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ABSTRACT

We investigate the fundamental properties of core-coll@gpernova (SN) progenitors from single stars at solarlheéta For this
purpose, we combine Geneva stellar evolutionary models iwitial masses oM, = 20 — 120 M, with atmospherigvind models
using the radiative transfer code CMFGEN. We provide sytithghotometry and high-resolution spectra of hot starhatgre-SN
stage. For models witM;,; = 9 — 20 M, we supplement our analysis using publicly available MAR@@&Ilel atmospheres of RSGs
to estimate their synthetic photometry. We employ welkbbshed observational criteria of spectroscopic classifin and find that
massive stars, depending on their initial mass and rotaéind their lives as red supergiants (RSG), yellow hypetgi@iHG),
luminous blue variables (LBV), and Wolf-Rayet (WR) stargle WN and WO spectral types. For rotating models, we obdiatine
following types of SN progenitors: WO1-3A, > 32 M), WN10-11 (25< My < 32 M), LBV (20 < Mjy < 25Mg), G1 la
(18 < Mini < 20 M), and RSGs (%X M, < 18 M,). For non-rotating models, we found spectral types WOIM3;i (> 40 M,),
WN7-8 (25< M < 40 My), WN11hLBYV (20 < Mi < 25 M), and RSGs (X M, < 20 Mg). Our rotating models indicate
that SN IIP progenitors are all RSG, SN JH_progenitors are 56% LBVs and 44% YHGs, SN Ib progenitors9éé WN10-11
and 4% WOs, and SN Ic progenitors are all WO stars. We find thiah@cessarily the most massive and luminous SN progenitors
are the brighter ones in a given filter, since this depend$ein luminosity, temperature, wind density, and how thectpéenergy
distribution compares to a filter bandpass. We find that Shpitigenitors (RSGs) are bright in tReJHKs filters and faint in theJ B
filters. SN IIL/b progenitors (LBVs and YHGSs), and SN Ib progenitors (WNs)rafatively bright in opticginfrared filters, while SN
Ic progenitors (WOs) are faint in all optical filters. We agghat SN Ib and Ic progenitors from single stars should betautiable in
the available pre-explosion images with the current magdeitimits, in agreement with observational results.
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1. Introduction are observed to evolve from stars wilh, up to 25-30M,
Massi biqui | in the local and fé U(Levesque etal. 2005). If these stars die as RSGs, thissraise
assive stars are ublquitously present in the local and fa¥r U, 556 of why no RSG more massive than about 16,5

verse. Due to their short lives and the physics of star fanat .5 heen detected in pre-explosion images of SN progenitors
they are easily outnumpered by their I0\_N-mass S|bI|ngstI!iee “the red supergiant problemf’, Smattt 2009). A possible so-
Sun. Nevertheless, the impact of massive stars throughicos tion to this problem would be the presence of circumstella

:E'r:ne. IS f?r fffo”_‘ negllilbtle, as they are tge ma|? respo&ﬁe extinction around RSGs, which would underestimate the dumi
€ Inputotionizing photons, énergy, and recycliing ma nosity and mass determinations from the pre-explosion @&mag

_interstellar medium through stellar winds and Supernow) (S(Smith etal[ 20114; Walmswell & Eldridde 2012). It may also

1\” expll\;l)smnls. q I ution blay a k Oﬁe that the most massive stars evolve away from the RSG phase
= i ass 0SS aﬂ anguiar morfnentum evolution payd;'?’ Ieyr fid end their lifetime in a bluer portion of the HR diagram
(g n determining the properties of massive stars acrosséwelt-  anheveren et &1. 1998; Salasnich ét al. 1999; Yoon & Chgitie

