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Abstract:

| review multiwavelength observations of material seeruadbdifferent types of evolved massive stars
(i.e. red supergiants, yellow hypergiants, luminous blagables, B[e] supergiants, and Wolf-Rayet stars),
concentrating on diagnostics of mass, composition, andtikirenergy in both local and distant examples.
Circumstellar material has significant implications foe tbvolutionary state of the star, the role of episodic
mass loss in stellar evolution, and the roles of binarity estdtion in shaping the ejecta. This mass loss
determines the type of supernova that results via the stgppf the star’s outer layers, but the circumstellar
gas can also profoundly influence the immediate pre-supareovironment. Dense circumstellar material can
actually change the type of supernova that is seen wherllitrisinated by the supernova or heated by the blast
wave. As such, unresolved circumstellar material illurtédeby distant supernovae can provide a way to study
mass loss in massive stars in distant environments.

1 Introduction and Scope

There is a great variety of circumstellar material aroundsie stars. In the interest of brevity, |
will restrict myself to discussing stars with detectablegimstellamebulae, as distinguished from
steady stellawinds or disks where the primary observable signature is seen in the gpecnd
generally arises within several stellar radii (this wasdssed in detail during the first session of this
conference; see reviews by Owocki and Martins). By virtu¢gheir high luminosity and radiation-
driven winds, all massive stars shed mass in stellar winktep perhaps at near zero metallicity.
However, not all stars are surrounded by detectable cirilasnebulae.

Furthermore, | will discuss onlgircumstellar material and notnterstellar material (i.e. Hil
regions, photodissociation regions, giant moleculard$pe.g., Zinnecker, these proceedings). Sim-
ilarly, I will not delve into circumstellar accretion diskend outflows associated with the earliest
formation phases of massive stars, as these were also shstaarlier in this conference (Beuther;
these proceedings), nor will | discuss the phenomena oapwds or black hole accretion disks.
The main focus here is the circumstellar matter that re$udta the mass loss from massive stars in
the course of their evolution up to core collapse.

It is surprisingly difficult to directly detect circumstall gas and dust around extremely luminous
central stars, and in part of this contribution | will revimeme of the tricks observers use to see
circumstellar material in spite of the bright photospheoeaitinuum light. In general, circumstellar
nebulae can only be detected if the material is extremelgel@md located relatively far from the
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glare of the star. This requires densities several ordersagnitude higher than the densities of
stellar winds at the same radius. Such high densities, m tomply that the nebulae are created by
large amounts of matter ejected by the star. That is the cbhafon they are of interest; namely,
circumstellar nebulae provide a fossil record of the mogtartant mass-loss phases experienced by
stars.

Mass loss plays a critical role in the evolution of massiassi(e.g., Chiosi & Maeder 1986;
Maeder & Meynet 2000; Meynet, these proceedings), and prafly impacts the eventual supernova
explosion (e.g., Woosley et al. 1993). Whether the masstlustsieads to Wolf-Rayet stars and
stripped envelope supernovae (i.e. Types Ib and Ic) is dae#aly winds, eruptions, or binary Roche
lobe overflow (RLOF), and at exactly what initial masses thgsurs, is still debated. In a recent
paper, | have reviewed the connection between mass lose@épitor stars and the types of observed
supernovae more extensively (Smith et al. 2010).

Mostimportantly, the observational determination of thggical parameters of circumstellar neb-
ulae — mass, composition, expansion age and kinetic eresgyell as global geometry and detailed
structure — provide critical constraints for some of the tpyedigious mass-loss phases of massive
stars. This is particularly instructive for illuminatingses when the mass loss was strongly enhanced
for a short time, and is therefore rarely observed direclich as in brief giant LBV eruptions), or
when the duration (and hence the cumulative mass-loss bhuidgeot well known. The chemical
abundances of this ejected material tell us about the resshitionary phases of the star.

