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ABSTRACT

We suggest that the mass lost during the evolution of very massive stars may be dominated by optically thick,
continuum-driven outbursts or explosions, instead of by steady line-driven winds. In order for a massive star to
become a Wolf-Rayet star, it must shed its hydrogen envelope, but new estimates of the effects of clumping in
winds from O-type stars indicate that line driving is vastly insufficient. We discuss massive stars above roughly
40-50 M, which do not become red supergiants and for which the best alternative is mass loss during brief
eruptions of luminous blue variables (LBVs). Our clearest example of this phenomenon is the 19th century outburst
of n Carinae, when the star shed 12-MQ or more in less than a decade. Other examples are circumstellar nebulae
of LBVs and LBV candidates, extragalactjcCar analogs (the so-called supernova impostors), and massive shells
around supernovae and gamma-ray bursters. We do not yet fully understand what triggers LBV outbursts or what
supplies their energy, but they occur nonetheless, and they present a fundamental mystery in stellar astrophysics.
Since line opacity from metals becomes too saturated, the extreme mass loss probably arises from a continuum-
driven wind or a hydrodynamic explosion, both of which are insensitive to metallicity. As such, eruptive mass loss
could have played a pivotal role in the evolution and ultimate fate of massive metal-poor stars in the early universe.
If they occur in these Population Il stars, such eruptions would also profoundly affect the chemical yield and types
of remnants from early supernovae and hypernovae thought to be the origin of long gamma-ray bursts.

Subject headings: instabilities — stars: evolution — stars: mass loss — stars: winds, outflows

1. INTRODUCTION 10 M. In 5 Car we know that the mass was ejected in a single
outburst and is not swept-up ambient material. Together, these
facts suggest that short-duration outbursts like the 19th century
eruption ofy Car could dominate mass lost during the lives of
the most massive stars and that they would be critical to the
formation of W-R stars.

Mass loss is a critical factor in the evolution of a massive star.
In addition to the direct reduction of a star's mass, it profoundly
affects the size of its convective core, its core temperature, its
angular momentum evolution, its luminosity as a function of

_time, and hence its I(\e/lvsollf_tfiotr]ary track grk]]_thg EI\F/IQ diggrigszgnd As detailed below, the extreme mass-loss rates of these bursts
its main-sequence (MS) lifetime (e.g., Chiosi aeder )- imply that line opacity is too saturated to drive them, so they

Wolf-Rayet (W-R)fstars alre th_e ?ﬁscendang oLn;)ass[v € stﬁrs AMust instead be either continuum-driven super-Eddington winds
a consequence of mass 0SS In e preceding H-burning phases,, outright hydrodynamic explosions. Unlike steady winds driven