tion and the properties of the SN progenitor and the enswng g1 (! Georgy et al. 2012; Geolgy 2012; Meynet ét al. 2013). Fo
p|OSJOn (for recent reviews see Maeder & Meynetlz()lz; Lang; Stance, rovtéting models prediEi that stars WitH\/zps M <
2012). The current generation of Geneva evolutionary M®0dgls \; - are horn as O dwarfs and exhibit a spectrum reminiscent
(Ekstrom et al. 2012; Georgy et al. 2012) predict that single ot e rare juminous blue variable (LBV) stars before the SN
tating stars with |n|t|allmgssesN(ni) in the range 8Mo < explosion [(Groh et al. 2013). The models indicate that a Ismal
Mini < 17 Mo end their lives as red supergiant (RSG) statgnqnt of H is present in the envelope (a few?Ml,), making
before a SN event of the type IIP (i.e., with H lines dominajs g0 1t to infer the kind of SN that will follow core collapse
Ing the spectrum and a plateau m_the lightcurve). This SN SN |IL, SN b, or even SN IIn if significant circumstellar ma
is well supported by the observations of SN IIP progenitars erial surrounds the progenitor)
pre-explosion images, which have been shown to be RSGs WItFI '
85 Mg < Mini < 16.5 M, (Smartt et al. 2009). The situation becomes even hazier for stars wWithy >

The agreement between theory and observations of 3BIMg. According to evolutionary models, they reach the Zero-
progenitors is much less satisfactory for stars with,; > Age Main Sequence as O-type stars burning hydrogen in their
17 M. One problem is related to the fact that Galactic RS@Geres and evolve to Wolf-Rayet (WR) type, helium-core burn-
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ing stars (see e.d., Maeder & Meynet 2000; Meynet & Maeder The motivations for our investigation are numerous. First,
2003;/ Langer et al. 2007). Between the O-type and WR stagisllows a better constrain of the stellar evolution modélse

the star may or may not go through an unstable, short-livehssification of SNe generally traces the presence of atedmi
stage, usually associated to the LBV phase,/anthrough a elements in the spectrum and the shape of the lightcurve (see
RSG phase. The models predict that core-collapse SN occureaaf)., Filippenko 1997 for a review). Studying the relatigterof

ter the WR phase, and are of the type Ibc (Georgylet al.|2012e diferent core-collapse SN types is an important constraint
2009). However, this scenario has yet to be observationally for stellar evolution. This is because the chemical abuoésn
firmed, specially because WR stars have not been directly dethe ejecta supposedly reflects those from the progenéer b
tected as SN Ibc progenitors yet (Smartt 2009; Eldridgelet fdre the SN explosion. Second, it allows to link a given otedr
2013). The non-detection could be due to the intrinsic faas SN rate to a given star formation history. This is only polesib
of WRs in the optical bands, which are the ones usually avaflwe know suficiently well the nature of the progenitors for the
able for the SN explosion site (Yoon etlal. 2012), or becase Sifferent types of core-collapse SNe. Finally, producing séali

Ibc progenitors have lower masses and result from binary ewbservables from single-star evolution models also allomesto
lution (Podsiadlowski et al. 1992; Smartt 2009; Eldridgalet properly gauge whether a binary evolution scenario mustsiec
2013), or both. In addition, observations suggest that soae  sarily be invoked to explain the observed properties of @miv
sive stars can explode as SNe already during the LBV phage (8N progenitor.

Kotak & Vink 2006; |Smith et all 2007; Pastorello et al. 2007; This paper is organized as follows. In S&¢t. 2 we describe our
Gal-Yam & Leonard 2009). Some of these progenitors likely hanodeling approach. In SeEl. 3 we revisit the expected racif

Mini = 50M,, which is much higher than the range of LBVs thathe diferent kinds of core-collapse SNe from single stars and
can be SN progenitors based on single stellar evolution faodeow they compare to recent observations. In $éct. 4 theidocat
(20Mg < Mini < 25Mg;|Groh et all 2013). of the SN progenitors on the HR diagram, luminosity, afide