2 Typesof Starswith Circumstellar Nebulae

As noted above, in order for a circumstellar nebula to bedialde, it must be very dense, with
densities far exceeding those of normal stellar winds. dfmély high densities at large radii from
the star can be achieved in two basic ways: (1) A dense shelresult from a sudden eruption
or explosion that ejects a large amount of material from the sThis may happen, for example in
an LBV eruption or in a red supergiant pulsation. The ejectb extremely dense shells may be
accompanied by strong cooling to make dense clumps, or av&mgdain formation, both of which
may enhance the ability to be detected. (2) A dense shelllaafan result at the interface when
a faster wind sweeps into a slow dense wind. In either cagepitbsence of a nebula requires a
substantial change in the mass-loss behavior of the star reta@vely short timescale. For this
reason, nebulae tend to be associated with stars in lataticaral phases of evolution off the main
sequence or immediately before a supernova. We do not dgreza circumstellar nebulae around
main sequence stalsSome of the key types of stars that are normally associatddsubstantial
circumstellar nebulae are outlined below, proceeding famuol to hot temperatures. | will try to
highlight a demonstrative example of each.

2.1 Red Supergiants

Red supergiants have slow, dense, dusty winds. How the varelslriven from the stars is not
completely understood, but it is likely that a combinatidrpalsations and radiation force on dust
grains is at work, although there is also evidence for styoeghanced episodes of mass loss as in the
case of extreme red supergiants like VY CMa (Smith et al. 2@009). Circumstellar material can
sometimes be seen around red supergiants, but most notaldyyi nearby or very extreme cases.

incidentally, the fact that observable signatures of demismimstellar material are absent around main-sequence
O-type stars indicates that these stars quickly clear alvaptal disk material associated with the star formaticmess.



The detectability of circumstellar material is enhancedHhwyfact tht the winds are slow and clumpy,
giving rise to high density regions.

Betelgeuse is an extremely nearby example of a relativaijnabred supergiant, but even at such
close distances of only 150-200 pc (Harper et al. 2008)irtsimstellar material is difficult to detect
because its stellar wind mass-loss rate is only about 10, yr—! (Harper et al. 2008; Smith et al.
2009). Emission from its dusty wind has been resolved witti-IRi nulling interferometry (Hinz et
al. 1998), and its circumstellar shell has been spatiabplked in emission lines like K (Plez &
Lambert 1994, 2002) and infrared CO bandhead emission (Sxnél. 2009).

VY CMa is a much more striking case, where the recent massréts is about imes stronger
than Betelgeuse, and is thought to be due to an enhancedosaspisode in the last 1,000 yr (Smith
et al. 2001, 2009). This results in a dramatic circumstebt#lection nebula that is easily detected
in visual-wavelength images witHST (Smith et al. 2001), polarized light (Jones et al. 2007), IR
continuum emission from dust (Monnier et al. 1998), and inots spectral lines like K (Smith
2004), infrared CO bandhead emission (Smith et al. 2009) ratational lines of CO (Decin et al.
2006). Smith et al. (2009) have noted the stark different¢eéden Betelgeuse and VY CMa, using
the same techniques to observe circumstellar materiahdrbath stars.

2.2 Yelow Hypergiants

Like red supergiants, the yellow hypergiants (YHGs) hawsvshnd dense, dusty winds which can
give rise to detectable nebulae. These cases are rare, éipwed most YHGs do not have easily
detectable circumstellar nebulae. One dramatic exampke YHG with an observable nebula is
IRC+10420 (see Oudmaijer 1998, Oudmaijer e al. 1996; Husyshet al. 1997, 2002; Davies et al.
2007), which seems to be cruising across the top of the HRahagtransitioning from a spectral
type of late F to early A in just a few decades. If a YHG is seenaee a spatially resolved nebula, it
is thought to result because the YHG is in a post-RSG phagéelnase of IRC+10420 this may be
following a phase of enhanced RSG mass loss like VY CMa. @iiserit would be quite difficult to
explain the presence of OH masers (e.g., Bowers 1984) armucida warm star. These nebulae are
dusty, seen in scattered starlight or thermal-IR emissenyell as in molecular transitions at longer
wavelengths (Tiffany et al. 2010; Castro-Carrizio et aD202007).