during which the star sheds its H envelope (Abbott & Conti  ines the driving in these eruptions may be largely indepen-
1987; Crowther 2006). While the maximum initial mass of stars dent of metallicit d miaht bl le in th | f
; X i y and might play a role in the mass loss o
is thought to be-150M, (Figer 2005; Kroupa 2005), W-R stars massive metal-poor stars (Population 11l stars)
do not have masses much in excess ofVR0(Crowther 2006}. '
Thus, very massive stars have the immense burden of removing _
30-130M,, during their lifetime before the W-R phase, unless 2. THE PROBLEM: LINE-DRIVEN WINDS PROVIDE INSUFFICIENT
they explode first. Stellar evolution calculations preschi(€)
based on semiempirical values, so it is important to know when In order to shed a massive star's envelope and reach the
most of this mass loss occurs. W-R stage, models must prescribe semiempirical mass-loss
In this Letter we address the question of whether this massrates, which can be scaled by a star’'s metallicity (e.g., Chiosi
loss occurs primarily via steady stellar winds or instead through & Maeder 1986; Maeder & Meynet 1994; Meynet et al. 1994;
violent, short-duration eruptions or explosions. Recent studiesLanger et al. 1994; Langer 1998; Heger et al. 2003). Often-
of hot star winds indicate that mass-loss rates on the MS areadopted “standard” mass-loss rates are given by de Jager et al.
much lower than previously thought. These mass-loss rate re{1988), Nieuwenhuijzen & de Jager (1990), and Schaller et al.
ductions are significant enough to affect MS evolution, but they (1992). In order for stellar evolution models to match observed
also raise an important questidfi:mass loss via stellar winds properties at the end of H burning, such as W-R masses and
is insufficient to strip off a star’s H envelope and form a W-R luminosities, and the relative numbers of W-R and OB stars,
star, then how and when does it occur? Simultaneously, obser-  these mass-loss rates need to be enhanced by facter2 of
vations of nebulae around luminous blue variables (LBVs) and (Maeder & Meynet 1994; Meynet et al. 1994).
LBV candidates have revealed very high ejecta masses—oforder However, such enhanced mass-loss rates contradict observa-
tions. Recent studies suggest that mass-loss rates are in fact 3—
* Center for Astrophysics and Space Astronomy, University of Colorado, 10 or more timesgower than the “standard” mass-loss rates, not
389 UCB, Boulder, CO 80309; nathans@casa.colorado.edu. higher. Mass-loss rates based on density-squared diagnostics like
s g;gg:eRthléc;vrvéh Institute, University of Delaware, Newark, DE 19716 H(x and_free-free radio continuum emi-S-Sion lead to-ove-reStimateS
4 By “W-R stars” we mean’H-deficien){ W-R stars (c’c;re—He-t;urning phaées i .the V.de is strongly clumped. S|gn|f|cant ?Iump.lng n Ste”ar.
o later) and not the luminous H-rich WNL stars (Crowther et al. 1995), which WInds is expected based on theoretical considerations (Feldmeier
are probably still core-H burning. 1995; Owocki et al. 1988; Owocki & Puls 1999), as well as
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observations like time-variable discrete absorption componentsbursts, we know empirically that they do indeed occur and that
(Howarth et al. 1995; Massa et al. 1995). Recent efforts havethey drive substantial mass loss from the star.

thus focused on using diagnostics that scale linearly with density, Our best example of this phenomenon is the 19th century “Great
such as UV resonance absorption lines; Fullerton et al. (2006)Eruption” ofy Carinae. The event was observed visually, the mass
have suggested a reduction of 10-20 or more from traditional of the resulting nebula has been measured (124200r more;
mass-loss rates, while Bouret et al. (2005) require reductions bySmith et al. 2003b), and proper-motion measurements of the ex-
factors of 3 or more (see also Puls et al. 2006; Crowther et al. panding nebula indicate that it was ejected in the 19th century
2002; Hillier et al. 2003; Massa et al. 2003; Evans et al. 2004). event (e.g., Morse et al. 2001). The other example for which this
In any case, large reductionslih  are also needed to match thes true is the AD 1600 eruption of P Cygni, although its shell
unexpectedly symmetric X-ray line profiles in hot supergiant nebula has a much lower mass of orl. 1M, (Smith & Hartigan
stars (Kramer et al. 2003). 2006). Bothy Car and P Cyg are surrounded by multiple, nested

Such reduced mass-loss rates mean that steady winds are sinshells indicating previous outbursts (e.g., Walborn 1976; Meaburn
ply inadequate for the envelope shedding needed to form a W-2001). While the shell of P Cyg is less massive thaCar's
R star. This is not such a problem for stars belo#*1Q,, where nebula, it is still evident that P Cyg shed more mass in such bursts
the red supergiant (RSG) wind may be sufficient. However, than via its stellar wind in the time between them (Smith & Har-
above 10° L (initial mass above 40-50, ), stars do not tigan 2006). This difference between P Cyg gn@ar hints that
become RSGs (Humphreys & Davidson 1979), posing a severeLBV outbursts become progressively more extreme the closer a
problem if these stars depend on line-driven winds for mass loss.star gets to the Eddington limit.