Such glaring discrepancies between observations and tive temperature are presented. Their spectroscopic sapeEa
stellar evolution theory exposes a main gap in the undedstgn and spectral classification are performed in Jéct. 5, whelet.S
of massive stars and highlights ourincomplete view of thest- [6 compares our results with previous classifications of tspkec
Main Sequence evolution and fate. Several reasons exiskfor types of SN progenitors based on chemical abundance ariteri
plaining our limit knowledge of massive stars. For instariie The absolute magnitudes and bolometric corrections as@ fun
narity plays an important role in the evolution of massieestas tion of initial mass of the progenitor are presented in $&diVe
a significant fraction of massive stars seems to be in systeas investigate the detectability of progenitors of thé&elient types
will interact (Sana et al. 20112). Neglecting théeets of binaries of core-collapse SN in Sel. 8. We discuss the surprisingrfind
on the properties of an average population of massive swuklw that WO stars are progenitor of type Ibc SNe in Sdct. 9, while i
likely yield inconsistent results. An equally importanasen for Sect[ID we discuss the possibility that LBVs are SN progesiit
our limited knowledge concerns the challenging comparizsn We present our concluding remarks in SEct. 11.
tween observed data and stellar evolution models. Steltdue In a series of forthcoming papers, we will present the re-
tion models are able to predict the stellar parameters gmiypu sults for the complete evolution of massive stars and forgela
the stellar hydrostatic surface, which is not directly cangible metallicity range, and investigate thfexts of several physical
to the observations when a dense stellar wind is preserd.ighiingredients, such as magnetic fields, on the final appea@nce
the case for massive stars, in particular at their post-M#n massive stars.
quence evolution, when they lose mass at enormous rate$ (10
to 1073 Myyr~1). When the stellar wind becomes dense, eventu-
ally the photosphere becomes extended and is formed in a mavPhysics of the models
ing layer. Numerous emission lines arise in the wind, vgilin21 St .

) . .1. Stellar evolution
(sometimes completely) the underlying spectrum from the hy
drostatic surface that would be observable otherwise. Amna cThe evolutionary models are computed with the Geneva
sequence, the outputs of massive star evolution models,agicstellar evolution code. The majority of the models are
temperature, luminosity, and surface abundances at thehydhose from|[ Ekstrom etal.[ (2012). To better determine the
static surface, are ficult to be directly compared to observednass ranges of the ftierent SN progenitors, we compute
quantities, such as a spectrum or a photometric measurementew models with Mj,; of 16.5, 18, and 28M, (rotat-

To solve this issue, it is necessary to couple stellar eioiut ing models), and 23 and 5M, (non-rotating models).
ary calculations to radiative transfer models of the steiteno- All models are publicly available through the webpage
sphere and wind. In Groh etlal. (2013) we presented, for toe flittp: //obswww.unige.ch/Recherche/evol/-Database-|
time, combined stellar evolution and atmospheric modeding Here we summarize the main characteristics of the code,
the pre-SN stage, for stars witi,i = 20 and 25M,. Surpris- and refer the reader to the aforementioned papers for furthe
ingly, we found that these stars end their lives remarkabiilar  details. The models assume solar metallicity:-Q2014), initial
to LBVs, showing that in a&ingle stellar evolution framework, abundances from Asplund et al. (2009), and the rotating sode
massive stars can explode as LBVs. have initial rotational speed() of 40% of the critical velocity

Here we present a theoretical investigation of core-cettap(vciit). The prescription for the rotational flision codicients
SN progenitors from single stars with initial masses in trgge is taken from Zahn (1992) and Maeder (1997).

9-120 M,, at solar metallicity. We analyze how they appear Mass loss is a key ingredient of the modelf§geting not

