulae was ejected under very similar conditions,
most likely when the star was a RSG.
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Smith et al. (1998) derived the N and O abundances of
several LBV nebulae and noticed that the N/O abundance
ratios are higher than for initial composition gas, but
smaller than for gas with CNO-equilibrium abundances. In
fact, they show that the abundances are quite similar to
those predicted for RSGs in the evolutionary models of the
Geneva group (Meynet et al. 1994). Smith et al. discuss the
problem of reconciling their nebular N/O ratios with the
observed absence of RSG at high luminosities by postu-
lating a pseudo-RSG phase. They suggest that if the star
does not lose enough mass in the blue phase, then it could
encounter its Eddington limit, develop a convective
envelope in response, and become very bloated such that
the star will appear as a RSG for a brief period.

From a theoretical point of view, two different
approaches have been recently presented to explain the
occurrence of the LBV instability:

1. Langer et al. (1994) have proposed a mechanism
based on enhanced mass loss, dominant towards the end of
the core hydrogen burning evolution. This high mass loss
maintains the star on the blue side of the HR diagram. The
ignition of the H-burning shell forces the stellar radius to
increase, and the corresponding redward evolution of the
star in the HR diagram results in a destabilization of the
envelope owing to the proximity to the Eddington limit
(Lamers & Fitzpatrick 1988; Lamers & Noordhoek 1993).
The star experiences extreme mass loss (as high as 5 x 1073
M yr~1) that involves the enriched stellar surface layers.
This phase corresponds to the observed LBV instability,
and the mass ejection occurs therefore when the star is a
blue supergiant. Because of the large mass-loss rates in the
LBYV phase, the evolution of the star into a RSG is avoided.

2. Alternatively, models of Stothers & Chin (1993, 1996)
predict that the major mass-loss occurs in a single ejection
event during a brief RSG phase. They find that the star
rapidly moves redward in the HR diagram after core hydro-
gen exhaustion. An instability is then triggered by the
recombination of hydrogen and helium as a result of the
envelope expansion, leading to the rapid loss of the H-rich
envelope. The star then moves back to the blue and
becomes a true LBV. The mass ejection occurs while the
star is in a brief RSG phase, before the LBV phase.

The problem with the first scenario is that the nature of
the instability is not completely understood. The challenge
to the second scenario is that the HD limit shows that no
RSG exist with L > 6 x 10° L, (Humphreys & Davidson
1979). This implies that two of the standard LBVs, AG Car
in the Galaxy and R 127 in the LMC, cannot have been
RSGs (except maybe for a short time of <10* yr).

In reality, we still do not know the evolutionary phase at
which the LBV nebulae are ejected. One way to address this
problem is to study the LBV surface chemical composition.
However, atmospheric analyses of heavy element abun-
dances can be very uncertain. Alternatively, we can study
the abundance determinations of the circumstellar ejected
nebulae and compare the results with the predicted surface
composition for massive stars during various phases of their
evolution, including the effects of mass loss, convective
mixing in the core, and in the envelope and rotation-
induced mixing.

Some predictions have already been made on what one
should expect: hydrodynamical models of the evolution of
the circumstellar environment of a 60 M star have been

made by Garcia-Segura et al. (1996b) as the star transitions
from an O star to an LBV and then to a W-R star. They
predict that the LBV nebula will have CNO equilibrium
abundances. However, LBV nebular abundance studies of
Smith et al. (1997, 1998) have shown that the observed N/O
ratios are closer to CN-equilibrium values. This suggests
that the nebulae were created by the ejection of surface
layers that consist of a mixture of CN-processed gas and
original gas.

In this paper we study which effects can produce the
abundances that are observed in the LBV nebulae. We con-
sider mixing by convection of the outer layers in the red
supergiant phase and by rotation-induced mixing during
the main-sequence phase. (1) In the case of convective
mixing, the resulting surface abundance in the red super-
giant phase depends critically on the total amount of mass
that was lost during the main-sequence phase. If the LBV
nebulae are ejected during the RSG phase, we can deter-
mine the amount of mass that was lost prior to the envelope
ejection. (2) In the case of rotation-induced mixing, the
surface abundance at the end of the main-sequence phase
depends critically on the ratio between the mixing time and
the main-sequence lifetime. If the LBV nebulae are ejected
in the blue supergiant phase after the main sequence, we can
determine the mixing timescale during the main-sequence
phase. We will compare the observed abundances of the
LBYV nebulae with both sets of predictions. Combining this
with information about the dynamical age, the mass, the
ejection velocity, and the morphology of the nebulae, we
can determine at which evolutionary stage the LBV nebulae
were ejected.

In § 2 we discuss the observed properties of the LBVs. In
§ 3 we describe the effects that may have influenced the
abundances of the nebulae since their ejection. In § 4 we
derive estimates for the mixing in the star, either convective
or rotation-induced, that must have occurred to explain the
observed N/O and N/S ratios in the nebulae. Section 5 gives
a description of the predicted changes in the surface abun-
dances of massive stars in the red supergiant (RSG) phase
due to the convective envelope and the way in which the
abundances depend on the mass loss prior to the RSG
phase. The results are compared with the observed abun-
dance ratios of the nebulae. In § 6 we give a description of
the changes in the surface composition of the stars due to
rotation-induced mixing during the main-sequence phase. If
the nebulae are ejected in the blue supergiant phase, their
abundances can be used to derive empirical estimates of the
mixing time. In § 7 we apply the results of the previous
sections to determine the evolutionary phase in which the
LBV nebulaec were ejected. The results are discussed in
§8.

2. THE OBSERVED PROPERTIES OF LBV NEBULAE

2.1. The Nebulae

Most LBVs and related transition objects (e.g., Ofpe/
WND stars) display associated circumstellar nebulae, which
are spatially resolved both in ground-based observations
using coronography and by direct imaging with Hubble
Space Telescope. These nebulae are very similar in terms of
morphological and physical properties. They are typically 1
pc in size, with morphologies that are mildly to extremely
bipolar, with the possible exception of the nebula around P
Cygni (Barlow et al. 1994; Nota & Clampin 1997). They
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TABLE 1
STELLAR PARAMETERS FOR LBVs

d log L, He/H* M, Vexp Tayn

Name  (kpc) (L) (phot) (My) (kms™') (y1)
AG Car... 6 6.0 0.42 42 70 1 x 10*
P Cyg..... 1.8 5.8 0.40 0.01 140 2.1 x 103
R 127 ..... 51.2 6.1 0.50 7.9 29 2 and 7 x 10*
S119...... 51.2 6.0 0.67 2.5 25 5 x 10*

2 The ratio He/H is by number.

expand in the surrounding medium with velocities of the
order of 25-140 km s~ 1. Their size and expansion velocities
identify dynamical timescales that are of the order of 10* yr.
Their spectra show typical nebular emission lines (He,
[N 1] 246548, 6583, 5755, [O m] AA3726, 3729, [S u]
AA6717, 6731), which can be used to derive the nebular
physical and chemical properties. Densities derived from
the [S ] 446717, 6731 line ratio are generally found to be
low (500-1000 cm~3), and the temperatures, derived from
the ratio of the [N 1] lines, are in the range 5000-10,000 K.

The abundances and dynamical structures of the LBV
nebulae can be used to study at what phase of the evolution
of the central star these nebulae were ejected. We have selec-
ted four stars for which the nebula has been studied in
detail. These include AG Car and P Cygni in the Galaxy,
and R 127 and S 119 in the LMC. We have omitted the
well-known LBV 5 Car, which was studied by Dufour et al.
(1997) and Ebbets, Walborn, & Parker (1997), because of its
peculiar nature. The nebula around R 143 is also omitted,
because Smith et al. (1998) showed that the nebula is not
associated with the star.

The properties of the four selected LBVs and their
nebulae are summarized in Tables 1 and 2. We list the
distance and the luminosity, but not the radius or effective
temperature, because these values are variable for LBVs.
We give the photospheric He abundance. The parameters
are from compilations by Humphreys & Davidson (1994),
Crowther (1997), Nota & Clampin (1997), and Crowther &
Smith (1997). The tables also shows the parameters of the
nebulae, such as velocity, dynamical age, mean density, and
temperature, as well as the nebular abundances. The data
are from Nota & Clampin (1997), Smith et al. (1997; 1998),
and Schulte-Ladbeck et al. (in preparation). Notice that all
nebulae have an enhanced N abundance by about 1 dex and
a depleted O abundance by —0.3 to —1.2 dex. For AG
Carinae, Smith et al. (1997) derived a nitrogen enhancement
of a factor 4.5 + 1.3 and an oxygen deficiency of a factor
15.1 £+ 7.2. Such mild enrichment is typical of material that
has not reached CNO equilibrium. For the other two
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nebulae around R 127 and S 119, the abundance analysis
(Smith et al. 1998) provided very similar results: for R 127, a
N enrichment was found of a factor 10.7 + 2.2, and O
depletion of 2.0 + 1.0, with N/O = 0.89 + 0.40; for S 119,
Smith et al. (1998) were not able to secure an accurate elec-
tron temperature and found a ratio N/O = 1.41-245,
similar to the value determined for R 127 (Tables 1 and 2).°
For the P Cygni nebula, no accurate abundance analysis is
currently available, except for the earlier work by Johnson
et al. (1992), where N/S ratios are provided at one position
in the nebula. In Tables 1 and 2 we also give the number
ratios N/H, N/O, and N/S, which will be compared with
evolutionary calculations. For the N/S ratios we only have
upper limits because they are derived from the N*/S*
ratios with an unknown ratio S* */S*. Unfortunately we do
not have reliable nebular S/H ratios, which might have been
used to derive the underabundance of H.