For example, consider the fate of a star with an initial mass of  For other LBVs surrounded by nebulae, we cannot be certain
120 M. The most extreme Of* supergiant HD 93129A has a  that the observed shells result from a single outburst, free of
mass-loss rate derived assuming a homogeneous wind of roughlgwept-up stellar wind (e.g., Robberto et al. 1993). However, upon
2 x 10° Mg, yr* (Repolust et al. 2004). If the true mass-loss comparison withy Car, it seems plausible that the observed range
rate is lower by a factor of 3—10 or more as indicated by clumping of nebular masses originated in giant eruptions. Deduced masses
in the wind, then during a2.5 Myr MS lifetime (Maeder & of LBV and LBV-candidate nebulae from the literature are plot-
Meynet 1994), the star will only shed about 5#Q, leaving it ted in Figure 1 as a function of each central star's luminosity.
with M = 100 M, and an additional 88, deficit to shake off ~ We see that for stars witlog (L/L,) = 6 , nebular masses of
before becoming a W-R star. After this, the stellar wind mass-loss10 M, are quite reasonabl@erhaps suggesting that this is a
rates are higher during post-MS phases, but they are still insuf-typical mass gjected in a giant LBV eruption.
ficient to form a W-R star. They therefore cannot make up forthe Figure 1 does not recover the clean “nebular mass—stellar
lower M values on the MS. For a typical LBV lifetime of a few luminosity” relation of Hutsemekers (1994), which was based
times 10-1C yr (Bohannan 1997) and a typiddl of0* Mg on just six objects. In hindsight, we should not expect such a
yr~*for most LBVs, the LBV phase will only shed a few additional clean relation, because it would indicate that a star of a given
solar masses through its line-driven wind. Thus, some mechanismuminosity can only eject a nebula of a particular mass. In the
other than just a steady wind is needed to reduce the star’s totatase ofy Car, we know this is false: it ejected the very massive
mass by several dozen solar masgses. Homunculus in the 1840s, it ejected the 0.1-M2 “Little

One obvious—if not wildly speculative—way out would be if Homunculus” in 1890 (Smith 2005; Ishibashi et al. 2003), and
W-R stars areot the descendants of the most massive stars becaus& may suffer smaller ejections every 5.5 yr (Davidson 1999;
massive stars explode at the end of the LBV phase. This, howeverSmith et al. 2003a; Martin et al. 2006). Instead, we might expect
would be an even more severe paradigm shift in our understandinga luminosity-dependent upper threshold to the plot, populated
of stellar evolution, because it would require that LBVs have underneath by a range of masses.
already reached advanced core-burning stages. Even if that were Although LBV eruptions are rare, a number of extragalactic
the case, our central hypothesis that continuum-driven LBV out- n Car analogs or “supernova impostors” have been observed,
bursts dominate the presupernova mass loss would still be truesuch as SN 1954J in NGC 2403 and SN 1961V in NGC 1058

because of the substantial mass lost in LBV eruptions. (Humphreys et al. 1999; Smith et al. 2001; Filippenko et al.
1995; Van Dyk et al. 2002, 2005), V1 in NGC 2363 (Drissen
3. AN ALTERNATIVE: LBV ERUPTIONS et al. 1997), and several recent events seen as Type lin su-

