
Eta Carinae and Nebulae Around MassiveStars: Similarities to Planetary Nebulae?Nathan SmithUniversity of California, Berkeley, 601 Campbell Hall, Berkeley, CA 94720, USA;nathans�astro.berkeley.eduSummary. I dis
uss some observational properties of aspheri
al nebulae aroundmassive stars, and 
on
lusions inferred for how they may have formed. Whetheror not these ideas are appli
able to the shaping of planetary nebulae is un
ertain,but the observed similarities between some PNe and bipolar nebulae around mas-sive stars is 
ompelling. In the well-observed 
ase of Eta Carinae, several lines ofobservational eviden
e point to a s
enario where the shape of its bipolar nebularesulted from an intrinsi
ally bipolar explosive eje
tion event rather than an inter-a
ting winds s
enario o

urring after eje
tion from the star. A similar 
on
lusionhas been inferred for some planetary nebulae. I also brie�y mention bipolar nebulaearound some other massive stars, su
h as the progenitor of SN 1987A and relatedblue supergiants.Key words: bipolar nebulae, Eta Carinae, SN1987A, massive stars1 Introdu
tion: Massive Stars and PNeAlthough this is a meeting on aspheri
al planetary nebulae (PNe), whi
h are thedes
endants of intermediate/low-mass stars, I'd brie�y like to shift gears and dis
ussmassive stars. In the nebulae around massive stars, like PNe, we see a wide variety ofnon-spheri
al geometries with a 
ommon theme of bipolar shapes in the eje
ta. Formost of the more stunning examples of massive star nebulae, one 
an usually �nd aPN with nearly identi
al appearan
e, at least super�
ially. Some of the more familiar
omparisons are η Car to Hb 5, Mz 3, or even the Red Re
tangle (Soker 2007), aswell as the similar multiple rings seen around SN 1987A, the luminous blue variable(LBV) star HD 168625 (Smith 2007), the Red Square (Tuthill & Lloyd 2007), andHe 2-104 (Corradi et al. 2001), or the pe
uliar double rings around RY S
uti (Smithet al. 2002) and Abell 14, to name a few. Not surprisingly, dis
ussions of the shapingme
hanisms for massive stars and PNe share 
ommon themes: binaries/mergers vs.intera
ting winds vs. rotating eje
tions. For massive stars, though, magneti
 �eldsstill seem to be mostly taboo for the time-being.Also, like lower mass stars during the AGB phase, it seems to be the 
ase thatmassive stars shed most of their mass in a brief post-MS evolutionary phase, either as



562 N. Smitha RSG or an LBV. This was not always thought to be the 
ase: for very massive stars,the relative importan
e of LBV eruptions vs. steady winds has been appre
iatedfairly re
ently be
ause of the revised lower mass-loss rates estimated for O stars onthe main sequen
e, and be
ause of the very high masses of LBV nebulae (see Smith& Owo
ki 2006).Despite vastly di�erent amounts of mass and energy, the 
ompelling similaritiesbetween massive star nebulae and PNe make it worthwhile to ask if 
on
lusionsgleaned from massive stars 
an inform the shaping me
hanisms of PNe, and vi
eversa. In the interest of being provo
ative, then, I'll mention some results for EtaCarinae and a few other massive stars that have been studied in detail, whi
h 
hal-lenge some familiar ideas developed from the study of PNe. But �rst, some general
omments on winds.2 Intera
ting Winds S
enarios?A fast wind sweeping into a slower and denser wind is a natural avenue to pursue forshaping nebulae, and su
h models have had varying degrees of su

ess in reprodu
ingPNe shapes (there are dozens of potential referen
es to 
ite here, in
luding many inthese pro
eedings). A similar pro
ess may o

ur in some massive stars if they passthrough a very slow-wind phase as a RSG and then evolve through a faster windphase as a BSG/LBV or a Wolf-Rayet (WR) star. This 
an and does produ
e awind-blown bubble around the WR star in some 
ases.A key point, though, is that in the 
ase of massive stars we have some problemsif we want intera
ting winds to a