2.2. The Accuracy of the Observed Abundance Ratios

The accuracy of the derived abundances can be checked
by comparing the sum of the C, N, and O abundances to the
initial abundance. Since the changes in the abundances of
these elements are due to the mixing with products from the
CN and the NO-cycles, the mass ratio of (C+N+O)/
(H+He) at the stellar surface should remain constant
during the evolution of the star, until the products of He-
burning appear at the surface. If the nebulae had the initial
ratio He/H = 0.075, we would expect a number ratio
(C+N+O)/H ~ 1.6 x 1073 for the Galactic nebulae and
~6 x 10~* for the LMC nebulae. If the He/H ratio in
the nebula is about 0.2, as predicted on the basis of
the observed N/O ratios (see Tables 3 and 4) then we ex-
pect (C+N+O)/H ~ 2 x 1073 for Galactic nebulae and
8 x 10~ # for the LMC nebulae. If the He/H ratio in the
nebula is 0.40, as it is in the stellar photospheres, then the
mass fraction of H has decreased by about a factor 2 and so
we would expect ratios of (C+ N+ O)/H ~ 3 x 103 for the
Galactic nebulae and ~1 x 10~ 3 for the LMC nebulae. We
note that the contribution of C is only about 30% for gas
with the initial composition, and much less for gas with
CN-equilibrium composition. So for nebulae enriched in N
we can replace the above-mentioned C+ N+ O abundance
with the N + O abundance to reasonable accuracy.

The data in Table 1 show that the observed number ratio
(N+O)/H is about a factor 2 smaller than predicted for R
127 and S 119. For P Cygni the predicted value is within the
wide range of the observed value. For AG Car the observed

¢ Unless otherwise mentioned, all abundance ratios in this paper are
number ratios, e.g., N/O = n(N)/n(O).

TABLE 2

NEBULAR PARAMETERS FOR LBVs

ne TE
Name (cm™?) K) [N/HJ* [O/H]* N/Ob N/SP (N+O)H®
AG Car...... 820 + 170 6350 + 400 0.7 £ 0.1 —12+02 6+2 <45 4x107*
PCyg........ 600 5300 0.75 <043 >0.16 33 04-3 x 1073
R 127 ........ 720 + 90 6400 + 300 1.0+ 0.1 —03+02 09 +04 <34 32x107%
S119......... 680 + 170 6200 + 600 1.2+02 —04+03 19+05 <78 3.8 x 1074

2 The logarithmic over- and underabundance ratios are relative to the abundances of H 11 regions in the Galaxy (for

AG Car and P Cyg) or the LMC (for R 127 and S 119).
® The ratios N/O and (N + O)/H are by number.
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(N+O)/H ratio is about a factor 5 smaller than predicted.
These discrepancies are most likely due to errors in the
determinations of the N/H and O/H ratio due to the inho-
mogeneity of the nebulae. In a nonhomogeneous nebula
that contains regions of different temperatures, either in the
form of clumping or in the form of a temperature gradient,
the strength of Hp is less affected than the strength of the
forbidden lines, because the latter are collisionally excited
from their respective ion ground state, whereas the former
is the product of H recombination. This results
in a systematic overestimate of the electron temperature
and, therefore, in a systematic underestimate in the
derived ratios of metals relative to H (e.g., Peimbert 1967;
Panagia & Preite Martinez 1975). In principle this can be
tested by determining the S/H ratio, because S is not affected
by the abundance changes inside the star. So the S/H ratio
is a good measure of the changes in the H-content or of the
errors in the abundance determinations due to inhomo-
geneities in the nebula. Unfortunately, we only have an
upper limit for the N/S ratio of the AG Car nebula, which
does not provide a useful test.

We have calculated the strength of the observed for-
bidden lines for simple spherical nebular models with
clumping, or with gradients in temperature or density, for a
given input abundance. We then used the calculated line
ratios to derive the mean electron density, the mean elec-
tron temperature, and the resulting abundances, in the same
way as done in the analysis of the observed spectra. The
resulting abundance ratios were then compared to the input
abundance ratios. We found for a large range of models and
clumping factors that the thus derived abundance ratios
N/H, O/H, and S/H can differ drastically from the input
values, for the reason mentioned above, but that the abun-
dance ratios of the metals, N/O and N/S, are very insensi-
tive to clumping and temperature or density gradients
(within about 0.1 dex for a wide range of clumping factors
and gradients). For this reason we will concentrate on these
ratios in the rest of this paper.

3. DOES THE GASEOUS NEBULAR ABUNDANCE REFLECT
THE ABUNDANCE DURING EJECTION?

The atomic abundances of the gaseous component of the
LBYV nebulae might be different from the abundances of the
nebula at the time of the ejection owing to several effects,
which will be discussed and estimated below: (1) a fraction
of C and O may have been locked into CO, and several
atomic species may be depleted owing to dust, in particular
O and Si; (2) the nebula may have mixed with the gas of the
interstellar (IS) bubble into which it was ejected; and (3) the
nebula may have mixed with the wind from the star after it
was ejected.

3.1. Depletion of Atomic Species by CO and Dust

Infrared studies of LBV nebulae have shown that they
contain significant amounts of CO and dust (e.g., McGre-
gor, Hyland, & Hillier 1988; Hutsémekers 1997). The
analysis of ISO observations by Waters et al. (1997, 1998,
1999) and Voors et al. (2000) have shown that most LBV
nebulae contain O-rich dust, with a small contribution of
C-rich polycyclic aromatic hydrocarbons (PAHs). This dust
is mainly in the form of amorphous silicates, such as
MgFeSiO, and Fe,SiO,, plus a minor contribution from
crystalline silicates, such as olivines and pyroxenes (Voors
et al. 2000). Estimates of the dust mass vary between about
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1073 and 10~ M, (Hutsemékers 1997; Lamers et al. 1996;
Voors et al. 2000). However, the presence of dust or mol-
ecules does not affect the abundance ratios derived from the
gaseous component. This is because the nebular gaseous
abundances are determined from the ionized regions of the
nebulae, where no corrections for the presence of dust, mol-
ecules, and neutral atoms are needed.

3.2. The Interaction of the Nebula with the IS Bubble or with
the Stellar Wind

The ejected nebula runs into the interstellar bubble that
was blown during the main-sequence phase. Such an inter-
action may have changed the composition of the nebula
from the outside. However, the density in the bubble is so
low, on the order of 10”3 atoms cm ™3, that only about
3 x 107° M, has been swept up. This is negligible com-
pared to the mass of the nebula (Smith et al. 1997).

On the other hand, the stellar wind that has been blowing
since the nebula was ejected may have caught up with the
nebula and changed its composition from the inside. The
amount of wind material that has run into the nebula is

AM ~ Mw<1‘-dyn - %) = Mw Tdyn<1 - %) s (1)

where M,, and v,, are the mass-loss rate and the velocity of
the wind since the ejection of the nebula, v,,, and 74, are
the expansion velocity and the dynamical age of the nebula,
and r,, ~ 0.5 r,, is the inner radius of the nebula. The mean
mass-loss rate M, is not very well known for LBVs because
the mass-loss rate varies strongly between phases of high
and low mass-loss rates. Studies of mass loss in various
LBV phases indicate that the mean mass-loss rate of AG
Car is M,,~8 107° M, yr~! and that the mean wind
velocity is v,, ~ 110 km s~ ! (Leitherer 1997). With a nebular
expansion velocity of 70 km s~ ! and a dynamical age of
1 x 10* yr (Table 1), we find that AM = 0.5 M. A similar
estimate for R 127 with M, ~6 10°° Mg yr~ %, v, = 110
km s7%, v, =28 km s7, and 74y, =2 x 10* yr gives
AM = 1.0 M. These values are upper limits if the stars
have not been LBVs immediately since the ejection of the
nebula. For instance, if the nebula was ejected during the
RSG phase and the star evolved to an LBV since then, the
average wind velocity (and possibly also the average mass-
loss rate) will have been lower.

Garcia-Segura et al. (1996a) have calculated the evolution
of a nebula that was ejected during the RSG phase by a star
with M; = 35M ; and interacted with the wind produced in
the subsequent Wolf-Rayet (W-R) phase. In their model the
evolution from RSG to W-R star is very short and lasts only
about 100 yr. This evolution does not allow the presence of
an LBV phase about 10* yr after the nebula ejection, so it is
not applicable to our program stars.

We conclude that the initially ejected nebula may have
mixed with wind material after the ejection. If this material
had the same composition as the nebula, no enrichment has
occurred. On the other hand, if the wind material had a
composition different from that of the ejected nebula, the
presently observed chemical abundance of the nebula is a
mixture of the two components. We will later present evi-
dence (§ 7) that an enrichment of the surface layers may
indeed have occurred after the nebula was ejected. This may
have resulted in a slight enrichment of the nebula after its
ejection.
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4. THE EXPECTED NEBULAR ABUNDANCES DUE TO
CNO-ENRICHMENT

The abundance ratios of N/O and N/S, derived from
observations of LBV nebulae and given in Table 2, can be
used to derive the evolutionary stage of the star when the
nebula was ejected. The N/O ratio in LBV nebulae is about
1-6, whereas we only have an upper limit for the N/S ratio
of less than 30-80, except for the P Cygni nebula (Table 2).
These ratios will be compared with predictions from evolu-
tionary calculations for stars with convective and rotation-
induced mixing. Although we have no He/H ratio
determination for the nebulae, we will also study the
changes in the He/H ratio in the stars during their evolu-
tion. This is of interest because the data in Tables 1 and 2
show that the photospheres of LBVs are remarkably helium-
rich and have a narrow number ratio of He/H = 0.4-0.7 or
a helium mass fraction of ¥ ~ 0.62-0.73.