_ ) ) ) ~ pernovae, like SN 1997bs, SN 2000ch, SN 2002kg, and SN
The most likely mechanism to rectify this hefty mass deficit 2003gm (Van Dyk et al. 2000, 2006; Wagner et al. 2004; Weis
for single stars is giant eruptions of LBVs (e.g., Davidson 1989; g Bomans 2005; Maund et al. 2006). Furthermore, massive
Humphreys et al. 1999), where the mass-loss rate and bolocircumstellar shells have also been inferred to exist around
metric luminosity of the star increase substantially. While we supernovae and gamma-ray bursters. Some examples are the
do not yet fully understand what causes these giant LBV out- radio-bright SN 1988Z with a nebula as massive asM.5
(Aretxaga et al. 1999; Van Dyk et al. 1993; Chugai & Danziger
S Puls et al. (2006) express concerns in UV-derived rates because of wind1994) as well as similar dense shells around SN 2001em (Chu-
ionization and the corresponding reliability of tracers like P ai & Chevalier 2006), SN 1994W (Chugai et al. 2004), SN

6 Suggestio_ns (O_skin(_)va et al. 2004_) that the effective reductipn in bo_und-free ?.9985 (Gerardy etal. 2002), GRB 021004 (Mirabal etal. 2003),
X-ray absorption might instead be attributed to a porous absorbing medium may
require a separation scale between clumps that is too large (Owocki & Cohen 2006).""nd GRB 050505 (Berger et a_l' 2006)' . .

7 An important question surrounds the lifetimes and evolutionary status of ~ These outbursts and the existence of massive circumstellar
rare WNL stars (e.g., Crowther et al. 1995), which have strong winds and may nebulae indicate that the 19th century eruptiom &ar is not
I that casen Car couid notbe & post WL star s one might expect, because 21 1S0lated, freakish event but instead may represent a common

" 3 , . . X .

the mass of its ejecta, added to its present-day stellar mass, leaves no roor‘kIte of p.assa_ge I.n the late evolution .Of. Fhe most massive stars.
for such substantial mass loss if there is an upper limit of /&0 to the A Massive ejection event may even initiate t.he LBV phase, by
initial masses of stars (Figer 2005; Kroupa 2005). lowering the star’'s mass, raising itdM  ratio, and drawing it
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by the conventional CAK (Castor et al. 1975) mechanism for

AR L 'nCar h line-driven winds. As discussed by Owocki et al. (2004), the
i maximum mass-loss rate for line driving can be written as
I AG Car Homunc. |
c79.29+g,g?$ } I . L o 6Fe 1l
100 ey *le { E Mzgl_a 1-T ' (1)
IRAS18576 Pistol -
= Wra 751 -
= r - 1 whereL, ¢, andI}, are the stellar luminosity, speed of light, and
2 " | rna s119 1 Eddington parameter (for pure electron scattering), respectively,
4 s % %626.4”0.02 1 anda andQ are the power index and normalization of the line
f Hen opacity distribution (Gayley 1995), respectively. This mass loss
g rop LT E scaling arises from the need for the line acceleration—which
] Car ] scales inversely with density and thus mass-loss rate—to over-
= I Sher 25 ] come gravity in driving the wind. For stars close enough to the
Eddington limit that the effective gravity becomes small, the
GR4.73+0.69 .
| mass loss can formally become large. However, this would also
n Car result in outflow speeds that are smaller than inferred from ob-
o1k P Crg LH. | servations of LBVs. To characterize the maximum mass loss that
F can be driven without this kind of augmentation from a separate
C ] continuum assistance, let us take the fadig(l — I) to be
o b L L b L L roughly unity. Then for optimal realistic values = 3  and
A v Q = 2000 for the line opacity parameters (Gayley 1995), the

maximum mass loss from line driving is given by

Fic. 1.—Masses of ejecta nebulae from LBM#I€d circles) and LBV can-
didates ¢pen circles) as a function of the central star's bolometric luminosity. N~ —4 -1
Luminosities are taken from Smith et al. (2004), while masses are taken as M=~14x 107, M® yr (2)
follows: the Homunculus ofy Car (Smith et al. 2003b), the Little Homunculus
of n Car (Smith 2005), the Pistol star (Figer et al. 1999), IRAS 1857841/ whereL isL/(10° L). Even for peak luminosities of a few
AFGL 2298 (Ueta et al. 2001), AG Car and Wra 751 (Voors et al. 2000), times 10 L duringn Car’s eruption, this limit is still several
G79.29-0.46 (Higgs et al. 1994), Wray 17-96 (Egan et al. 2002), Sher 25 4 qars of magnitude below the mass loss that created the Ho-