2.3 LuminousBlue Variables

LBVs are perhaps the best known examples of circumstellaulae around massive stars, exempli-
fied in memorablédST images like those of Carinae (Morse et al. 1998) and the Pistol star (Figer
et al. 1999). They are reminiscent of planetary nebulaeeir tomplex structure and geometry, al-
though LBV nebulae can be much more massive (see contritzutip Vamratira-Nikov et al., Weis,
Clark et al., and Wachter in these proceedings). Smith & Gw@006) noted several cases of lumi-
nous LBVs with nebulae of 10-20/,,. These extremely massive shells — ejected relatively tgcen
(typical ages of roughly H0yr or less) — indicate an extremely violent history of massgpn, when
these stars can potentially shed a large fraction of thé@iaimmass in a disruptive event that lasts
only a few years. This eruptive mass loss endures as one ofithemysteries of stellar astrophysics,
despite its importance in determining the fate of massi@esstNot all LBV nebulae are so massive,
of course. Many are only of order O¥,. This is sometimes even seen in the same star: after eject-
ing ~15 M, in its 1840s eruptiony Carinae subsequently ejected 0.1-0/2 in its smaller 1890
eruption (Smith 2005).

The chemical abundances of LBV nebulae are generally mtragch, indicating that nuclear
material processed through the CNO cycle has risen to thHacguof the star and has been ejected,



therefore indicating that these stars are in an advanceskefdheir evolution (Davidson et al. 1986;
Lamers et al. 2001; Smith & Morse 2004). In the case @far, this N enhancement is very recent,
occurring in jut the past few thousand years (Smith & Morsef@mith et al. 2005).

The geometries of LBV nebulae are also interesting. LBVIslagk often — although not always
— bipolar. An obvious extreme examplesjCarinae, where the bipolar shape of the nebula seems
consistent with expectations of mass loss from a rapidlgtig star (Smith 2006; Owocki 2003;
Owocki et al. 1996; Dwarkadas & Owocki 2002; Smith & Towns&@D7). Bipolarity of LBV
nebulae has often been attributed to various degrees ofrasymnin the pre-existing ambient material
(e.g., Frank et al. 1995), although the origin of that prestexg asymmetry does not have a clear
explanation. Recent imaging of the nebula around the LBV HIBGR5 (Smith 2007) showed a
triple-ring structure almost identical to the nebula amb&N 1987A (Burrows et al. 1995), providing
a tantilizing link between LBVs and supernova progenit@ase(below). On the other hand, some
LBVs are only mildy ellipsoidal, like AG Car (see Weis, thggeceedings), and some like P Cygni
appear to be clearly spherical (Smith & Hartigan 2006). Bhiggests that we should avoid impulses
to associatall LBV eruptions with stellar mergers or similar binary-in@ulceffects.

2.4 B[e€] supergiantsand Equatorial Rings

The circumstellar material around B[e] stars was discusseéetail by Zickgraf et al. (1986, 1996; see
posters at this meeting by Millour et al.; and Bonanos et B[¢] stars are thought to be surrounded
by dusty equatorial tori with radii of order 1AU, making them bright IR sources, while gas in
these slowly expanding tori give rise to their relativelynosv namesake forbidden emission lines. In
many ways, the B[e] supergiants resemble less extremeowarsi LBV nebulae. The spectral energy
distributions of B[e] supergiants in the SMC and LMC lookysmmilar to those of LBVs (Bonanos
et al. 2009, 2010).

The origin of the equatorial circumstellar nebulae of Bfa}s remain unclear, but possibilities are
that they arise from post-RSG evolution, equatorial mass flom a recent RLOF phase, or that they
arise from rapidly rotating stars. More detailed studieB[ef] stars and their circumstellar matter are
certainly justified.

The dusty tori around B[e] supergiants with radii-ef0* AU may be related to an emerging class
of early B supergiants with spatially resolved equatoliiadis (see Smith et al. 2007; Smith 2007),
including the progenitor of SN 1987A, SBW1 in the Carina Nab®her 25 in NGC 3603, and
HD 168625. Perhaps these equatorial rings are the expafdisigjremains of the B[e] tori (Smith et
al. 2007).