Evolutionary models of massive stars and the resulting
variations in the surface abundances have been calculated
by several groups, e.g., Maeder & Meynet (1989), Langer
(1991), Schaller et al. (1992). We will use the evolutionary
calculations by Meynet et al. (1994) and Schaerer et al.
(1996). The evolution is strongly affected by mass loss, and
since different authors used different expressions for the
mass-loss rates, their evolutionary tracks can differ greatly.
For instance, whether a massive star will go through a red
supergiant phase or not depends on the amount of mass lost
during the main sequence and the blue supergiant phase.

In the next sections we describe the expected abundance
changes in the interiors of massive stars from a very basic
point of view. The purpose of this description is to point out
where the layers with the observed abundance ratio N/O
~1-6 are located in the star and at what point in the evolu-
tion they may have been ejected to form the LBV nebulae.
We also determine the location of the layers where He/
H ~ 0.4 because they appear at the surface of the star after
the nebula was ejected. We will concentrate our efforts on
stars with initial masses in the range of 85-40 M, ie,,
roughly the range of the LBVs. However, since rotating 20
M , models potentially can evolve to luminosities of more
than 3 x 10° L, (Heger et al. 1997), we will also study the
evolution of a star with an initial mass of 20 M. For the
prediction of the changing surface abundances we need to
know the chemical evolution inside the star and the size of
the convective core. For this we adopted the evolutionary
calculations of the Geneva group (Meynet et al. 1994;
Schaerer et al. 1996). These authors calculated evolutionary
tracks for two different sets of mass-loss rates on the main
sequence: the “normal ” rates (de Jager, Nieuwenhuijzen, &
van der Hucht 1988), and the same rates enhanced by a
factor 2. Meynet et al. (1994) argued that the tracks with the
higher mass-loss rates agree better with the observations.
Therefore we adopt the internal structure of the evolution
models of Meynet et al. (1994) with the enhanced mass-loss
rates.

The initial abundances in terms of mass fractions in the
Z = 0.02 (Galactic) models of Meynet et al. (1994) for C, N,
and O are 4.86 x 1073,1.24 x 1073, and 1.05 x 1072,
which are essentially solar. This corresponds to number
ratios of

N/C/O = 1.0/4.6/1.5 . 2
For lower metallicity models of Z = 0.008, Meynet et al.
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(1994) scaled the absolute abundances but kept the same
relative ratios.

It is well known that H 1 region abundances are lower
than solar values. The average H 1 region abundances of
Shaver et al. (1983) give the following number ratios:

N/C/O/S = 1.0/7.8/13/0.31 for Galactic nebulae . (3)

The nebular N/O ratio is a factor 0.52 smaller than assumed
in the evolutionary models. This difference is even worse for
the LMC (Z = 0.008) since the H 1 region analyses of
Dufour (1984) and Russell & Dopita (1990) give number
ratios of

N/C/O/S = 1.0/7.6/24/0.59 for LMC nebulae . (4)

So the N/O ratio of the H 1 regions in the LMC is a factor
0.31 smaller than adopted in the evolutionary calculations
for the LMC stars with Z = 0.008. Although the question of
the correct initial abundances is still controversial since
B-stars sometimes give different results to the H 1 region
analyses (Killian 1992; Rolleston et al. 1996; Venn 1999), we
believe it is more correct to adopt the H 1 region abun-
dances as the initial abundances of the stars. Therefore we
adopt the relative initial abundances of equation (3) for
Galactic stars and equation (4) for the LMC stars. We
renormalized the initial stellar abundances of the evolution-
ary models of Meynet et al. (1994), which we will discuss in
the following sections. Obviously, this scaling only applies
to the initial abundances; the abundances of the CN or
ON-cycle products are not sensitive to the initial abun-
dance ratios, except when these cycles have not yet reached
equilibrium.

The abundance ratios of the gas enriched by the CNO-
cycle in equilibrium in a 60 M star are

N/C/O ~ 1.0/0.035/0.017
for CNO-equilibrium abundances .  (5)

These ratios are not affected by the change in the adopted
initial composition described above. Using the abundance
ratios of equation (5), it is easy to show that for a mixture
consisting of a mass fraction 1 — f of initial composition
and a mass fraction f of the CNO-equilibrium material, we
find that f ~ 0.35-0.8 for the observed ratio of 1 < N/O < 5
in the LBV nebulae. This admittedly rough estimate shows
that a significant fraction of the gas in the LBV nebulae
must have gone through CN or CNO processing.

We conclude that the abundances in LBV nebulae can be
explained only if the ejected material was a mixture of orig-
inal gas and CN or CNO-processed gas. This conclusion
was already reached by Smith et al. (1998), based on the
N/H and O/H ratios. The mixing must have occurred in the
star before the nebula was ejected. In the next two sections
we will consider two mechanisms for the mixing: convective
mixing and rotation-induced mixing.

5. THE SURFACE ABUNDANCES DURING THE RED
SUPERGIANT PHASE

In this section we discuss the effect of convective mixing
in the stellar core during the main-sequence phase and of
convective envelope mixing during the red supergiant
phase. We calculate the expected surface abundance of H,
He, C, N, and O in the red supergiant phase for different
mass-loss rates in the main-sequence phase.
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5.1. The Global Picture

The internal structure of a massive star during the main-
sequence phase and at the start of the core He-burning is
sketched in the Kippenhahn-diagram of Figure 1. The left-
hand panel shows the internal structure as a function of
time (horizontal axis) and mass fraction compared to the
initial mass (vertical axis). During the main sequence it con-
sists of the following layers, from the inside to the outside:

1. A core where H is converted into He by the CN-cycle
and the ON-cycle.

2. A convective core that extends beyond the H-burning
zone. This includes the overshooting region. The mass of
the convective core decreases with time.

3. Possibly a thin layer where the overshooting has been
less effective and where the chemical mixing with the lower
layers is incomplete. (It is unlikely that the ejected LBV
nebula comes from this thin region of possibly incomplete
overshooting. First, this layer will be thin as it is expected to
extend over a small fraction of a pressure scale height
during the early main-sequence phase. Second, the ejection
of exactly this layer in all LBV nebulae would require a
strict fine-tuning of the mass-loss rate, because the star must
have lost just enough mass during the previous phases to
get rid of the original layer, but leave the mixed layer unaf-
fected until it is blown out to form the nebula.)

4. The envelope in radiative equilibrium. The upper part
of the envelope has the original composition. The lower
layers of the envelope have a variable composition due to

2
- )

TIME
—_—

Fi1G. 1.—Left: Schematic diagram of the internal structure of a massive
star during the main-sequence phase and the early red supergiant phase.
The vertical scale is the mass fraction, relative to the initial mass. Gray
regions are convective. Slanted dashed regions are the H-burning ( forward
slanted) and the RSG He-burning zone (backward slanted). The layer on
top of the convection zone may have additional incomplete mixing (light
gray). The timescale of the He-burning phase is exaggerated. Right: The
chemical composition of N at the end of the main sequence and after the
onset of the convection in the outer envelope. Dark gray areas have CN-
equilibrium composition; light gray areas have a mixed composition
(adapted from Maeder & Meynet 1987).
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mixing by the receding convective core. Mass loss removes
part of the top layer.

The CN-cycle in the core reaches equilibrium very
quickly, within a few 10° yr, and so the initial N/C ratio of
0.13 will be increased to about 30 throughout the layers of
the initial convective core. The ON-cycle reaches equi-
librium more slowly, typically in a few 10° yr, so the O
abundance slowly decreases during the main-sequence
phase and the N/O ratio slowly increases. Since the convec-
tive core is shrinking in mass, the N/O ratio at the end of
the main-sequence phase will increase with depth in the
layers between the extent of the initial and the late convec-
tive core.

The right-hand panel of Figure 1 schematically shows the
chemical composition of N throughout the star before the
envelope convection sets in (left) and during the red super-
giant phase when the convection has set in (right). The
amount of mass of the original layer at the time when the
outer convection starts depends critically on the mass loss
during the earlier phases. During the RSG phase N is
destroyed in the core by the He-burning. Above it is a
region with CN-equilibrium material. The outer convection
layers consist of mixed gas. The composition of this layer
will critically depend on the ratio between the mass of the
original layer and the mass of the CN-layer that is reached
by the outer convection. We will calculate this composition
below.

5.2. The Internal Abundance Prior to the
Red Supergiant Phase

The abundance pattern of C, N, and O in the star just
prior to the red supergiant phase is shown in Figure 2 for
models with Z = 0.02 (Galactic) and Z = 0.008 (LMC) for
stars of initial masses of 85, 60, 40, and 20 M. The abun-
dance structure was derived from the evolutionary models
of Meynet et al. (1994) for enhanced mass-loss rates but
corrected for the initial CNO abundances from the H 1
regions. The figure shows the enhancements or depletions of
CNO in the star as a function of the fraction of the initial
mass. The models show that the N abundance reaches it
CN-equilibrium value nearly throughout the whole region
of the initial convective core. The C abundance shows a
steep drop at the edge of the initial convective core, but then
slowly rises by about a factor 2 to the inside. This is because
the ON cycle slowly decreases the O abundance and
increases the C abundance as the convective core shrinks in
mass. In comparing the abundance distributions of the two
metallicities, we see that the abundance patterns are very
similar. The main difference is in the abundances of O,
which has a steeper profile in low-metallicity stars, because
the ON-cycle more quickly reaches equilibrium in the stars
with Z = 0.008 than with Z = 0.02. For stars of lower
metallicity the C, N, and O nuclei have to go through the
CNO nuclear cycle more frequently than for higher metal-
licity in order to reach the same conversion rate of H into
He. We will use these chemical profiles to calculate the
composition of the envelope after the convective mixing has
set in.