(Brandner et al. 1997), P Cygni (Smith & Hartigan 2006), He 3-519 (Smith et | If | durina th ti . ind
al. 1994), and the remaining values adopted from Clark et al. (2005). When munculus. It mass l0Ss during these eéruptions occurs viaawind,

masses are determined from measurements of dust masses, we assume a gasto-must be a super-Eddington wind driven by continuum ra-
dust mass ratio of 100. When uncertainties are not specified by authors, we adopdiation pressure (i.e., Thomson scattering opacity and not lines;
roughly +25%. The lightly shaded part on the left side of the graph corresponds Qwocki et al. 2004; Belyanin 1999; Quinn & Pacakin1985).
to luminosities of stars that may be post-RSGs (see Smith et al. 2004). An alternative to a continuum-driven wind is a deep-seated
hydrodynamic explosion that blasts off the star’s outer layers.
closer to instability associated with an opacity-modified Ed- In the star's envelope, convection will set in before the Eddington
dington limit (Appenzeller 1986; Davidson 1989; Lamers & Fitz- limit is reached, but if convection is inefficient, a density in-
patrick 1988). Mass loss in these giant eruptions may play a roleversion can develop (e.g., Joss et al. 1973). Potentially, this could
in massive star evolution analogous to thermal pulses of as-lead to a violent explosion (e.g., Arnett et al. 2005; Young 2005).
ymptotic giant branch stars. In any case, meager mass-loss rateSravity-mode oscillations or nonlinear growth of other insta-
through stellar winds, followed by huge bursts of mass loss in bilities within the star may also play a role (Glatzel et al. 1999;
violent eruptions at the end of core-H burning, may significantly Townsend & MacDonald 2006; Guzik 2005). It is not yet clear

alter stellar evolution models. which of these phenomena is responsible for giant LBV erup-
tions, but none of them invoke metallicity-dependent line driving
4. EXTREME MASS-LOSS RATES AND OPTICALLY THICK as the physical mechanism for imparting momentum to the ejecta.

CONTINUUM-DRIVEN WINDS

. . : : 5. POTENTIAL IMPLICATIONS FOR THE FIRST STARS
Observational constraints require extremely high mass-lossrates

during giant LBV eruptions. Foi Car, we have a lower limit of The first stars, which should have been metal-free, are gen-
0.5 Mg, yr* averaged over the 20 yr duration of the eruption erally thought to have been predominantly massive, exhibiting
(Smith et al. 2003b). However, the thin walls of the Homunculus a flatter initial mass function than stars at the present epoch
(Smith 2006) and the small age spread from proper motions (Morse(e.g., Bromm & Larson 2004). With no metals, these stars
et al. 2001) both imply that the dominant mass-loss phase wasshould not have been able to launch line-driven winds, and
=<5 yr. This would indicate an astonishing mass-loss rate of severalthus they are expected to have suffered no mass loss during
solar masses per year or more. Furthermore, the 20 yr bright phastheir lifetimes (however, see Vink & de Koter 2005). The lack
of n Car was unusually long-lasting; eruptions of extragalactic of mass loss profoundly affects the star’s evolution and the
Car analogs typically last less than a decade (Van Dyk 2005). Ptype of supernova it eventually produces (Heger et al. 2003),
Cygni presents the lower end of the spectrum for likely mass-lossas well as the yield of chemical elements that seeded the early
rates. Its outburstin AD 1600 ejected.1M, (Smith & Hartigan interstellar medium of galaxies.
2006), implyingM = 10> M yr . This view rests on the assumption that mass loss in massive
Such extreme mass-loss rates mean that strong lines musstars at the present time is dominated by line-driven winds—
be heavily saturated, so that these outflows cannot be launchedn assumption that is problematic in view of recent observa-
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tional constraints. As discussed above, massive shells aroundaution signs for theoretical work on Population Il stars. If
LBVs and the so-called supernova impostors in other galaxiesmass loss of massive stars at the present epoch is dominated
indicate that short-duration eruptions dominate the mass lossby mechanisms that are insensitive to metallicity, then we must