to a distant observer, predicting observables such as tite hionly the final position in the HR diagram but also the emerg-
resolution spectrum, absolute magnitudes, colors, anahiett ing spectrum of hot stars. Since the stellar evolution code
ric corrections. The comparison between observations of $&uires previous knowledge of the spectral types to adopt
progenitors and models can shed light on several propertiesa certain mass-loss recipe, criteria based on chemical-abun
the progenitor, such as its mass, chemical compositionirand dances and feective temperatures are employed to estimate
tial rotation rate. the type of massive star (OB, WR, RSG) at each time step
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(Smith & Maeder 1991; Meynet & Maeder 2003). The radiativadopt the same mass-loss rate recipe as that used by theaGenev
mass-loss rates for OB stars follow the Vink et al. (2001} prevolution code. We use the temperature structure of thiastel
scription, while for WR stars the Nugis & Lamers (2000) andnvelope to merge the CMFGEN solution and the stellar struc-
Grafener & Hamann (2008) prescriptions are employed. For tture solution. The outputs from the CMFGEN calculationg tha
RSGs, when logier/K) > 3.7, thel.de Jager etlal. (1988) prewe discuss here are the synthetic spectrum, photometry, and
scription is applied for initial masses of M, and above. For the dfective temperaturéys, defined as the temperature of the
log(Ter/K) < 3.7, a linear fit to the data from_Sylvester el allayer where the Rosseland optical depth/B. ZThe values oT
(1998) and van Loon et al. (1999) is applied (see also Crawtltpioted here correspond to those predicted by the Genelar stel
2001). For the RSGs in models belowl¥3, thelReimers (1975, evolution code without the correction due to the opticaltbeyb
1977) relation (withy = 0.5) is used. the wind, anchot to the temperature at a fixed Rosseland optical
Because of variations in the ionization level of hydrogen bdepth (usually 20).
neath the surface of the star during the RSG phase, sigrtifican
changes in opacity may occur. Thus, some layers might exc
the Eddington limit, possibly driving instabilities. Inihcase,
the radiative mass loss is increased by a factor of three iin @urealistic atmospheric analysis of luminous cool starsiies
models with initial mass above 8., which matches th# de- the inclusion of convection and “Hand molecular opacities,
terminations from van Loon et al. (2005). Thieets of difer- which at the moment are not included in CMFGEN. Here, we
entM recipes during the RSG phase on the evolution of massigploy the publicly available MARCS models (Gustafssoret a
stars has been investigated by Gebrgy (2012), to where &e r&i008) to perform synthetic photometry of the SN progenitors
the interested reader for further details. that haveTer = 3400- 5400 K and thus are RSGs or YHGs.
As inlEkstrom et al.[(2012), the stellar evolution models emie use the model grids that have abundances corresponding to
ployed here terminate at the end of core-carbon burning. \@-processed material, which is characteristic of RSGéat t
do not expect significant variations in the surface propsrtipre-SN stage. A mass of¥,, and turbulent velocity of 2 knT$
after this phase. To verify this assumption, we computed thge assumed. Since these MARCS models are available only at
non-rotating 60M, model until core O burning, and negligiblecoarseTg; sampling (3400, 3600, and 3800 K for RSGs; 5000,
changes iiL, andTer were seen< 0.01 dex). 5250, 5500, 5750 K for YSG&HG) and not at the exact lumi-
nosities predicted by the evolutionary models, the mageiu
and bolometric corrections of the cool SN progenitors wete e

(—‘éegl Atmospheric modeling of cool stars

2.2. Atmospheric and wind modeling of hot stars

mated by:
The model spectra computed here arg) linearly interpolating the magnitudes (bolometric eations)
publicly available through the webpageof two bracketing MARCS models in 0B space to the de-