We remind the reader that the internal chemical evolu-
tion of the stars during the pre-RSG phase is very little
affected by the mass loss. The main effect of the mass loss on
the internal evolution is through the luminosity: a star with
a higher mass-loss rate will more slowly increase its lumi-
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F16. 2—Predicted abundance pattern at the end of the core H-burning phase as a function of the fraction of the initial mass, for models with initial masses
of 85, 60, 40, and 20 M, with metallicities of Z = 0.02 (top panel) and Z = 0.008 (lower panel). The vertical axis shows the logarithmic over- or
underabundance, compared to the initial value. The data are derived from the evolutionary models of Meynet et al. (1994) for enhanced mass-loss rates,
modified for the initial abundances of H 11 region composition.

nosity during the main-sequence phase than a star with a known (in the evolutionary calculations a very high mass-
low mass-loss rate, so the main-sequence phase of the star loss rate in the blue supergiant phase is assumed almost
with the higher mass-loss rate will last longer. arbitrarily to prevent the most massive stars from evolving
over to the RSG phase!), we will treat q,,, as a free param-
5.3. The Envelope Abundance after Convective Mixing in the eter. Let us express the amount of mass in the core that is
RSG Phase not reached by the envelope convection as q,,,. M;. We set
A considerable fraction of the stellar mass may have been this value to the mass of the convective core at the end of
lost before the star reaches the onset of the convective the core H-burning phase, plus the few solar masses of the
mixing. This depends on the mass-loss rate during the shell H-burning. From the evolutionary models we find that
earlier phases and hence on the metallicity. Let us assume this shell-burning mass is approximately 0.05 of the initial
that a certain fraction g,,, = AM/M; of the initial mass, M, mass. We adopt this value.
was lost before the onset of the convection. Because the Having specified the chemical profile (Fig. 2), the mass

mass loss prior to the red supergiant phase is not well of the star at the onset of the envelope convection,
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(1 — gap)M;, and the mass of the core that does not mix,
deore M;, We can calculate the abundance of the mixed
envelope.

Figure 3 shows the predicted abundance pattern of the
convective envelope as a function of the remaining mass of
the star at the onset of the red supergiant phase, i.e.,
Mgso/M; = (1 — qap)- For Mggo/M; =1, that is, for no
mass loss (g, = 0), the mass of the layer with the original
composition has its maximum value. This gives the
minimum abundance changes in the red supergiant phase.
When ¢,,, is so large that there is no layer of original
composition left at the onset of the envelope convection, the
abundances converge to the CN equilibrium values, except
for the fact that the NO cycle may not have reached equi-
librium. Notice the very steep dependence of the N/O ratio
on the amount of mass that is lost during the main-
sequence phase, especially in the region where N/O ~ 3-30.

NEBULAR ABUNDANCES AND EVOLUTION OF LBVS

771

Figure 3 shows that the N/O ratio rises more steeply for
the Z = 0.008 models than for the Z = 0.02 models. This is
due to the steeper initial decrease of the O abundance
during the early MS-phase when the convective core has its
maximum extent. Therefore the O abundance is lower in the
Z = 0.008 models than in the Z = 0.02 models over a larger
fraction of the stellar mass (see Fig. 2). For a given initial
mass the N/O ratio rapidly increases with decreasing mass
of the star at the onset of the RSG phase, i.e., with increas-
ing mass loss. For Z = 0.02 the mass-loss rates adopted in
the evolutionary calculations of Meynet et al. (1994) leave
38% of the initial mass for M; = 85 M, 65% for 60 M,
and 80% for 40 M. From the figure we read that this
would predict an N/O ratio during the RSG phase of log
N/O = 1.75, 1.35, and 0.35 for 85, 60, and 40 M, respec-
tively. If the mass-loss rate prior to the RSG phase were
higher, then the ratios would by higher. For Z = 0.008 the
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Fi1G. 3.—Logarithmic number ratios of N/O, N/C, N/S, and He/H as a function of the remaining fraction of the mass of the star at the onset of the outer
convection. The long vertical tick mark gives the core mass fraction that does not partake in the convection. The upper figure is for Z = 0.02 and the lower
figure is for Z = 0.008. (From the evolutionary models of Meynet et al. (1994), but with the relative initial CNO abundances derived from the H 1 regions; see

text.)
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evolutionary models predict a mass at the end of the main
sequence of 68% for M; = 85, 76% for M; = 60, and 89%
for M; = 40 M . The correspondingly predicted N/O ratio
after convective envelope mixing is log N/O = 1.75, 1.00,
and 0.20, respectively.

We want to point out that the surface abundances pre-
dicted in the Geneva models (e.g., Meynet et al. 1994) during
the RSG phase are closer to the initial abundance than in
our calculations. This is due to the fact that the convection
is artificially reduced in the Geneva models of the red super-
giants, in order to avoid a large density inversion that
causes numerical problems. This reduction of the convec-
tion produces in the Geneva tracks red supergiant models,
which have too high effective temperatures: the convection
in the models does not reach deep enough, so the convective
mixing is reduced, the envelope is not extended enough and
the radius is not large enough to make cool red supergiants
(A. Maeder 1999, private communication).

5.4. Comparison with the Observations

We compare the observed nebular abundances with
those expected from stars in the RSG phase as shown in
Figure 3. If we assume that the nebula was ejected during
the RSG phase, we can derive the total amount of mass that
was lost from the star before the onset of the outer convec-
tion. The results are summarized in Table 3. The stars and
their initial mass are listed in columns (1) and (2). Column
(3) gives the observed abundance ratio that was used to
derive the mass of the star when it entered the RSG phase,
Mg This mass is compared to the initial mass in column
(4). Column (5) gives the mass of the star that was lost prior
to the RSG phase, derived from the observed abundance
ratio, and column (6) gives the mass lost on the main
sequence adopted in the evolutionary calculations by
Meynet et al. (1994). Column (7) gives the nebular He/H
ratio that is predicted on the basis of the observed N/O or
N/S ratio, using the results in Figure 3. Column (8) gives the
observed photospheric He/H ratio.

AG Car—The luminosity of this star suggests an initial
mass of about 60 M if the star is presently in the post-RSG
phase. From Figure 3 we see that the observed ratio
N/O =6 + 2 can be explained by convective mixing if
Mgso/M; = 0.78 + 0.03, i.e., the star has lost 22% + 3% of
its mass, corresponding to 13.0 + 1.8 M, prior to the onset
of the convection. The evolutionary calculations by Meynet
et al. (1994) for enhanced mass loss predict that the star has
lost about 35% of its mass at the end of the H core burning
phase, and 20% for normal mass loss (see § 4). The empiri-
cally derived value is close to the predicted value for normal
mass-loss rates. We see that the nebular N/O ratio can be
explained if the nebula was ejected during the RSG phase
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and the star had lost 11-15 M prior to this phase. The
surface He/H ratio for a star of M; = 60 M that has lost 13
M before the onset of the RSG phase is He/
H = 0.32 + 0.03. The observed surface ratio of 0.4 for the
star AG Car is slightly higher than this. This might indicate
that the star has lost more mass since the nebula was
ejected, bringing more enriched layers to the surface in the
blue supergiant phase.

P Cygni—If P Cygni is in the post-RSG phase its initial
mass must have been about 50 M. Therefore we inter-
polated the predicted N/S and the N/H ratio for the two
models of 40 and 60 M. Unfortunately, we only have an
observed lower limit to the N/O ratio (Table 2). This lower
limit does not set a useful constraint on the mass of the
RSG. Therefore we use the N/S ratio, which is however a
less sensitive indicator of the fraction of mass that is lost
than the N/O ratio. Moreover, the derived N/S ratio is
uncertain (see § 2). The observed ratio of N/S ~ 33 corre-
sponds to Mygs/M; = 1.0 for M; = 60 M 5 and Mgss/M; =
0.87 for M; = 40 M. This suggests that if the nebula was
ejected during the RSG phase, the star of initially 50 M,
must have lost about 7% of its mass prior to this phase. The
observed N/S ratio corresponds to a predicted He/H ratio
of 0.22, which is much smaller than the photospheric ratio
of He/H = 0.42. The evolution calculations with enhanced
mass loss of Meynet et al. (1994) show that a star of 50 M
is expected to lose about 30% of its mass during the core
H-burning. This is significantly higher than the (uncertain)
value of 7% that we derived from the N/S ratio. For a mass
loss of 30% we predict an N/S ratio of 50, which may still be
within the uncertainty of the derived abundances.

R 127 —From the location of this star in the HR-diagram
we find that the initial mass must have been about 75 M, if
the star is now in the post-RSG phase. Comparison with the
results in Figure 3 for the Z = 0.008 models shows that the
observed abundance ratio of N/O = 0.9 + 0.4 is smaller
than the predicted one, even if the star had not lost any
mass at all prior to the onset of the envelope convection!
The predicted He/H ratio for Mygs/M; = 1.0 is 0.2, which is
much smaller than the present photospheric ratio of 0.50.
The evolutionary tracks with enhanced mass loss of Meynet
et al. (1994) predict that the star has lost 25% of its mass
during the core H-burning and that the N/O ratio should
be larger than 100, which is much higher than observed.
Assuming that the mass-loss rate of R 127 has been about
0.4 times that of its Galactic counterpart AG Car, because
the mass-loss rate is proportional to metallicity as Z°-8°
(Vink, de Koter, & Lamers 2000), we would expect a
Mg ~ 091 M; = 68 M, which corresponds to N/O =~ 3.
This is twice as high as the observed maximum ratio of 1.3.
This result depends sensitively on the adopted initial mass

TABLE 3
THE LBV NEBULAE EJECTED DURING THE RSG PHASE

He/H
AM)puna AM)yqy  ————
NAME M(M) RaTIO Myso/M; (M) (Mg) Predicted Star
@ @ ©)] 4 O] (6) ™ ®
AG Car...... 60 N/O 0.78 + 0.03 13+2 21 0.32 0.42
P Cygni...... 50 N/S 0.93 + 0.03 35+ 15 15 0.22 0.40
R 127 ........ 75 N/O 1.00 0 25 0.10 0.50
S119......... 60 N/O 0.93 + 0.05 42430 15 0.20 0.67




No. 2, 2001

of the star. If the luminosity was 6.0 dex instead of 6.1
(which is within the accuracy of the luminosity deter-
mination), the initial mass would be 60 M, and the pre-
dicted N/O ratio would be 1.5, which is only marginally
higher than the upper limit of the observed ratio.