ount for most bipolar nebulae. First, the slowernebulae around RSGs and yellow hypergiants are generally not axisymmetri
. Theyare often asymmetri
 or 
haoti
, but they almost never have 
lear signs of organizedaxisymmetry (see, e.g., VY CMa [Smith et al. 2001℄; NML Cyg [S
huster et al. 2006℄;IRC+10420 [Humphreys et al. 2002℄). Se
ond, the resulting wind-blown bubblesaround WR stars are NOT bipolar!1 This la
k of axisymmetry o

urs despite theapparent fa
t that massive stars have high binary fra
tions. What does that mean?If binary mergers and jets blown by binaries are dominant shaping me
hanisms,shouldn't we see signs of axisymmetry at all stages? Why is it the 
ase that theonly bipolar/pin
hed-waist nebulae around massive stars are those seen around bluesupergiants su
h as LBVs and B[e℄ supergiants?A 
riti
al point, I think, is that in these blue supergiants, their es
ape speeds,observed eje
ta/wind speeds, and surfa
e rotation speeds are all 
omparable. Theyare around 100�200 km s−1, as opposed to 10�20 km s−1 for RSGs and 1000-2000km s−1 for WR stars. I suspe
t that this is an important 
lue that for many nebulaearound massive stars, intrinsi
ally aspheri
al eje
tion from the surfa
e of a rotatingstar is a prime agent in shaping their nebulae (see Smith & Townsend 2007). In the
ontext of intera
ting winds, then, I suspe
t that a very interesting avenue to pursueis an aspheri
al fast wind intera
ting with a slow spheri
al wind or thin shell. In
1 Some WR nebulae are a little egg-shaped, but we don't see any with pin
hedwaists. Also, I'm not in
luding the �pinwheels� and related phenomena (see, e.g.,Tuthill et al. 1999) around dust-produ
ing WC stars, whi
h represent a verydi�erent type of �intera
ting winds�.



Massive Star Nebulae 563fa
t, due to the sporadi
 nature of episodi
 mass loss from massive stars, thin shellsrather than steady winds is probably where most of the 
ir
umstellar mass resides.Now, that dis
ussion of intera
ting winds was for massive stars that go through aslow-wind RSG phase followed by a fast wind phase in their evolution...but that onlyo

urs up to initial masses of about 40 M⊙. Stars with higher initial mass (like EtaCar and most LBVs) never pass through a RSG phase. So for these stars, eje
tionas an LBV is the slowest the wind speeds ever get...but it is pre
isely those LBVnebulae that are observed to be bipolar. How 
an this be? This means that they 
an'tbe shaped by intera
ting winds, be
ause a slow dense wind blowing into a fasterrare�ed wind doesn't produ
e mu
h intera
tion. Instead, the slow dense wind thatfollows the fast wind needs to be shaped on its own; this is dis
ussed and ampli�edbelow. Despite the la
k of intera
tion between the fast and slow wind, they produ
eshapes very similar to some PNe � a fa
t worth 
onsidering.3 Eta CarinaeEta Carinae is a key obje
t for trying to understand the shaping of bipolar nebulae,partly be
ause is it bright and so well-observed, and partly be
ause we have 
aughtit so soon (only 160 yr) after its violent mass eje
tion, before its shape has been
orrupted by intera
tion with the ISM. Despite its status as the most luminous andmost massive star known, there is 
onsiderable overlap with some topi
s in PNeresear
h, as I will highlight here.3.1 Energy and MomentumStudies of the mass, kinemati
s, and detailed stru
ture have led to the followingbasi
 results (summarized from Smith 2006; Smith et al. 2003):1. The nebula follows a Hubble-like expansion law, with the same age for theequatorial and polar eje
ta.2. The walls of the nebula are very thin, indi
ating that the duration of masseje
tion was less than 10% of the time elapsed sin
e eje
tion.3. Essentially all the mass is in the thin mole
ular shell, formed from materialeje
ted by the star in the outburst, not in swept-up material.4. The large mass, momentum, and kineti
 energy 
ame from a single explosiveevent, and 
ould not have been driven by radiation pressure alone or by the stellarwind that has blown after the eruption.All these 
lues point to a single violent bipolar explosion that eje
ted the nebulaseen today. Interestingly, all these same basi
 