http://obswww.unige.ch/Recherche/evol/-Database-. sired Tes value predicted by the Geneva code. The bracketing
To compute the output spectra of stars with > 8000 K MARCS models were previously scaled to the same luminosity;
we used the atmospheric radiative transfer code CMFGEN scaling the interpolated magnitudes to the luminosiies
(Hillier & Miller |1998). CMFGEN is a spherically-symmetric dicted by the Geneva code.
fully line blanketed code that computes line and continuam f This is a zeroth-order approximation to estimate the maget
mation in non-local thermodynamical equilibrium. Sindeeab- and should be checked in the future against MARCS models
lutionary models discussed here present negligible seirfaia- computed specifically for the physical parametérs Tes, My,
tion at the pre-SN stage, the use of spherical symmetry i wabundances) found at the pre-SN stage. Since these ardlunava
justified. CMFGEN computes a self-consistent radiativedra able at the moment, synthetic spectra of RSGs and YHGs are not
fer including the stellar hydrostatic surface and the wiihd provided. Still, the magnitude estimates computed hereigeo
(micro) clumping is included with a volume filling factorf important insights into the nature of core-collapse SN prog
approach, which assumes dense clumps and a void intercluoms.
medium. The wind is also assumed to be unclumped close to
the stellar surface and to acquire full clumpiness at lasgi.r ) . :
All models computed here assurfie= 0.1. CMFGEN does not 3. The core-collapse SN fraction from single stars
solve the momentum equation of the wind, and thus a hydBefore computing the stellar spectra and colors assoctated
dynamical structure must be adopted. For the wind part, we #se various SN progenitors predicted by the grids of models
sume a standaigttype law withg = 1, while a hydrostatic so- of |[Ekstrom et al.|[(2012), it is interesting to see whethes¢he
lution is computed for the subsonic portion. This is applid models can reproduce or not the observed rates of varioes typ
to 0.75 of the sonic speed, where the hydrostatic and wind sobf core-collapse SNe. This has already been discussed-exten
tions are merged. The wind terminal velocity) is computed sively in|Georgy et al.| (2012), which determined the rekativ
using the parametrization from Kudritzki & Puls (2000) foBO rates of the dterent core-collapse SN types and compared to
stars and LBVs, and from Nugis & Lamers (2000) for WR stathe observational sample from Boissier & Prantzos (2008jeH
of the WN and WC type. For WO stars, an iterative schemewge revisit this topic, given that two relatively large saegl
adopted. We initially compute a spectrum with the value.ofs of observational core-collapse SN data have been recestly r
given by the Nugis & Lamers (2000) recipe, which is typicallfeased [(Smith et al. 2011a, hereafter S11, and Eldridge et al
at most~ 2800 kms?. If a WO-type spectrum arises, we re2013, hereafter E13). We assume, as in Georgy €t al. (2012), a
compute a spectrum witt,, = 5000 km s which is more rep- Salpeter-type initial mass function, that the lower andarppi-
resentative of the observed Galactic WO stars (Drew|et @/ 20tial mass limit for core-collapse SNe are 8 and 22§ respec-
Sander et al. 2012). tively, that SNe occur even when black holes are formed, and
We use the outputs from the stellar structure calculatiotigat all SNe are observable (see also Hegerlet al.l 2003)hEor t
with the Geneva code, such as the radius, luminosity, mass, &N classification we assume, as in Georgy et al. (2012), the fo
surface abundances, as inputs in CMFGEN. For consistercy,lawing chemical abundances in the ejecta:
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Table 1. Core-collapse SN fractions from our models compared to 0Bt the progenitors follow single star evolution and 50% &eol

served samples

in interacting binary systems.
Ultimately, the best way to distinguish between SN progen-

SNType  Non-rot.model  Rot. model  Obs. E13  Obs. S1liqrs that come from single or binary evolution is the dirdet

(%) (%) (%) (A))57 tection of the progenitor in pre-explosion images. To fgasp
1P 70.7 64.9 555 6.6 48.2°% . . : Y

all the information from these observations, a comparisdh w

L +11b 16.2 131 15134  17.095  stellar evolution models is needed. The main driver of thisgy
lIn - - 24+1.4 8.8%33 is thus to produce observables out of single massive stdm-evo
llpec - - 1.0+ 0.9 - tion models at the pre-SN stage that can be directly compgared
Ib 8.1 7.8 9.00.27 8431  observations.
Ic 5.0 14.2 17.: 3.7  17.6%32

4. Location of SN progenitors in the HR diagram:

luminosity and effective temperature
—a SN IIP has more thanM,, of H;