S 119.—The initial mass, estimated from the stellar
parameters, is M; ~ 60 M if the star in presently in a
post-RSG phase. Comparison of the observed nebular ratio
of N/O = 1.9 + 0.5 with the results in Figure 3 for 60 M
shows that the star must have lost 7% of its mass if
N/O = 1.9 and 12% if N/O = 2.4 before the envelope con-
vection started. The lower limit of the observed ratio of
N/O = 1.4 is not compatible with the predictions. The pre-
dicted He/H ratio for 7%—12% mass loss is about 0.20. This
is much smaller than the present photospheric He/H ratio
of 0.67. The evolutionary models of an LMC 60 M, star of
Z = 0.008 by Meynet et al. (1994) show that the star has lost
about 25% of its mass prior to the RSG phase. However, if
that were the case the N/O ratio of the nebula should have
been about 10, which is clearly incompatible with the
observed value.

We conclude that the N/O abundance ratio in the nebula
is a very sensitive indicator of the mass that was lost prior
to the onset of the envelope convection, if the nebula was
ejected during the RSG phase. The observed ratio of AG
Car is in agreement with the evolutionary predictions for
the mass that the star has lost at the end of the main-
sequence phase if the “normal ” mass-loss rates of de Jager
et al. (1988) are adopted. For the P Cygni nebula we used
the observed uncertain N/S ratio because for the N/O ratio
only a lower limit is known. The uncertain N/S ratio is
about 40% smaller than the value predicted by stellar evol-
ution. For the LMC stars the N/O ratios point to a mass-
loss rate that is smaller than adopted in the evolutionary
tracks by Meynet et al. (1994) if the nebulae were indeed
ejected during the RSG phase.

For all stars we find that the predicted He/H ratio, that is
associated with the observed N/O or N/S ratio is smaller
than the observed photospheric He/H ratio. The difference
is small for AG Car, but it is significant for P Cygni and R
127. Taken at face value, this shows that a significant
enrichment of the surface layers must have occurred after
the LBV nebula was ejected. We return to thisin § 7.

We remind the reader that in these calculations we have
adopted a considerably deeper mixing during the RSG
phase than in the evolutionary calculations of the Geneva
group. In the Geneva models the deep convection is
trimmed to avoid numerical instabilities in the code, which
results in less severe mixing than in our simplified models.

6. THE SURFACE ABUNDANCES OF STARS WITH
ROTATION-INDUCED MIXING

In this section we consider the effects of rotation-induced
mixing on the chemical evolution of the star. Evidence for
envelope mixing during the main-sequence phase comes
from the existence of OB supergiants with enhanced N
abundance (Walborn 1988) and also from the boron deple-
tion in their photospheres (see Fliegner, Langer, & Venn
1996). This indicates that in these stars the products of the
nuclear fusion already have reached the stellar surface at or
near the end of the main-sequence phase. This is not sur-
prising. First, the mean rotation velocity of the main-
sequence O-stars is high and of order several hundred km
s~ 1. Second, the grid of stellar evolution models for stars in
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the mass range 10-25 M of Heger, Langer, & Woosley
(2000) shows that the rotational mixing is more efficient for
higher initial masses, as radiation pressure becomes more
dominant and renders the influence of mean molecular
weight barriers less important (see also Maeder 1998).

Therefore we study the effect of mixing on the surface
abundance at the end of the main-sequence phase. We will
calculate the surface abundances as a function of the ratio
between the mixing timescale, 7,;,, and the timescale for
core H-burning, tys. Before presenting the calculations, we
discuss the mixing timescale that might be expected for
rotation.

6.1. The Timescale for Rotation-induced Mixing

Rapidly rotating stars will develop an Eddington-Sweet
circulation owing to thermal imbalance (e.g., Kippenhahn
& Weigert, 1990, p. 439). This circulation will bring nuclear
products from the convective core into the nonconvective
envelope, where they may appear at the surface of the star.
In differentially rotating stars, among other processes, the
shear instability can produce turbulence that can also result
in chemical mixing (Maeder 1998). Assuming that mean
molecular weight barriers have only a limited efficiency in
preventing the mixing (Maeder & Zahn 1998; Heger et al.
2000), the timescale for the Eddington-Sweet circulation,
which dominates the mixing timescale for massive main-
sequence stars, is related to the Kelvin Helmholtz timescale
(Kippenhahn & Weigert 1990, p. 439),

Teire = TKH/X ’ (6)

where 1y = GM3/R, L, is typically about 10~ times the
main-sequence lifetime, and

_ggcemr_ngRi
Y=3 g 3GM,°

where g, and gy are the centrifugal acceleration and the
acceleration of gravity at the equator and w is the angular
velocity (Kippenhahn & Weigert 1990). These two expres-
sions are for a solidly rotating star, which is a good approx-
imation for the considered case.

While recent, more sophisticated models of rotating
massive main-sequence stars show that the rotational
mixing is really determined by an interplay of Eddington-
Sweet currents, shear mixing, and baroclinic turbulence
(Heger et al. 2000; Meynet & Maeder 2000), they confirm
the basic trends predicted by equation (6). We see that
0 < x <1 and that the circulation time is on the order of
the Kelvin-Helmholtz time for stars near critical rotation
speed and increases rapidly for slower rotation.

The main-sequence lifetime, mass, and radius during the
zero-age main-sequence (ZAMS) phase of stars with 40 <
M; < 85 M, derived from the evolutionary calculations
for Z = 0.02 by Meynet et al. (1994), depend on the initial
mass approximately as

Tys =~ 3.1 x 107 M 0544
L, ~2.1 x 10> M} 1°17 |
R, ~ 093 x M;+0599 @®)

where 7y is in years and all stellar quantities are in solar
units. For Z = 0.008 the luminosity is about 10% lower, the
main-sequence lifetime is about 10% larger, and the radius
is about 10% smaller. Combining equations (6), (7), and (8)

()
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we find an expression for the ratio between the circulation
time and the main-sequence lifetime for stars with 40 <
M; <85 Mg of

Tcirc P 2 Mi -0.77
s <5.68> <60> ©)

for Z = 0.02, where the rotational period P is in days. For
Z = 0.008 the ratio is about

T. P 2 M. —-0.67
Teire (=) (= . 1
Tums <4.82> (60) (10)

The dependence of t,./tys on M, is slightly flatter for
Z = 0.008 than for Z = 0.02. In deriving these expressions
we have used the luminosity and the radius of the ZAMS
and we have adopted solid rotation. These are only rough
approximations, but they serve to give an indication of the
possibility that rotation-induced mixing may occur in
massive stars. From these estimates we see that the circula-
tion time is of the order of the main-sequence lifetime for
rotational periods of the order of 5 days. This corresponds
to equatorial velocities of about 100 km s~ ! for a star with a
radius of 10 R,. The observed distribution of v sin i of
main-sequence O-stars shows a bimodal distribution, with
peaks near 100 and 300 km s~ ! (Conti & Ebbetts 1977).
This implies that the circulation times may be of the order
of the main-sequence lifetime. Therefore we may expect
rotation-induced mixing to occur.

6.2. The Effect of Rotation-induced Mixing on the CNO
Abundances

In this section we describe the changes in the surface
composition due to mixing on a mean mixing timescale, 7 ;..
If the mixing time were short compared to the MS lifetime,
the star would be fully mixed at the end of the H core
burning phase. In that case the CNO abundance through-
out the star would be about in CNO-equilibrium, with the
abundance ratios given by equation (5) for a star of 60 M .
This is obviously not the case. If the mixing time is much
longer than the MS lifetime, rotation-induced mixing would
not be effective. The most interesting case is that of partial
mixing, when 7, is of the same order of magnitude as ).
By comparing the observed nebular abundances with the
predictions for different values of z,,;,, we can empirically
derive the values of 7, for massive stars.

We calculate the changes in the composition of the
envelope due to mixing by assuming that in a time interval
At a fraction At/z,;, of the total mass of the star is mixed. If
X core(?) 18 the mass fraction of an element in the convective
core at time ¢t and X, (t) is the mass fraction of that same
element in the envelope, than the change in the mass frac-
tion in the envelope due to mixing can be written as

dXenv _ Xcore(t) — Xenv(t) M*(t) (1 1)
dt Tmix Menv(t) ’

where M, and M., are the masses of the star and of the
envelope at time ¢. This equation can be solved analytically
for constant X, and M., /M. However, the convective
core shrinks, both the stellar mass and the envelope mass
change during the main-sequence phase and the composi-
tion of the core may change with time. Therefore we have
solved this equation numerically. Starting with the original
composition of the envelope at the beginning of the main-
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sequence phase (adopting the abundance ratios discussed in
§ 4) and taking the variation of M, (t), M,,(t), and X ,.(?)
from the evolutionary calculations, we calculated the
changes in the surface composition due to rotation-induced
mixing. In these equations we assume that the material that
is freshly mixed from the envelope into the core is quickly
transformed into the core composition at that time. Thisis a
good assumption for C and N, because the CN-cycle
quickly reaches equilibrium (see Fig. 2) and because the
timescale for convective overturning in the core is very
short. But it is not a very accurate assumption for the O
abundance in the early part of the main-sequence phase of
the Z = 0.02 stars because the ON-cycle takes a longer time
to reach equilibrium. However, since we are mainly inter-
ested in the composition of the envelope at the end of the
main-sequence phase, we can adopt equation (11) as a first
estimate to describe the changes in the CNO abundances of
the envelope at the end of the core H-burning phase.