on
lusions were inferred by Al
oleaet al. (2007) from a similar detailed study of the PN M 1-92.In the 
ase of Eta Carinae, though, the di�
ulties for an intera
ting winds s
e-nario are 
ompounded further. The mass as a fun
tion of latitude has been measuredin the bipolar lobes around Eta Car, showing that most of the mass 
omes from highlatitudes near the pole (Smith 2006). This rules-out the familiar type of intera
ting-wind s
enario where a spheri
al wind plows into a disk or torus (e.g., Frank et al.1995), be
ause in that s
enario, the pin
hed waist is essentially the result of massloading at low latitudes (note that the bipolar nebula formed in a merger model is



564 N. Smitha variation of this).2 Similarly, a di�erent type of intera
ting winds s
enario wherea fast aspheri
al wind3 plows into a slower wind doesn't work either (Frank et al.1998; Gonzalez et al. 2004). This is be
ause we 
an observe the stellar wind thathas been blowing after the 19th 
entury eruption, potentially in�ating and shapingthe nebula. However, it is about 1000 times too weak to shape the polar lobes (likea light breeze blowing on a bri
k wall), and besides, the post-outburst wind speedis almost the same as that of the nebula, so the winds are not intera
ting anyway!There seems to be little way to es
ape the 
on
lusion that the bipolar shape of theHomun
ulus nebula around Eta Car resulted from an intrinsi
ally bipolar eje
tionby the star itself, and not from any sort of intera
ting winds s
enario. A possibleavenue to pursue is dis
ussed after the next se
tion.3.2 Double-Shell Stru
tureI'd like to diverge for a moment to talk about the detailed ionization stru
ture in thewalls of the nebula around Eta Car, as opposed to its overall bipolar shape, whereadditional similarities to some PNe 
an be seen. Eta Car's nebula has a distin
tdouble-shell stru
ture, with a thin outer shell 
omposed of mole
ular gas and 
ooldust, and a thi
ker inner shell of partially-ionized atomi
 gas and warmer dust(Smith 2006; Smith et al. 2003). In high-resolution spe
tra and images of H2 2.122
µm and [Fe ii℄ 1.644 µm, this stru
ture is almost identi
al to that seen in some PNe,most notably in M 2-9 (Hora & Latter 1994; Smith et al. 2005). These near-IR H2and [Fe ii℄ emission lines are usually taken as signposts for sho
k ex
itation (Shull &Hollenba
h 1978) be
ause they are seen in supernova remnants, and the double-shellstru
ture is reminis
ent of a forward/reverse sho
k stru
ture that one might expe
tfor intera
ting winds (e.g., Chevalier 1982).However, they 
an also arise from dense atomi
 and mole
ular gas that is heatedradiatively in a dense PDR (e.g., Sternberg & Dalgarno 1989). Using CLOUDYsimulations, Smith & Ferland (2007) demonstrated that the observed IR emissiontra
ers, ionization stru
ture, and the observed dust temperatures 
an arise naturallyfrom radiative heating if the two shells 
ontain roughly the amount of mass inferredfrom studies of the dust (Smith et al. 2003). In fa
t, in the 
ase of Eta Car, radiativeheating dominates the energy budget 
ompared to sho
k heating. This is 
omforting,be
ause as noted earlier, the post-eruption wind speed is very similar to that of thenebula eje
ted in the eruption, so there is little reason to expe
t a strong sho
kanyway. So, in Eta Car, it seems 
lear that the observed ionization stru
ture arisesfrom radiative ex
itation, not sho
ks. If this is not true for M 2-9, then the almostidenti
al ionization stru
ture is quite a 
oin
iden
e, espe
ially sin
e the spe
tra ofthe 
entral obje
ts are so similar as well (Bali
k 1989).
2 By the way, note as well that the disk seen in HST images of Eta Car is not theagent responsible for pin
hing the waist of the bipolar nebula, be
ause it is thesame age or younger.
3 The present-day wind appear to be bipolar on size s
ales smaller than the binaryseparation (see Smith et al. 2003; van Boekel et al. 2003).