2.5 Interacting Binaries

Although BJe] stars and LBVs are sometimes suspected to teribs (and are indeed sometimes
known to be binaries where the role of the companion star ctean), there are also more clear-
cut cases of binary-induced mass loss. Namely, there ayeckese interacting binaries that are
sometimes even seen as eclipsing binaries, where we cahaeabay are in (or have recently been
in) a RLOF phase of evolution.

One of the most interesting cases to mention is the massilipsieg, over-contact binary RY
Scuti. To my knowledge, it is so far the only massive binarygtd in the brief RLOF phase that
also has a spatially resolved circumstellar nebula. Thistesesting, because the nebula is not only
torroidal (like those around B[e] supergiants), but alsbileits a bizarre double-ring structure (Smith
et al. 2002; Gehrz et al. 2001). The properties of the nebele wiscussed by Smith et al. (2002),
while spectroscopy of the central binary system has bearusied recently by Grundstrom et al.



(2007). RY Scuti is extremely interesting, since the ordjjnmore massive member is thought to
be caught in a brief transition to a WR star. This system foegeorovides the rare opportunity to
actually watch the stripping of the H envelope and the orajia Type Ibc supernova progenitor in a
binary system (e.g., Paczynski 1967). Smith et al. (2010¢ lkkancluded that this channel probably
dominates the production of Type Ibc supernovae.

2.6 Wolf-Rayet Stars

Although Wolf-Rayet (WR) stars are famous for their stronmdsg, they also sometimes exhibit
circumstellar nebulae, which come in two main flavors. Ont@éslarge wind-blown bubble nebulae
that are generally seen around younger WN stars (see Stockri@vid2010). A famous example is
NGC 6888. The raw material for these nebulae probably is nooh the WR wind itself, however.
Rather, the dense nebular gas is probably slower mateeetegj in a previous LBV or RSG phase,
which is then swept into a dense bubble or shell by the fastenid.

A very different type of circumstellar nebula seen around B{&s is the dusty nebulae associ-
ated with WC+O binaries, either appearing as so-calledwheel” nebulae in circularized systems
like WR104, or as episodic puffs of asymmetric dust produrcin eccentric systems like WR140.
Although the dusty nature of WC stars had been known sincedhg days of IR astronomy (Gehrz
& Hackwell 1974), the spectacular structure of these WR fasbwas only revealed by special high-
resolution aperture synthesis imaging at near-IR wavétengioneered on the Keck telescope (see
Tuthill et al. 1999; Monnier et al. 1999, 2002). In these sasige dense gas and dust —which is much
denser than the material normally found in a WR star wind sesrias a result of the compression
and cooling in the colliding-wind shock of the WC+O binargésWilliams et al. 1990, 2001). The
formation of graphite grains is likely facilitated by therfch material in the WC wind.

3 Multiwavelength Diagnostics of Circumstellar Material

3.1 Visual Wavelengths

At visual wavelengths, the two chief ways to spatially rgsalircumstellar material are with starlight
scattered by dust, and with intrinsic emission lines in teleuta. Because the central stars are bright,
simple optical continuum imaging is only successful in a fiemnarkable cases, like Carinae,
VY CMa, IRC+10420, etc. (see above), where the dusty nelsweaiy dense and the central star
is partly obscured by the circumstellar dust. In other cgsalsirimetric imaging or coronagraphy can
help to suppress the direct light from the central star.

A more effective method is to use narrow-band imaging, Isligspectroscopy, or IFU spec-
troscopy to detect extended emission lines from the cirteltas nebula. Concentrating on a nebular
emission line formed only in the nebula helps suppress tightocontinuum radiation from the cen-
tral star. The most common probe is [N A6583, which arises in most circumstellar nebulae over
a wide range in ionization level, and can be especilly brighthe N-enriched gas around evolved
massive stars (Davidson et al. 1986; Lamers et al. 2001;hS3nilorse 2004). Forbidden lines like
[N 11] are usually better thandd since Hy is often an extremely strong emission line in the central
star’s spectrum as well. When high-resolution long-slécpm are employed, lines like [N permit
one to measure the expansion speed of a circumstellar stgell L. Smith 1994).