We note that our description of the mixing is a simplified
version of the diffusion approximation and that our defini-
tion of the mixing time, defined by equation (11), is not the
same as the definition of the diffusion time. In the diffusion
approximation the mixing is described as (Kippenhahn &
Weigert 1990)

dax 1 5 o 4X
=M |:(4nr p)*D dM] . (12)
The diffusion coefficient is D = [2/t,,, where [ is the length
scale of the diffusion and 7, is its timescale. Using 4nr?pl ~
M, anddM ~ M, we find

dXenv _ Xcore(t) — Xenv(t) |: M*(t) :|2

dt B Tp M env(t)

(13)

This differs from the adopted equation (11) by a factor
M, /M.,,. Comparing the expressions (11) and (13) we see
that they are identical if 7., =7 M, /M, ~ 0.57, for
massive stars.

6.3. The Effect of Rotation-induced Mixing on the
H and He Abundance

Equation (11) can also be used to describe the H and He
abundance in the envelope, but in this case we cannot
assume that all H that is mixed from the envelope into the
core will instantaneously reach the core composition
because the transformation of H into He occurs on the
main-sequence timescale. In this case the change in the H
abundance in the stellar core is described by

chore(t) _ L*(t) 1 Xcore(t) — Xenv(t) M*(t)

dt B €y Mcore(t) B Tmix Mcore(t) ’
(14)

where €y is the energy produced by transforming a unit
mass of H into He. The first term on the right-hand side
describes the change due to H-burning and the second term
describes the changes due to mixing. If we set 7, > Tyg, We
retrieve the chemical changes in the core of the star as pre-
dicted by the stellar evolution models without mixing. The
change in the H abundance in the envelope of the star due
to rotation-induced mixing is described by equation (11).
The changes in the He abundances in the core and the en-
velope follows from the condition that the sum of the mass
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fractions of H and He is invariant to mixing and nuclear
fusion during the main-sequence phase: X(t) + Y(t) =
1 — Z = constant.

For calculating the variation of the surface H and He
abundance for a star with rotation-induced mixing we solve
the equations (11) and (14) simultaneously. We adopt the
changes in luminosity and in the core mass and the
envelope mass as a function of time from the evolutionary
tracks of Meynet et al. (1994) with enhanced mass loss. For
severe mixing, i.e., T,,;, < Tys, this assumption is not justi-
fied because mixing would bring fresh H into the core which
would prolong the main-sequence phase. However, we will
show below that the observations indicate only mild
mixing, so that the evolutionary calculations without
mixing can be adopted as a first approximation to estimate
the abundance changes due to rotation-induced mixing.
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We note that our description of the mixing (egs. [11] and
[14]) implies that we predict only the “mean ” values of the
abundances in the envelope as a function of time, which also
gives the evolution of the surface abundances in the star as a
function of time. In reality, the diffusive rotation-induced
mixing will set up an abundance gradient in the envelope
(see e.g., Heger et al. 2000). We will return to this aspect
laterin § 7.

6.4. The Surface Abundances as a Function of Mixing Time

Using equations (11) and (14) we have calculated the
expected surface abundances of massive stars with rotation-
induced mixing. The mixing time 7, is expressed in terms
of the main-sequence lifetime 7y, with 7, /7y between 0.5
and 5. Figure 4 shows the envelope abundance at the end of
the main-sequence phase for four initial masses. We see that
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the N/O, N/C, N/S, and He/H ratios increase as the mixing
time decreases. Even for a mixing time as long as 5 7, the
N/O ratio of about unity is already significantly higher than
the initial value of N/O = 1/13. This is because the N/O
ratio in the core is a factor 700 higher than the initial value.
For such a large difference between the initial abundance
and the core abundance, the surface N/O ratio is already
increased by a factor 3 at a time as small as t ~ 0.17;, if
M.,~05 M, and the O abundance was in ON-
equilibrium. Figure 4 also shows that for strong mixing with
Tmix S 0.57ys the surface abundances at the end of the main-
sequence phase approach the abundances in the core, as
expected.

The N/O ratio in the envelope is smaller for stars with
smaller initial masses than for high initial mass, especially
for large values of 7,,,/tys. This is because the mass-loss
rate in the higher mass stars is larger and hence the ratio
between the mass of the envelope and the mass of the core is
smaller for high-mass stars. With a smaller envelope mass,
less mixing is required to increase the envelope abundance.
Comparing the results of the Z = 0.020 with Z = 0.008, we
find that the envelope abundances due to mixing are very
similar. The main difference is for fast mixing, which gives a
higher value of N/O in the Z = 0.008 models than in the
Z = 0.020 models. This is because the O abundance has a
steeper profile, with less O in the core of the LMC models
than in the core of the Galactic models because of the ON-
cycle reaches equilibrium composition faster for Z = 0.008
than for Z = 0.020 (see Fig. 2).

Heger & Langer (2000) predict the changes in the surface
abundances of rotating stars of 8-25 M using detailed
stellar evolution models. Their 20 M ; model with an initial
rotation velocity of 300 km s~ ! evolves to log (N/
O) = —0.05 and log (N/C) = 0.91, which compares well
with our results for a star of 20 M and 7., ~ 1-3 X Tyg.
Meynet (1998) presented models for rotating stars of M; =
20 and 40 M, and finds ratios of log (N/C) ~ 0.7 for 20 M 4
and 1.3 for 40 M, for a similar rotational velocity. This
compares, again, well with our results for 7,;, ~ 1-3 X Tys.
We conclude that our simplified prescription does yield
results that are comparable with those of more sophisti-
cated calculations, and that we can use our predictions for
comparison with the observations.

6.5. Comparison with the Observations

If the LBV nebulae are ejected at the end of the main-
sequence phase, but before the RSG phase, the abundance
of the nebula can be used to derive the timescale of the
rotation-induced mixing. The results are summarized in
Table 4.

AG Car—If AG Car is in the post-main-sequence phase,
its initial mass derived from the location in the HR diagram
is M; ~ 70 M 5. (This mass estimate is higher than the value
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of M; ~ 60 M, used in § 5.4 in case the star has been a red
supergiant, because the luminosity of the star has increased
during the RSG phase. This results in a lower estimate of
the initial mass for a give post-RSG luminosity compared to
that for a given post-main-sequence luminosity.) Inter-
polating between the results for M; ~ 60 M and M; ~ 85
M in Figure 4, we see that the observed ratio N/O = 6 + 2
requires a ratio of t,;,/tys = 1.8 + 0.3. Since the main-
sequence lifetime of a star of 70 M is 3.1 x 10° yr (eq. [8]),
this implies a mean mixing time of 5.6 x 10° yr. For this
mixing time, the predicted N/S abundance is N/S = 60 and
He/H = 0.33 for the nebula. The observations show that
N/S < 45, which is slightly smaller than the predicted value.

P Cygni—The stellar parameters of P Cygni indicate an
initial mass of about 50 M, if the star is in the post-main-
sequence phase. The N/S ratio of its nebula, derived from
interpolation between the models of 60 and 40 M, indi-
cates a mixing time of 7, /tys = 4.0 £ 0.5, ie., 7, ~ 1.5

x 107 yr. For this mixing time, the expected He/H ratio of
the nebula is 0.18. This is much smaller than the observed
photospheric He/H ratio. We return to thisin § 7.

R 127—If R 127 is a post—main-sequence star, its initial
mass must have been 75 M. From the interpolation
between the calculations of 60 and 85 M, in Fig. 4 we find
that the abundance ratio N/O = 0.9 + 0.4 requires a mixing
time 7., =40+ 0.5 x 1yg~ 1.3 x 107 yr. For such a
mixing time the predicted ratio N/S is less than 30, which
agrees with the observed upper limit for the nebula of less
than 34. The predicted He/H ratio is 0.16, which is much
smaller than the photospheric ratio.

S 119.—The initial mass of S 119 derived from its loca-
tion in the HR diagram, under the assumption that it is a
post—-main-sequence star, is about 65 M. From Figure 4
we see that the observed ratio N/O = 1.9 + 0.5 requires a
mixing time of about (2.9 + 0.4) x tys ~ 1.0 x 107 yr. For
such a mixing time the predicted N/S ratio is ~40 which
agrees with the observed upper limit of less than 78. The
predicted He/H ratio of the nebula is 0.18, which is much
smaller than the photospheric ratio.

We conclude that if the LBV nebula is ejected at the end
of the main-sequence phase, mixing from the core into the
envelope must have occurred during the main-sequence
phase. Using a simple mixing time description, we find that
the observed N/O ratio in AG Car, R 127, and S 119 and
the N/S ratio of P Cygni require a mixing on timescales of
1.8-4 times the main-sequence time, i.e., about 5 x 10° yr
for AG Car and 1.0-1.5 x 107 yr for P Cygni, R 127, and S
119. We see that such relatively long mixing times can still
significantly alter the N/O and N/S ratios at the stellar
surface, because only a little mixing is necessary to change
these ratios. The fact that we find a range of 2 in the mixing
time of stars in such a small mass range is not surprising, as
the mixing depends not only on the initial composition and

TABLE 4

THE LBV NEBULAR ABUNDANCES DUE TO ROTATION-INDUCED MIXING

He/H
Mi Tmix P Ugol
NAME (Mg) RATIO Trnix/ TMs (yr) (days) (km s~ 1) Predicted Star
AGCar...... 70 N/O 18+03 5.6 x 10° 6 100 0.33 0.42
P Cygni...... 50 N/S 40+ 0.5 1.5 x 107 8 70 0.18 0.40
R 127 ........ 75 N/O 40+ 0.5 1.3 x 107 9 90 0.16 0.50
S119......... 65 N/O 29+ 04 1.0 x 107 8 100 0.18 0.67
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the evolution but also on the initial rotation velocities.
These might differ from star to star.