—a SN lIL/b has between 0 and\2,, of H; Figurdl shows an HR diagram with evolutionary tracks oftrota
—a SN Ib has no H and more than 0§ of He; ing and non-rotating stars obtained with the Geneva stellar
—a SN Ic has no H and less than 846 of He. lution code|(Ekstrom et al. 2012; Georgy et al. 2012), as al|
We present in Tablgl 1 the fraction of theffdrent SN types the additional models computed for the purpose of this work,
predicted by our non-rotating and rotating models (see aMih initial mass in the range 9 to 124, at solar metallicity.
Georgy et all 2012), and those of the S11 and E13 obserltgre we focus on the pre-SN stage (diamonds and squares in
tional samples. A detailed comparison between both obsertég.[1).
tional samples has been performed by/E13. The temperatures of the evolutionary tracks shown in[Hig. 1
As one can see, the SN rates yielded by our rotating modegéer to those computed by the Geneva code without the correc
are mostly within the errors of the S11 and E13 observatiotion due to optical-depthfiects of the stellar wind. To obtain the
with the exception of the SN IIP fraction, which iscir (2.90) effective temperature, optical deptffexts due to the presence
above the E13 (S11) values. For the non-rotating modelSlthe of an atmosphere and dense stellar wind have to be taken into
IIP relative rate is too high compared to the observed ondewhaccount, and an atmospheric modeling must be performed. We
the SN Ic relative rate is too low. We stress that the SN rates indicate in Fig[lL the values @iy obtained with CMFGEN for
quite sensitive to metallicity (e.o, Georgy etlal. 2009),amdile hot stars (squares). These values thus correspond Wtibat
our models discussed here are at solar metallicity, therobde one should employ when comparing with the obserTigd For
samples likely include a range of metallicities aroundisola  RSGs, we assume that the presence of a wind doesfieut a
Interesting remarks can be deduced from these results, Fiide determination of e, thusTer = T.. The other fundamental
from a pure theoretical point of view, thefiiirent results ob- parameters of the SN progenitors at solar metallicity anesa-
tained with and without rotation illustrate the sensigvitf the rized in Tablé 2.
predicted supernova rate on axial rotation. Second, foopear Rotating models with~ 9 My < My < 165Mg (~
comparison with the observations, population synthesideiso 9 Me < Mini < 23M,, for non rotating ones) are RSGs at the
are needed, taking into account a range of initial rotatieea pre-SN stagel (Ekstrom etlal. 2012). They end their lives with
locities (our rotating models have initigby/veit=0.4). Third, the Ter = 3480— 4410 K. The rotating 181, model is a lumi-
current rotating models are in good shape for reproducieglh nous yellow star at the pre-SN stage, witgy = 5382 K and
served rates, while non-rotating models are in a less gosid pd.. = 1.5x 10° Lo,
tion. This is in line with other evidences for some rotatiloni- The rotating models withv;,j=20, 25, and 28, evolve
ing being active in massive stars (see e.g. the review by Btaetack to the blue after the RSG phase, and develop strong winds
& Meynet 2012 and references therein). Fourth, the above coas they evolve towards the end stage. Th&20model achieves
parisons somewhat support the current rotating models.-Hdw, = 1.9 x 10° L, andTer ~ 19 540 K, while the 29/, model
ever, it is dificult to draw very firm conclusions here since wéaslL, = 3.2 x 10° L, andTex ~ 20000 K at the end of its
cannot discard the possibility that some of our models wouddolution (Groh et al. 2013). The rotating 28, model reaches
produce some faint or even failed SN event. In that sense, the= 3.5x 10° L, andTeg ~ 26 800 K at the pre-SN stage. In
theoretical SN Ibc rates are likely overestimated. If thi:is out the non-rotating case, thdin = 25 M, model ends its life with
to occur, it may indicate that other channels are important Ty ~ 26 300 K and_, = 2.4 x 1° L. We note that these mod-
explaining the observed rates, as for instance the closabinels are close to the bistability limit of line-driven-windshen
evolution channel (S11, E13). abrupt changes in mass loss occur (Vink et al. 1999). In some
Since a significant fraction of massive stars are in binasy sycases, the models flirt with this limit close to the end staayes
tems (e.g. Sana etlal. 2012), it would not be surprising ifalde oscillates from one side of the bistability limit to the othieav-
fraction of core-collapse SN progenitors evolve under tiflei  ing an erratic behavior iM. Therefore, the final position of these
ence of a close companion, for instance via tides and mass tranodels in the HR diagram are probably relatively coarseiwith
fer (de Mink et al! 2013). The modeling of SN Ibc lightcurveg couple thousand K.
also provides strong constraints to the amount of ejectas mas For stars withMi,; = 32 M, to 40 M, there are huge dif-
(e.g.Drout et al. 2011; Dessart etlal. 2011; Cano 2013), arith ferences in thél¢ of rotating and non-rotating models at the
average value of 4.81(Cano_2013). Since our models predicpre-SN stage. This happens because rotation increasesgnixi
SN Ibc ejecta masses in the range 6.7— 248(Georgy et al. which brings He burning processed material (C and O) closer
2012), it is thought that part of the SN Ibc progenitors could the surface compared to when rotation is absent. As the sta
come from binary evolution. Based on the core-collapse SNolves, mass loss removes the outer layers and expose C and
rates, both_S11 and E13 independently find that roughly 50%6at the stellar surface. Therefore, while tg; = 32 My and
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Fig. 1. (Left): HR diagram showing evolutionary tracks of non-rotatinarsiwith initial masses between\, and 120M,, at solar metallicity
(Z=0.014). The diamonds correspond to the temperature cochiyt¢he Geneva code and are not corrected by ffexts of the stellar wind
(T4), and the squares correspond to the valuegptomputed either with CMFGEN (foF; > 8000 K), or assumed to be equalTip for RSGs
(causing the squares and diamonds to overk@ipht): Similar to the left panel, but for rotating stars with iaiti,o/veir = 0.4. Except for the
non-rotating 23 and 58, and the rotating 18 and 28, models, evolutionary tracks are from Ekstrom etlal. (2012).