A lesser-known technique that has proven extremely usefullétecting nebulae around cooler
stars (where N is neutral and [N cannot be seen) is the red resonance lines of Extended Ki
A7699 emission has been studied in detail around Betelgewk® 4 CMa, for example (Bernat &
Lambert 1976; Bernet et al. 1978; Plez & Lambert 1994, 200&itt52004). With high-resolution



long-slit spectroscopy of K A7699, one can perform the same types of kinematic studiedstas w
[N 1] around hotter stars. For nebulae around very hot starbBehignization lines like [Feil] can
also be useful, as in the case of RY Scuti (e.g., Smith et 8220
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Figure 1: Long slit spectra of [Fe 1l] 1.644m around Eta Carinae (left; a) and P Cygni (right; b).
The spectrum of Eta Car was taken with Phoenix on Gemini S@rttith 2006). The spectrum of P
Cygni was taken with CSHELL on the IRTF (Smith & Hartigan 2006

3.2 Near-IR

Near-IR wavelengths can provide a powerful probe of cirdeltes material, especially in cases of
massive stars that are obscured at visual wavelengthsdiG#hactic Center, for example; Figer et
al. 1999; Mauerhan et al. 2010). As with optical imaging¢emstellar shells can be resolved using
scattered continuum starlight, although this is perhaps evore difficult than at visual wavelengths
because of the lower scattering efficiency, unless the gi@ia large. However, with available tech-
nology, near-IR wavelengths have the advantage of adappties (AO) imaging or speckle-masking
interferometry, as mentioned earlier. Again, polarintetmaging and coronagraphy can help to sup-
press the bright central starlight.

Narrow-band imaging and long-slit spectroscopy are algal s resolve circumstellar material
around massive stars in the near-IR, with khes such as Bty or (from space wittHST) Pax (e.qg.,
Figer et al. 1999; Mauerhan et al. 2010). These lines arednesand hotter stars where H is mostly
ionized. In principle this is the same asrhimaging in the optical, but it can be used for obscured
sources in the Galactic plane.

One of the most powerful but underused near-IR probes afigistellar gas around massive stars
involves spectroscopy or narrow-band imaging of infraifeel [] emission lines. In particular, [Fe]
216435 and\12567 are two of the brightest lines in the near-IR spectriaB)Ms and similar stars
(Smith 2002), due to the relatively low excitation and higimsiity of the gas. These two bright lines
arise from the same upper energy level, and so their obseatiedcan serve as a reliable measure
of the reddening and extinction toward a source (see Smithagtigtan 2006 for the atomic data
and intrinsic line ratios). Flux ratios of some other adjad&e 1] lines to [Fell] A\16435 serve as
density diagnostics, while high-resolution spectra cawigie the expansion speed of a shell. Detailed
studies ofy Car and P Cygni have demonstrated the utility of thesei[Hees (Smith 2006; Smith
& Hartigan 2006; see Figure 1).

Narrow-band imaging or spectroscopy of near-IRlides, like H, 1-0 S(1) at 2.122m, are also
common tracers of shocked gas or dense gas irradiated byratelyestrong non-ionizing radiation.
However, these lines are rarely seen around hot stars leetizeis} is destroyed, and they are rarely



seen in cooler supergiants because they are not sufficiextijed. An unusual exception is the ex-
tremely bright H lines in the Homunculus of Carinae (Smith 2006). In this source, the combination
of a very young and dense nebula that is optically thick ehaogbe self-shielding allows the,H
molecules to survive, while a surface layer of id struck by strong near-UV radiation from the lu-
minous central star. As the Homunculus continues to expaddacome more optically thin, the,H
will be dissociated (see Smith & Ferland 2006 for details).
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Figure 2:Spitzer/MIPS 24 m images of shells around LBVs and related stars (adapted Gweara-
madze et al. 2010).