of very massive stars, while steady, line-driven winds contrib-
ute little to the total mass lost during their lifetime. Unlike line-
driven winds, the driving mechanism for these outbursts could
well be insensitive to metallicity.

Since we still do not know what triggers LBV eruptions, we
cannot yet claim confidently that these eruptions will in fact
occur in the first stars. However, the possibility should raise

question the prevalent notion that the first stars did not lose
substantial mass prior to their final supernova event.

We thank S. Van Dyk, A. Gal-Yam, D. Arnett, S. Smartt, J.
Puls, and P. Crowther for several interesting discussions. N. S.
was supported by NASA through grant HF-01166.01A. S. P. O.
acknowledges support from NSF grant AST-0507581.

REFERENCES

Abbott, D. C., & Conti, P. S. 1987, ARA&A, 25, 113

Appenzeller, 1. 1986, in IAU Symp. 116, Luminous Stars and Asssociations
in Galaxies, ed. C. W. H. de Loore, A. J. Willis, & P. Laskarides (Dordrecht:
Reidel), 139

Aretxaga, |., Benetti, S., Terlevich, R. J., Fabian, A. C., Cappellaro, E., Turatto,
M., & della Valle, M. 1999, MNRAS, 309, 343

Arnett, D., Meakin, C., & Young, P. A. 2005, in ASP Conf. Ser. 332, The
Fate of the Most Massive Stars, ed. R. Humphreys & K. Stanek (San Fran-
cisco: ASP), 75

Belyanin, A. A. 1999, A&A, 344, 199

Berger, E., Penprase, B. E., Cenko, S. B., Kulkarni, S. R., Fox, D. B., Steidel,
C. C., & Reddy, N. A. 2006, ApJ, 642, 979

Bohannan, B. 1997, in ASP Conf. Ser. 120, Luminous Blue Variables: Massive
Stars in Transition, ed. A. Nota & H. J. G. L. M. Lamers (San Francisco:
ASP), 3

Bouret, J. C., Lanz, T., & Hillier, D. J. 2005, A&A, 438, 301

Brandner, W., Chu, Y.-H., Eisenhauer, F., Grebel, E. K., & Points, S. D. 1997,
ApJ, 489, L153

Bromm, V., & Larson, R. B. 2004, ARA&A, 42, 79

Castor, J. |., Abbott, D. C., & Klein, R. I. 1975, ApJ, 195, 157

Chiosi, C., & Maeder, A. 1986, ARA&A, 24, 329

Chugai, N. N., & Chevalier, R. A. 2006, ApJ, 641, 1051

Chugai, N. N., & Danziger, I. J. 1994, MNRAS, 268, 173

Chugai, N. N., et al. 2004, MNRAS, 352, 1213

Clark, J. S., Larionov, V. M., & Arkharov, A. 2005, A&A, 435, 239

Crowther, P. A. 2006, ARA&A, in press

Crowther, P. A., Hillier, D. J., Evans, C. J., Fullerton, A. W., De Marco, O.,
& Willis, A. J. 2002, ApJ, 579, 774

Crowther, P. A., Smith, L. J., Hillier, D. J., & Schmutz, W. 1995, A&A, 293, 427

Davidson, K. 1989, in IAU Collog. 113, Physics in Luminous Blue Variables,
ed. K. Davidson, A. F. J. Moffat, & H. J. G. L. M. Lamers (Dordrecht:
Kluwer), 101