Massive Star Nebulae 5653.3 How to Get Bipolar Lobes and a DiskObservations of the bipolar nebula around Eta Car seem to di
tate that it did notarise as a result of an intera
ting winds s
enario, but instead, from an intrinsi
allybipolar wind or explosion. In other words, gas was laun
hed from the surfa
e of thestar imprinted with the basi
 bipolar shape seen today.The present-day, post-eruption wind of Eta Car is also bipolar in shape witha speed 
omparable to that of the nebula (Smith et al. 2003), although it is mu
hweaker than the mass-loss rate during the 19th 
entury eruption that made thenebula. Its almost as if the present-day bipolar wind density was simply �
ranked-up� by a fa
tor of 1000 during the outburst, maintaining the same basi
 speed andshape (e.g., Dwarkadas & Owo
ki 2002). If the bipolar nebula was 
reated by someother external me
hanism (su
h as jets blown by a

retion onto a 
ompanion; seeSoker, these pro
eedings) then it is a remarkable 
oin
iden
e that the wind shapeand speed so 
losely mat
h the present-day properties of the primary star's wind.On the other hand, if the primary star eje
ted that material, then it is not su
h a
oin
iden
e at all.In the 
ase of an intrinsi
ally bipolar eje
tion, what determines the resultingshape of a nebula is not the density as a fun
tion of latitude, but the speed as afun
tion of latitude. When mass is driven o� the surfa
e of a star, it is a generalproperty that this material leaves at nearly the star's surfa
e es
ape speed. This iswhy RSGs with large radii have slow winds, and 
ompa
t WR stars have very fastwinds. Now, if a star is rotating fast enough to signi�
antly modify the e�e
tivegravity at the equator (i.e. a non-negligible fra
tion of the 
riti
al rotation velo
ity),then the star's es
ape speed will vary with latitude, being faster at the poles andslower at the equator. Be
ause of this simple e�e
t, the default shape we shouldexpe
t for material driven from the surfa
e of a rotating star is a bipolar nebula.Admittedly, for this e�e
t to shape the wind, the rotation speeds should be 
ompa-rable to the wind speed, but this is indeed the 
ase for blue supergiants, as notedearlier. The degree to whi
h the waist is pin
hed depends on how 
lose the star is to
riti
al rotation. In some 
ases, su
h models 
an also make an equatorial disk likethat seen in Eta Car.Smith & Townsend (2007) des
ribed this type of model in detail, with test par-ti
les laun
hed from the surfa
e of a rotating star, following simple ballisti
 traje
-tories thereafter. They showed that it 
ould a

ount for the shape and speed of thepolar lobes of Eta Car, as well as the basi
 properties of its pe
uliar equatorial disk.Again, this is the simplest, default shape one should expe
t for eje
tion from a ro-tating obje
t. Smith & Townsend (2007) noted that it may have appli
ation to somePNe as well. Please see that paper for further details. Matt & Bali
k (2004) presenta somewhat di�erent intrinsi
 shaping model for the present-day stellar wind anddisk involving MHD e�e
ts; this type of me
hanism might also be relevant if themagneti
 �eld was strong enough during the outburst.4 SN 1987A, Rings, and MergersThe triple ring system observed around SN 1987A inspired a great deal of theoreti
alwork on intera
ting winds as a potential explanation for its equatorial ring andbipolar eje
ta, as well as the formation of bipolar nebulae in general. The basi