40 Mg, non-rotating models havés ~ 40000 K, the rotating resentative spectral regions that allow a broad illusiratf
ones reacH ~ 150 000- 160000 K at the pre-SN stage. Thehe spectral morphology and spectral type determinatite. T
values ofL, of both rotating and non-rotating models are comsltraviolet to infrared spectra are available in the onlires-
parable, with the non-rotating models having a slightlyhieig sion. To classify the synthetic spectra, we used the aiifeoim
luminosity. Crowther et all.|(1998) for WO and WC stars, and Smith et al.
We obtain that stars witiVi; = 50 Mg to 120M, both in  (1996) and_Crowther et al. (1995) for WN stars. Models that
rotating and non-rotating models, end their lives with extely have spectrum similar to observed bona-fide LBVs, such as AG
high values ofTes ~ 145000- 175000 K. We notice that the Car, P Cygni, and HR Car, have their spectral type listed as
rotating models have a tendency to reach the pre-SN stape WiBVs. While we recognize that formally there is no “LBV”
higherTes than the non-rotating models. Theférence is about spectral classification, we opted to use this classificagione
5000 - 10000 K at 60M, and 85M,, but rises considerably there is no objective spectral classification criteria afswith
to 30000 K at 12QM,,. This occurs because the rotating moddense winds that have 8000K Ter < 25000K. The spec-
els have highefl, than non-rotating models. As discussed biya of these stars have been commonly referred to in the lit-
Georgy et al..(2012), the 8@, and 85\, rotating models finish erature as “P Cygni-type”, “iron”, and “slash” stars (seqy.e
with a higher luminosity (0.2 and 0.15 dex, respectivelgytthe Walborn & Fitzpatrick 2000; Clark et &8l. 2012a). The reswoits
corresponding non-rotating models, while the rotating 20 our spectral classification of the SN progenitors are surizeer
model finishes at a much lower luminosity (by 0.3 dex) than thie the last column of Tablg 2.

non-rotating model. . . .
9 The pre-SN optical spectrum of the non-rotating model with