We can estimate the rotation velocity during the zero-age
main-sequence phase that is needed to explain the derived
mixing timescale. The result is listed in Table 4, where we
have used equations (9) and (10) and the ratio 7, ~ 7p ~
0.5 7,;x- We see that the required equatorial rotation veloci-
ties are in the range of 70-100 km s~ !. These values are not
particularly high for massive main-sequence stars. Conti &
Ebbets (1977) found that the distribution in v sin i of main-
sequence O-stars has a bimodal distribution with peaks at
100 and 300 km s~ 1. So it is possible that the enhanced N/O
ratios observed in LBV nebulae already appear at the
surface of the stars near the end of the main-sequence phase
because of rotational mixing. In fact, the presence of the
ON-supergiants is a clear indication of this process
(Walborn 1988; Smith, Howarth, & Sieberts 1998), as well
as the existence of N-enriched main-sequence stars, in the
LMC (Korn et al. 2000). Unfortunately, no detailed quanti-
tative studies of the C, N, and O abundances of the ON
stars has been done yet to see if the abundances are the
same as in LBV nebulae.

7. WHEN WERE THE LBV-NEBULA EJECTED?

We have shown above that the abundances of the LBV
nebulae, in particular the N/O ratio, can be explained by
ejection in either the RSG phase, when mixing in the con-
vective envelope has occurred, or at the end of the main-
sequence phase, hereafter referred to as the blue supergiant
(BSG) phase, if rotation-induced mixing occurred during
the main-sequence phase. In this section we compare the
results derived above for the two explanations with the con-
straints of the dynamical age of the nebula and the present
photospheric He/H ratio (see Tables 1, 2, 3, and 4). These
constraints are the following:

1. The dynamical ages of the LBV nebulae are between 1
and 7 x 10* yr, apart from the P Cygni nebula, which is
much younger.

2. The LBV nebulae contain between about 2 and 8 solar
masses of mildly enriched ionized gas, except for P Cygni,
which has a much smaller nebular mass. The amount of
molecular or neutral material in LBV nebulae is not well
known. A recent study of the CO emission from the AG Car
nebula (Nota et al. 2001) shows that the nebula contains
about 5 x 1073 M, in the form of CO. The fraction of CO
is estimated to be ~2.3 x 1073 of the total molecular gas,
which then amounts to 2.6 M. This is about as much as
the 42 M, of ionized gas in the AG Car nebulae. So the
total amount of mass in LBV nebulae might be as high as
twice the mass of the ionized gas.

3. The photosphere of the LBVs is more chemically
enriched than the nebula. The N/O ratio in the nebulae
suggest a He/H ratio of about 0.3 for the nebula of AG Car
and about 0.2 for the nebulae around P Cygni, R 127, and S
119 (§§ 5.4 and 6.5). However, the photospheric He/H ratios
are between 0.4 and 0.7.

4. The outflow velocities of the LBV nebulae are 70 km
s~! for AG Car and 140 km s~ ! for P Cyg. The outflow
velocities of the LMC stars R 127 and S 119 are 25 and 29
km s~ !, respectively.

5. No red supergiants with luminosities above 6 x 10°
L, have been found in the Galaxy or in the LMC
(Humphreys & Davidson 1979). This implies that either
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more luminous stars do not pass through a RSG phase or
that their RSG phase lasts only a very short time, i.e., less
than about a few 10* yr.

7.1. The Ejection of the Nebula at the Beginning of the
RSG Phase?

Let us suppose that the nebula was ejected during the
RSG phase. From the nebular abundance we found that
AG Car must have lost about 25% of its initial mass prior
to the onset of the envelope convection. The convection
then created a layer of about 15 M, of mildly enriched
material above the nonconvective core. If the observed ~7
M ; of the nebula (ionized plus molecular gas) was ejected
near the beginning of the RSG phase, i.e., before significant
RSG mass loss has occurred, the star would still have an
envelope of about 8 M, of mildly enhanced material after
the ejection. This is at odds with the fact that about 10* yr
after the nebula was ejected the He/H ratio at the surface of
the star has already increased significantly to the observed
value of He/H ~ 0.42. It would require an unrealistically
high mass-loss rate of about 1073 M yr~! after the ejec-
tion of the nebula. The problem is even more severe for the
LMC stars, which have lost a smaller fraction of their initial
mass before the envelope convection starts. They will have a
much more massive layer with mildly enriched material and
a predicted He/H ratio of only about 0.20. In order for these
stars to reach a ratio He/H ~ 0.4 at the surface requires the
ejection of even more mass than from the Galactic LBVs
within the short dynamical age of their nebula.

7.2. The Ejection of the Nebula at the End of the
RSG Phase?

If the nebula was ejected near the end of the RSG phase,
when the star had already lost about 10 M as a RSG, the
increase in surface abundance to the presently observed
He/H ratio of about 0.4 within the dynamical age of the
nebula can be explained because soon afterwards the deeper
more enriched layers may have been exposed. Adopting a
“normal” RSG mass-loss rate of about 10~* M, yr~ %, the
star may have lost its last solar mass of mildly enriched
material in the dynamical time of the nebula.

The question is then, where is the mass that must have
been ejected in the RSG phase before the nebula was
ejected? For example, AG Car had about 15 M, of convec-
tively mixed material in the early-RSG phase, about seven
of which are in the nebula (~ 4 M ionized and ~3 Mg
molecular). The other eight M 5 must have been lost before
the nebula ejection. With a typical RSG wind velocity of 10
km s~ !, that material should have reached a distance of
about a few tenths of a parsec, and it would have been
overtaken by the nebula that was ejected with a velocity of
about 70 km s~ ! for AG Car. So in that case we would have
expected the visible nebula to contain practically all the gas
that was lost during the RSG phase, i.e., about 15 M. This
is not observed. Moreover, in that case we cannot explain
the lack of luminous RSG, because they must have lived
about 10° yr to eject the initial 10 M layer of the mixed
material (unless the mass-loss rate was very high during
that phase).

7.3. The Ejection of the Nebula in the BSG Phase?

Let us now suppose that the nebula was ejected in the
BSG phase, and that rotation-induced mixing has affected
the abundances as predicted in our calculations. (These
abundances are confirmed for stars in the mass range 15-25
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M by the detailed evolutionary models for rotating stars
by Heger 1998, p. 81, and Heger et al. 2000.) In this case, the
N/O and N/S ratios can all be satisfactorily explained,
although this requires differences in the adopted mixing
timescales in the stars by about a factor of 2.

The increase of the CNO-enrichment from the mild
enhancement in the nebula, which indicates He/H ~ 0.2, to
the present day photospheric He/H ratio of about 0.4-0.7
can also be explained in the framework of the rotating
stellar models by two effects which will both be operating:

1. Rotation-induced mixing will continue after the ejec-
tion of the nebula in the BSG phase and the He/H ratio will
keep increasing with time. In fact, the mixing is likely to
become faster when the star moves away from the main-
sequence, because it may approach its Q limit for near-
critical rotation in the layers where the radiation pressure is
high (Langer 1998; Langer, Garcia-Segura, & Mac Low
1999). For near-critical rotation the mixing-time
approaches the Kelvin-Helmholtz time, which is about 10*
yr for a star with an initial mass of 60 M . This means that
within about 10* yr after the ejection of the nebula the
composition may have changed drastically.

2. Rotation-induced mixing is a diffusive process that
will result in an abundance gradient in the envelope, with
the most enriched matter closer to the core (see § 6.3). The
ejection of the outer layers will therefore automatically
reveal photospheric layers that are more enriched than the
ejected gas.

In this respect the star P Cygni is an interesting test case.
The nebula was ejected only 2000 yr ago. We do not know
the He/H ratio in the nebula, but the N/S ratio implies that
the He/H ratio in the nebula must be about 0.2, whereas the
He/H in the photosphere is 0.4.” Such a difference implies
that there must have been an abundance gradient near the
outer layers of the star. An abundance gradient is expected
for rotation-induced mixing by diffusion but not for mixing
by convection in the RSG phase. Our simplified method of
predicting the rotation-induced mixing does not allow us to
calculate the abundance gradients. Heger et al. (2000) have
calculated the evolution of rotating stars in the mass range
of 10-25 M, with diffusive mixing. Although these models
have lower masses than P Cygni, they indicate that abun-
dance gradients of the required order may well be present in
rotating massive blue supergiants.

Additional evidence for a prominent role of rotation in
the ejection of the nebula comes from the observed bipolar
structure of several LBV nebulae (Nota & Clampin 1997)
and the linear polarization of the UV and optical radiation
of AG Car and R 127 (Schulte-Ladbeck et al. 1994).