566 N. Smithfavored pi
ture is that the star had a blue loop, with a fast BSG wind pushing intoa slower RSG wind. The bipolar shape and equatorial ring 
ould arise if that RSGwind had denser material near the equator (Blondin & Lundqvist 1993; Martin &Arnett 1995), but in order for that to happen, the RSG needed to have an extrasour
e of angular momentum, su
h as a binary merger event (Collins et al. 1999).This has evolved into a 
omplex model that gives an impressive �t to the observedstru
ture of the nebula (Morris & Podsiadlowski 2007) seen in HST images.While this view is the result of 
onsiderable e�ort and thought, I wish to note afew �ies in the ointment, whi
h suggest that the merger model for SN 1987A mightnot be the �nal word, and may need to be revisited.1. A merger model followed by a transition from a RSG to BSG requires thatthese two events be syn
hronized with the supernova event itself, requiring that thebest observed supernova in history happens to be a rare event.2. After the RSG swallowed a 
ompanion star and then 
ontra
ted to be
omea BSG, it should have been rotating at its 
riti
al breakup velo
ity. Even thoughpre-explosion spe
tra (Walborn et al. 1989) do not have su�
ient resolution tomeasure line pro�les, Sk�69◦202 showed no eviden
e of rapid rotation (e.g., like aB[e℄ star spe
trum). Instead, Sk�69◦202 had the spe
trum of an entirely normal B3supergiant.3. Parti
ularly troublesome is that this merger and RSG/BSG transition wouldneed to o

ur twi
e. From an analysis of light e
hoes for up to 16 yr after thesupernova, Sugerman et al. (2005) have identi�ed a mu
h larger bipolar nebula withthe same axis orientation as the more famous inner triple ring nebula. If a mergerand RSG/BSG transition are to blame for the bipolarity in the triple-ring nebula,then what 
aused it in the older one?Now, these points may seem silly at �rst, they are hard to re
on
ile with themerger model. The last one, in parti
ular, 
ould even be 
onsidered to be a strongrebuke. Given that more luminous blue supergiants 
an eje
t intrinsi
ally bipolarnebulae without resorting to RSG/BSG transitions or mergers, 
ould SN 1987A'snebula be the result of a massive star eje
tion instead, like an LBV?In addition to these problems with the spe
i�
 
ase of SN 1987A itself, we alsoneed to take into a

ount the growing number of observed nebulae around massivestars with rings similar to SN 1987A. Is there any eviden
e that they also formedfrom mergers? The example most people are familiar with is Sher 25, in the massive
luster NGC 3603 in our Galaxy (see Brandner et al. 1997). It has an equatorial ringwith the same physi
al radius as that of SN 1987A, and it also has bipolar lobes.Yet, studies of the 
entral star in Sher 25 show that its abundan
es indi
ate thatit has not gone through a RSG phase (Smartt et al. 2002). The newly dis
overedSBW1 in Carina also has a 0.2 p
 radius identi
al to the equatorial ring around87A; its 
entral star has about the same luminosity as that of the progenitor ofSN 1987A, but its ring has Solar N abundan
es, so it has also not been through aRSG phase (Smith et al. 2007). Finally, there's the triple-ring nebula around theLBV star HD 168625 (Smith 2007), whi
h appears to be almost identi
al to that ofSN 1987A. While this star 
ould indeed be a post-RSG be
ause it is mildly N-ri
h, itis an LBV � stars well known for their unstable bipolar mass eje
tions. Furthermore,Smith (2007) argued that if the triple ring nebula of HD 168625 is 
oeval (polar ringshave the same age as the equator, as in SN1987A), then they 
ould not have beeneje
ted in a RSG phase be
ause they would be far too fast.