3.3 Mid-IR/Far-IR

Moving into the mid-IR and far-IR, circumstellar shells o&ssive stars become more easily observed
because the glare of photospheric emission from the cesténa is no longer a problem, and because
thermal-IR radiation from warm dust grains is substanixtreme red supergiants like VY CMa and



NML Cygni have been favorite targets of ground-based miaiRervers for decades because their
circumstellar dust is bright and spatially extended, whi@arinae is observed perpetually with every
new mid-IR instrument that comes online in the southern bphere. Mid-IR observations played
a special role in the history of our understanding;d€arinae, providing our first clue that it is an
extremely luminous but self-obscured star (Westphal & Néagier 1969). The young dust shell of
n Carinae acts as a calorimeter of the central star becausgatltzs nearly all the star’s UV radiation,
and mid/far-IR observations provide our best estimateb®htass of the Homunculus (Smith et al.
2003).

Eta Carinae is an exceptional case, however, because m$ansbvery young and very bright.
For other LBVs, the shells are not so easy to detect in grdaasetd images because they are larger
and more optically thin, and are therefore often too fairdetect in the mid-IR through the Earth’s
atmosphere. However, space-based IR telescopes havelguidwy information on a number of
dusty shells around LBVs (e.g., Voors et al. 2000; Trams.et298; Egan et al. 2002; Clark et al.
2003). In particular, recent surveys of the Galactic plafté whe IRAC and MIPS instruments on
Soitzer have revealed a large number of extended mid-IR shells drbBivs and related stars (see
Fig. 2; Gvardmadze et al. 2010; Wachter et al. 2010; Smitt¥200his sample has the potential to
tell us how much mass is typically ejected by an LBV, and tatdg previously unrecognized LBVs
and WR stars. We eagerly anticipate results on the far-IRsgon from these shells witHerchel.
Longer mid-IR and far-IR wavelengths are useful, becausg tave the potential to detect cooler
dust in the shell, which may correspond to a large fractiotheftotal mass.

In addition to very extended shell nebulae, the more comghastly pinwheels and episodic ejec-
tions associated with colliding-wind WC+O binaries areoapatially resolved in the thermal-IR, as
noted earlier (Tuthill et al. 1999; Monnier et al. 1999, 2))(foviding a powerful probe of a unique
mass-loss phenomenon.

34 X-rays

The spatially resolved nebulae around massive stars areftest detected in X-rays, since strong
shocks (and hence, strong differences in ejection velasigy a short period of time) are needed to
produce sufficiently bright X-rays far from the star. Thedstof diffuse X-ray emission asociated with
massive stars is mainly concentrated toward SNe and SN r@s(see below). A notable exception,
again, is the peculiar case pfCarinae, where a strong blast wave from the 19th centurytierujs
overtaking ejecta from a previous eruption (Smith 2008)ingj rise to a spectacular soft X-ray shell
made famous itfChandra images (e.g., Seward et al. 2001). The study of massiveistXisays is
weighted heavily toward colliding wind binaries or unrasa soft X-ray emission from the winds of
O-type stars.

3.5 Radio

At radio wavelengths, continuum free-free radiation teattee same photoionized gas around hot
massive stars that can be observed with éiission, but without such strong continuum radiation
from the central star, and free from line-of-sight extinati This is particularly useful for studying
the nebulae of hotter LBVs and WR stars (e.g., Duncan & WHG22.

Radio wavelengths also provide unique probes of molecllalissaround massive stars, most
commonly seen around cooler supergiants. In particulalecntar masers like SiO, 40, and OH
can be observed at very high spatial resolution with radieriarometers, and have yielded unique
and valuable information about the structure and exparafighells around evolved cool stars (e.g.,
Bowers et al. 1993; Benson & Mutel 1979, 1982; Marvel 1997h&tz & Marvel 2000; Trigilio et



al. 1998). One can actually follow the proper motion and Deppelocity of individual maser spots,
tracing out the structure, expansion, and rotation of theinvinds of these stars. Molecular shells
are not generally observed around hot stars because thepmidy dissociated by UV radiation.
However, they are seen in some cases of young WR stars or Yh#Bare in a post-RSG phase, as
noted earlier for IRC+10420. The N-enriched shells of LBVayrbe detectable in ammonia, which
has been detected imCar (Smith et al. 2006), but has not been searched for extdnsn other
sources.