. 1999, in ASP Conf. Ser. 179, Carinae at the Millennium, ed. A.
Damineli (San Francisco: ASP), 304

de Jager, C., Nieuwenhuijzen, H., & van der Hucht, K. A. 1988, A&AS, 72, 259

Drissen, L., Roy, J. R., & Robert, C. 1997, ApJ, 474, L35

Egan, M. P., Clark, J. S., Mizuno, D. R., Carey, S. J., Steele, I. A., & Price,
S. D. 2002, ApJ, 572, 288

Evans, C. J., Crowther, P. A., Fullerton, A. W., & Hillier, D. J. 2004, ApJ,
610, 1021

Feldmeier, A. 1995, A&A, 299, 523

Figer, D. F. 2005, Nature, 434, 192

Figer, D. F., McLean, I. S., & Morris, M. 1999, ApJ, 514, 202

Filippenko, A. V., Barth, A. J., Bower, G. C., Ho, L. C., Stringfellow, G. S.,
Goodrich, R. W,, & Porter, A. C. 1995, AJ, 110, 2261

Fullerton, A. W., Massa, D. L., & Prinja, R. K. 2006, ApJ, 637, 1025

Gayley, K. G. 1995, ApJ, 454, 410

Gerardy, C. L., et al. 2002, ApJ, 575, 1007

Glatzel, W., Kiriakidas, M., Chemigovskij, S., & Fricke, K. J. 1999, MNRAS,
303, 116

Guzik, J. A. 2005, in ASP Conf. Ser. 332, The Fate of the Most Massive Stars,
ed. R. Humphreys & K. Stanek (San Francisco: ASP), 204

Heger, A., Fryer, C. L., Woosley, S. E., Langer, N., & Hartmann, D. H. 2003,
ApJ, 591, 288

Higgs, L. A., Wenker, H. J., & Landecker, T. L. 1994, A&A, 291, 295

Hillier, D. J., Lanz, T., Heap, S. R., Hubeny, I., Smith, L. J., Evans, C. J.,
Lennon, D. J., & Bouret, J. C. 2003, ApJ, 588, 1039

Howarth, I. D., Prinja, R. K., & Massa, D. 1995, ApJ, 452, L65

Humphreys, R. M., & Davidson, K. 1979, ApJ, 232, 409

Humphreys, R. M., Davidson, K., & Smith, N. 1999, PASP, 111, 1124

Hutsemekers, D. 1994, A&A, 281, L81

Ishibashi, K., et al. 2003, AJ, 125, 3222

Joss, P. C., Salpeter, E. E., & Ostriker, J. P. 1973, ApJ, 181, 429

Kramer, R. H., Cohen, D. H., & Owocki, S. P. 2003, ApJ, 592, 532

Kroupa, P. 2005, Nature, 434, 148

Lamers, H. J. G. L. M., & Fitzpatrick, E. 1988, ApJ, 324, 279

Langer, N. 1998, A&A, 329, 551

Langer, N., Hamann, W.-R., Lennon, M., Najarro, F., Pauldrach, A. W. A, &
Puls, J. 1994, A&A, 290, 819

Maeder, A., & Meynet, G. 1994, A&A, 287, 803

Martin, J. C., Davidson, K., Humphreys, R. M., Hillier, D. J., & Ishibashi, K.
2006, ApJ, 640, 474

Massa, D., Fullerton, A. W., Sonneborn, G., & Hutchings, J. B. 2003, ApJ,
586, 996

Massa, D., et al. 1995, ApJ, 452, L53

Maund, J. R., et al. 2006, MNRAS, 369, 390

Meaburn, J. 2001, in ASP Conf. Ser. 233, P Cygni 2000: 400 Years of Progress,
ed. M. de Groot & C. Sterken (San Francisco: ASP), 253

Meynet, G., Maeder, A., Schaller, G., Schaerer, D., & Charbonnel, C. 1994,
A&AS, 103, 97