A more indirect argument for the ejection of the LBV
nebulae in the blue supergiant phase may come from the
expansion velocities of the nebulae. The expansion velocity
of the Galactic nebulae of AG Car and P Cygni are 70 and
140 km s~ !, respectively. The wind speeds of luminous red
supergiants are smaller and on the order of 10-20 km s~ !
(Reimers 1975; Dupree & Reimers 1987). Although the ejec-
tion of the nebulae may have been due to a process other
than the normal RSG wind, it is unlikely that this process

7 Unfortunately, the abundance determination of the P Cygni nebula is
less well known than that of the other program stars. A more accurate
determination of the abundance and of the total amount of ionized plus
neutral gas would be highly desirable.
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could have lead to an ejection velocity much higher than
that of the wind. In general, an increase in the mass-loss rate
by some subphotospheric mechanism results in a decrease
of the velocity (unless a large amount of extra energy is
generated as in Nova outbursts). On the other hand, the
wind velocities of luminous blue supergiants with high
mass-loss rates such as {* Sco or « Cyg are about 100-200
km s~ !. An increase in the mass-loss rate by a significant
factor, such as during the ejection of the nebula, will result
in a decrease of the wind velocity. So it is easier to explain
the velocities of the nebulae of P Cyg and AG Car if they
are ejected in the BSG phase than in the RSG phase. (The
velocities of the nebulae of the LMC stars R 127 (29 km s~ 1)
and S 119 (25 km s~ !) are markedly smaller than those of
the Galactic counter parts. In fact, they are close to those
expected for red supergiants. Until we understand the ejec-
tion mechanism of the LBV nebulae and its dependence on
metallicity, it is difficult to explain the reason for the differ-
ence in nebular velocity between the Galactic LBVs and
their counterparts in the LMC.)

8. DISCUSSION AND CONCLUSIONS

In an attempt to explain the origin of the LBV nebulae,
which are mildly enriched in N and depleted in O, we have
studied the effects that can modify their composition. The
results are summarized.

1. We have calculated the expected abundance changes
at the stellar surface due to two effects: (1) envelope convec-
tion in the RSG phase (§ 5) and (2) rotation-induced mixing
on the main sequence (§ 6).

2. We have shown that the abundance patterns of four
LBYV nebulae, in particular the N/O and N/S ratios, can be
explained by both mechanisms. In the case of the first, i.e.,
mixing due to an outer convective envelope, the LBV
nebula must have been ejected during the red supergiant
phase. The observed N/O and N/S ratios then provide an
estimate of the amount of mass that must have been lost
before the envelope convection sets in. For this scenario, we
find that the mass lost is significantly smaller than adopted
in the evolutionary calculations of Meynet et al. (1994). In
the case of the second mecanism, ie. rotation-induced
mixing during the main-sequence phase, the LBV nebula
was ejected after the main sequence in the blue supergiant
phase. The N/O and N/S ratios then provide an estimate of
the mixing time. The mixing times are between 5 x 10® and
1.5 x 107 yr. These values are reasonable, considering the
fast rotation of the main-sequence O-stars. Additional evi-
dence that rotational mixing is common in early type stars
comes from the fact that a considerable fraction of the OBA
supergiants and even some O main-sequence stars have an
enhanced N abundance (e.g., Walborn 1988; Smith et al.
1998; Venn 1996, 1997, 1999).

3. Both models (convective or rotation-induced mixing)
predict a nebular He/H ratio that is about a factor 2 smaller
than the observed photospheric abundance of He/H ~ 0.4
0.7. This enrichment of the stellar surface must have
occurred after the nebula was ejected, i.e., within the
dynamical timescale of the nebulae of about 10* yr. This
cannot be explained in the context of the nebular ejection
during the RSG phase, but it is a logical consequence of
rotation-induced mixing for two reasons: First, mixing is
expected to become faster as the star expands after the
main-sequence phase and approaches its Q limit for critical
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rotation in the layers where the radiation pressure is high.
Depending on their Eddington-factors, for stars near criti-
cal rotation the mixing time may become as short as the
Kelvin-Helmholtz time, which is of order 10* yr for a star of
60 M. Second, contrary to convective envelope mixing,
rotation-induced mixing is a diffusive process that results in
an abundance gradient in the envelope with the more
enriched material closer to the core. The ejection of surface
layers will automatically reveal the more enriched deeper
layers.

4. The expansion velocities of about 100 km s~ ! of the
LBYV nebulae of AG Car, P Cyg, and R 143 can be explained
if the nebulae were ejected during the BSG phase but not
during the RSG phase. The low expansion velocities of R
127 and S 119 might be the result of deceleration by inter-
action (these are the oldest nebulae of our sample) or due to
the small radiative acceleration because of the low metal-
licity of the LMC stars.

We conclude that the abundance pattern observed in
LBV nebulae and in the photospheres of their central stars
may be explained with the rotation-induced mixing sce-
nario. This scenario may explain all observations consis-
tently. In the rotation scenario the differences in the N/O
ratios of the LBV nebulae are due to different mixing time-
scales that are most likely due to differences in the initial
rotation rates. An advantage of the mixing scenario may be
that it ties in with the LBV outburst model involving the
Q-limit (Langer et al. 1999), which appears to be able to
explain the bipolar morphology found in virtually all LBV
nebulae (Nota et al. 1995). It would be interesting to investi-
gate whether the model for the outburst due to the Q-limit
might also explain the fact that the photospheric He/H ratio
of the LBVs is in a narrow range of 0.4-0.7. This narrow
range might possibly be due to the fact that in such a model,
the rotation determines both the moment of the outburst
and the amount of mixing.

How do we combine the scenario that the LBV nebulae
are ejected in the BSG phase with the results of the studies
of the ISO spectra of these nebulae by Waters et al. (1997;
1998; 1999) and Voors et al. (2000). These authors have
shown that the dust in the LBV nebulae is very similar to
the dust around red supergiants, i.e., mainly in the form of
amorphous silicates plus a minor contribution from crys-
talline silicates such as olivines and pyroxenes. Since the
composition depends sensitively on the conditions during
the ejection of the material, Waters et al. (1997, 1998, 1999)
have argued that the LBV dust must have been ejected
when the star was a RSG. However, one has to be careful
with applying this argument, and one should make a dis-
tinction between two possible interpretations: (1) The star
was a red supergiant in the evolutionary sense, i.e., it had a
large convective envelope during a typical evolutionary
timescale of order 10*~10° yr. (We have rejected this possi-
bility on the basis of the abundances and velocities of the
LBV nebulae.) (2) During the ejection of the nebula, by
whatever mechanism, the star was temporarily cool and
large in size, resembling a RSG. This is likely because a very
high temporary mass-loss rate will produce an extended
cool pseudophotosphere because of its large optical depth.
The dust that forms outside such a photosphere will be
formed under similar conditions as in RSG winds. This
explanation agrees with the arguments that the nebula was
ejected in a temporary RSG phase.
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We conclude that many arguments point to the LBV
nebulae being ejected during the blue supergiant phase and
that the chemical enrichment is due to rotation-induced
mixing.

This suggests the following evolutionary scenario for the
formation of the LBV nebulae with the observed chemical
and dynamical properties:

1. Mildly or rapidly rotating massive stars experience
rotation-induced mixing during the MS phase. This
enhances the He/H ratio from the initial value of 0.1 to
about 0.2-0.4 and the N/O ratio from 0.07 to about 1-5 in
the envelope, depending on the ratio between the mixing
time and main-sequence lifetime. This explains the existence
of the ON-stars.

2. After leaving the main sequence and evolving into blue
supergiants, the stars run into the Q-limit, which is the criti-
cal rotation limit in a star with a significant contribution by
radiation pressure.

3. When the star reaches the Q-limit it ejects a large
amount of mass, on the order of 1 or a few solar masses. The
ejected matter has an enhanced N/O ratio, because it con-
sists of matter from the envelope that was mixed during the
main-sequence phase. This explains the observed abun-
dances of LBV nebulae.

4. When the star has reached thermal equilibrium after
the ejection, it is again located to the left of the Q-limit in
the HR-diagram. It will then start again to expand and will
reach the Q-limit. In this way the star may suffer multiple
ejections, with time intervals on the order of a fraction of
the Kelvin-Helmholtz timescale, i.e., about 103-10* yr. This
may explain the relatively large number of eruptions in
Galactic LBVs (two in about six LBVs) that have been
observed during the last four hundred years.

5. If the ejections of a large amount of mass are due to
the star reaching its Q-limit, we can expect that the mass is
ejected mainly in the equatorial plane. (Models of moder-
ately rotating stars show that the mass flux from the poles is
slightly larger than from the equator [e.g., Maeder 1999].
This will not be the case for a star near critical rotation. In
any case, the density of the equatorial wind will always be
higher than the density of the polar wind, because the wind
velocity is very sensitive to the local escape velocity and will
therefore be lower in the equatorial region than in the polar
region [e.g., Pelupessy, Lamers, & Vink 1999].) The nebula
ejected at the first ejection (when the star has moved off the
main sequence) will be influenced very little by the wind
form the main-sequence phase, because the main-sequence
wind velocity is expected to be higher than the velocity of
the ejecta. However, the nebula formed by the later ejecta
may be shaped by the presence of the equatorial circumstel-
lar matter from the previous ejection or from the equato-
rially enhanced winds from the rapidly rotating star in
between the ejections. This may explain the observed
bipolar structure of most LBV nebulae.

6. During the ejection phase, the outflow is optically
thick, which results in a large effective radius and a low
effective temperature of the star, which temporarily resem-
bles a red supergiant. This explains the similarity between
the properties of dust in LBV nebulae and in RSG winds.

7. After each ejection, the He/H ratio and the N/O ratio
of the stellar photosphere is (slightly) higher than that of the
ejected gas, because there is an abundance gradient in the
envelope due to the continued rotation-induced mixing of
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the envelope with the deeper layers. The mixing gets faster
and the abundance gradient gets steeper, the closer the star
moves to the Q-limit. This may explain why the photo-
spheric He/H ratio is higher in the LBV photospheres than
in their nebulae.

8. The ejections stop when the star has lost most of its
H-rich envelope. The star then contracts to become a Wolf-
Rayet star with a He-rich envelope.
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