4 SupernovaBlast Waves Crashing into Pre-Supernova Circum-
stellar Material

When a supernova (SN) explodes, it sends a flash of UV radiaindl a strong blast wave out into
the surrounding medium. In this way, SNe illuminate thewinstellar material that was ejected by
the starbefore the SN. As the shock expands it can interact with either onstellar or interstellar
material, giving rise to a SN remnant. The posterchild forNr8mnant interacting with dense
circumstellar material ejected by its progenitor is Cas A.(eChevalier & Oishi 2003). Slow-moving
N-rich “flocculi” (Fesen & Becker 1991; Chevalier & Kirshnd878) indicate that the overtaken
material was circumstellar rather than interstellar, drat the progenitor was at least a moderately
massive evolved star with a fairly slow wind (Chevalier & Ri2003).

Perhaps the most famous case of a SN blast wave interactihgcwcumstellar material is
SN 1987A. Almost immediately, the UV flash of the SN shock koed photoionized the triple ring
nebula seen itHST images (Burrows et al. 1995). After about 10 years, the SNthlave began
crashing into the equatorial ring seen in these images, l@adollision is still unfolding (Michael
et al. 2000; Sonneborn et al. 1997; Sugerman et al. 2002). cdhmplex shock interaction is the
focus of an ongoing multiwavelength campaign, and provatesnormous reservoir of information
about shock physics as well as pre-SN mass loss of the ptogatar. Since the blue progenitor
contradicted expectations of stellar evolution modelbag been suggested that the progenitor star
underwent a binary merger event to produce the triple-rieigufa (e.g., Morris & Podsiadlowski
2007), but comparisons to LBV nebulae have also been madéh3607).

Sometimes the interaction between the SN shock and cirellarsgas happens much sooner and
is even more dramatic. In the case of Type lin, this shockaatéon with the nearest circumstellar
gas can happen immediately, completely altering the appapectrum of the SN and in some cases
markedly increasing the luminosity of the SN. The name “léaimes from the narrow H emission
lines in the spectrum, arising from the slow shocked CSM dH®e dense circumstellar material
decelerates the blast wave and thermalizes its kinetioggndn some cases this thermal energy
is radiated as visual light before adiabatic expansion can the gas, thus producing some of the
most luminous SNe in the universe withl0°! ergs radiated in visual light alone (e.g., Smith &
McCray 2007, Smith et al. 2007, 2010; Woosley et al. 2007; Mamle et al. 2010; see Figure 3).
By studying the time evolution of the luminosity and spelcmaperties of SNe lIn in the year or
two after discovery, we can deduce the density and velodigiroumstellar matter at each radial
position overtaken by the shock. An exemplary case condamspectral evolution and light echo
of SN 2006gy, from which a circumstellar medium closely rebkng that ofn Carinae has been
deduced (Smith et al. 2010). We can therefore reconstreantiss-loss rate and kinetic energy of
pre-SN mass ejections as a function of time immediatelyreetite SN explosion occurred. Aside
from being lucky enough to be watching when an exceptiondh¢ia SN occurs, this is our most
powerful tool for studying how massive stars behave in thedrauclear timescales immediately
before they suffer core collapse.
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Figure 3: Theoretical light curves of a normal SN shock dragimto dense circumstellar gas with a
range of masses from 1-20, (from van Marle et al. 2010). A normal Type II-P supernova aas
peak luminosity of about ¥®erg s'.

The potential of using SNe lIn to learn about circumstellancure and pre-SN evolution is
extremely exciting. Not only does this shock interactiondarce some of the most luminous SNe
known, potentialy observable at high redshift, but it alem @rovide diagnostics of the detailed
properties of circumstellar gas around a single (or binatg) at distances far beyond where we
could ever hope to spatially resolve a circumstellar nebula
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