Massive Star Nebulae 567So while the progenitor of SN 1987A may very well have passed through theRSG phase needed for the merger model, two of its twins did not, and a third is anLBV, where the shell was likely 
reated in an LBV eje
tion. If a binary merger inthe RSG phase really is required to make the ring around SN 1987A, how and whydid at least three other obje
ts make nearly identi
al nebulae in a di�erent way?At the very least, this implies that a merger model is not the only viable option.Keep in mind that their 
entral stars still exist and are easy to observe, yet thereis 
urrently no eviden
e that they are post-merger produ
ts. In fa
t, they appear asfairly normal blue supergiants; like the progenitor of SN 1987A, these other ringsdo not appear to be unusually rapid rotators as one would expe
t for a post-mergerprodu
t (their in
linations are known from the equatorial ring nebulae). If furtherstudies reveal that any of them survive today as 
lose binaries (binaries that havenot yet merged, so that the observed rings are obviously not from a merger event),it will 
riti
ally wound the merger hypothesis for SN 1987A.A
knowledgement. I would like to thank the 
onferen
e organizers for the invitationto speak and for generous partial �nan
ial support that made my trip possible.Referen
es1. J. Al
olea, R. Neri, & V. Bujarrabal: A&A, 468 L41 (2007)2. B. Bali
k: AJ, 97, 476 (1989)3. J. Blondin & P. Lundqvist: ApJ, 405, 337 (1993)4. W. Brandner et al.: ApJ, 475, L45 (1997)5. R.A. Chevalier: ApJ, 258, 790 (1982)6. T.J.B. Collins, A. Frank, J.E. Bjorkman, & M. Livio: ApJ, 512, 322 (1999)7. R.L. Corradi et al.: ApJ, 553, 211 (2001)8. V.V Dwarkadas & S.P. Owo
ki: ApJ, 581, 1337 (2002)9. A. Frank, B. Bali
k, & K. Davidson: ApJ, 441, L77 (1995)10. A. Frank, D. Ryu, & K. Davidson: ApJ, 500, 291 (1998)11. R.F. Gonzalez, et al.: ApJ, 616, 976 (2004)12. J.L. Hora, & W.B. Latter: ApJ, 437, 281 (1994)13. R.M. Humphreys, K. Davidson, & N. Smith: AJ, 124, 1026 (2002)14. C. Martin & W.D. Arnett: ApJ, 447, 378 (1995)15. S. Matt & B. Bali
k: ApJ, 615, 921 (2007)16. T. Morris, & P. Podsiadlowski: S
ien
e, 315, 1103 (2007)17. M.T. S
huster, et al: AJ, 131, 603 (2006)18. J.M. Shull & D.J. Hollenba
h: ApJ, 220, 525 (1978)19. S.J. Smartt et al.: A&A, 391, 979 (2002)20. N. Smith: ApJ, 644, 1151 (2006)21. N. Smith: AJ, 133, 1034 (2007)22. N. Smith & G. Ferland: ApJ, 655, 911 (2007)23. N. Smith & S.P. Owo
ki: ApJ, 645, L45 (2006)24. N. Smith & R.H.D. Townsend: ApJ, 666, 967 (2007)25. N. Smith et al.: AJ, 121, 1111 (2001)26. N. Smith et al.: ApJ, 578, 464 (2002)27. N. Smith et al.: AJ, 125, 1458 (2003)



568 N. Smith28. N. Smith et al.: ApJ, 586, 342 (2003)29. N. Smith, B. Bali
k, & R.D. Gehrz: AJ, 130, 853 (2005)30. N. Smith, J. Bally, & J. Walawender: AJ, 134, 846 (2007)31. N. Soker: ApJ, 661, 490 (2007)32. A. Sternberg & A. Dalgarno: ApJ, 338, 197 (1989)33. B.E. Sugerman et al.: ApJS, 159, 60 (2005)34. P.G. Tuthill, & J.P.: S
ien
e, 316, 247 (2007)35. P.G. Tuthill, J.D. Monnier, & W.C. Dan
hi: Nature, 398, 487 (1999)36. R. van Boekel, et al.: A&A, 410, L37 (2003)37. N.R. Walborn et al.: A&A, 219, 229 (1989)