Mirabal, N., et al. 2003, ApJ, 595, 935

Morse, J. A., Kellogg, J. R., Bally, J., Davidson, K., Balick, B., & Ebbets, D.
2001, ApJ, 548, L207

Nieuwenhuijzen, H., & de Jager, C. 1990, A&A, 231, 134

Oskinova, L. M., Feldmeier, A., & Hamann, W.-R. 2004, A&A, 422, 675

Owaocki, S. P., Castor, J. |., & Rybicki, G. B. 1988, ApJ, 335, 914

Owocki, S. P., & Cohen, D. H. 2006, ApJ, in press

Owocki, S. P., Gayley, K. G., & Shaviv, N. J. 2004, ApJ, 616, 525

Owaocki, S. P., & Puls, J. 1999, ApJ, 510, 355

Puls, J., et al. 2006, A&A, in press

Quinn, T., & Paczyeki, B. 1985, ApJ, 289, 634

Repolust, T., Puls, J., & Herrero, A. 2004, A&A, 415, 349

Robberto, M., Ferrari, A., Nota, A., & Paresce, F. 1993, A&A, 269, 330

Schaller, G., Schaerer, D., Meynet, G., & Maeder, A. 1992, A&AS, 96, 269

Smith, L. J., Crowther, P. A., & Prinja, R. K. 1994, A&A, 281, 833

Smith, N. 2005, MNRAS, 357, 1330

. 2006, ApJ, 644, 1151

Smith, N., Davidson, K., Gull, T. R., Ishibashi, K., & Hillier, D. J. 2003a,
ApJ, 586, 432

Smith, N., Gehrz, R. D., Hinz, P. M., Hoffmann, W. F., Hora, J. L., Mamajek,
E. E., & Meyer, M. R. 2003b, AJ, 125, 1458

Smith, N., & Hartigan, P. 2006, ApJ, 638, 1045

Smith, N., Humphreys, R. M., & Gehrz, R. D. 2001, PASP, 113, 692

Smith, N., Vink, J., & de Koter, A. 2004, ApJ, 615, 475

Townsend, R. H. D., & MacDonald, J. 2006, MNRAS, 368, L57

Ueta, T., Meixner, M., Dayal, A., Deutsch, L. K., Fazio, G. G., Hora, J. L.,
& Hoffmann, W. F. 2001, ApJ, 548, 1020

Van Dyk, S. D. 2005, in ASP Conf. Ser. 332, The Fate of the Most Massive
Stars, ed. R. Humphreys & K. Stanek (San Francisco: ASP), 47

Van Dyk, S. D., Filippenko, A. V., Chornock, R., Li, W., & Challis, P. M.
2005, PASP, 117, 553

Van Dyk, S. D., Filippenko, A. V., & Li, W. 2002, PASP, 114, 700

Van Dyk, S. D., Li, W,, Filippenko, A. V., Humphreys, R. M., Chornock, R.,
Foley, R., & Challis, P. M. 2006, PASP, in press (astro-ph/0603025)

Van Dyk, S. D., Peng, C. Y., King, J. Y., Filippenko, A. V., Treffers, R. R,
Li, W., & Richmond, M. W. 2000, PASP, 112, 1532

Van Dyk, S. D., Weiler, K. W,, Sramek, R. A., & Panagia, N. 1993, ApJ, 419, L69

Vink, J. S., & de Koter, A. 2005, A&A, 442, 587

Voors, R. H. M., et al. 2000, A&A, 356, 501

Wagner, R. M., et al. 2004, PASP, 116, 326

Walborn, N. R. 1976, ApJ, 204, L17

Weis, K., & Bomans, D. J. 2005, A&A, 429, L13

Young, P. A. 2005, in ASP Conf. Ser. 332, The Fate of the Most Massive
Stars, ed. R. Humphreys & K. Stanek (San Francisco: ASP), 190