Mini=25 M, is displayed in Figl 2a. The spectrum is character-
5. Spectra and spectral type classification of SN ized by strong emission of Hines with shallow P-Cyg absorp-
; tion profiles. Moderate emission of HeNn , and Siv lines are
progenitors . ) ;
also seen, while N1 lines are weak or absent. Following the
While the spectral types of low-mass stars can be securely ahiteria from| Crowther et all (1995), the presence of H, the N
tained fromTeg, logg, andL, only, the same is not true for masdines being stronger than those ofiljand the presence of hie
sive stars, in particular at the end of their evolution. Tikibe- 14686 indicate a WN11h classification. Indeed, the non-irggat
cause massive stars are characterized by dense outflonedy wRb My model spectrum is similar to that of the LBV AG Carinae
have an impact in the spectral morphology. In addition to tla visual minimum (1989 June), when it had a WN11h spectral
luminosity, temperature fiective gravity, and abundances, sewype (Smith et al. 1994; | eitherer ef al. 1994; Stahl et a0120
eral other quantities mayffact the emerging spectrum. AmongGroh et all 2009b). The mainftigrence is that the model spec-
these, the mass-loss rate and wind terminal velocity arertee trum has broader lines, since its = 694 km s* is about twice
that influence most the appearance of SN progenitors. Here,twat of AG Car in 1989 June (300 km's/Groh et al! 2009b).
compute the synthetic spectra of SN progenitors with CMFGENnother marked dference is the ratio between H and Hiees,
based on the ouput from stellar evolution models. Thereforewhich is smaller in the model spectrum compared to the olserv
is not entirely surprising that the spectral types that wévdeén tions of AG Car. This is due to a combination of higher He abun-
this Section are dlierent from those widely quoted in the literadance and highefes in the model spectrum compared to those
ture which, in the absence of a spectrum, were estimated usiri AG Car in 1989 June. We find that the non-rotatingh§
chemical abundance criteria. model has a peculiar appearance, looking something in leetwe
Figures[2 and13 show the synthetic optical spectra of Si LBV and WN11h star, and classify it as WN11BV. Nev-
progenitors withMi,; = 20 My to 120 M. We display rep- ertheless, we note that all known WN11h stars are LBVs (or
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Table 2. Properties of the core-collapse SN progenitor models at soétallicity. From left to right, the columns correspondhe initial mass on
the Main SequenceM,), the SN progenitor mass (Mg), and the age, bolometric luminositly,(), temperature at the hydrostatic surfate)(
effective temperatureT(g), radius of the hydrostatic surfacR,(), photospheric radiusRo), mass-loss rateM), wind terminal velocity ¢..),
steepness of the velocity lay)( and spectral type at the pre-SN stage. The last columesmonds to the SN type as computed by Georgylet al.
(2012). Spectral types in italic were not obtained via défacsgtion of the spectra, and thus are only tentative.

Mini Mproge1 Agea L*a T*a'b Teff R* Rphot M2 Vo ﬁ Sp- Type SN Type
Mo)  (Mo)  (Myn)  (Lo) (K) (K) (Ro) (R)  (Moyr!) (kms™)

non-rotating models

9 8.8 30.3 39401 3480 3480 547.49 547.49 A0’ - - K-MI P
12 11.3 17.8 46259 3556 3556 567.94 567.94 x1(BS - - K-MI 1P
15 13.25 125 79999 3571 3571 740.91 740.91 x3®@° - - K-MI 1P
20 8.8 8.7 152291 3741 3741 931.42 931.42 x2m° - - K-MI IIL/b
23 7.6 7.6 195030 4410 4410 758.29 758.29 x4@> - - K-MI IIL/b
25 8.2 7.09 24E05 27116 26330 22.20 23.49 &I0° 694 1.0 WN11iBV IIL /b
32 10.9 581 3.7E05 45790 40480 9.65 12.32 x90° 1200 1.0 WN7-80 Ib
40 12.7 497 4.8E05 48183 40006 9.99 14.4 4&20°° 1291 1.0 WN7-80 Ib
50 16.53 434 7.4E05 235060 161200 0.52 1.10 %% O 5000 1.0 WO01-3 Ib
60 12.4 3.97 4.8E05 225077 164600 0.46 0.85 %O 5000 1.0 WO01-3 Ic
85 185 3.40 9.0E05 236900 166900 0.56 1.13 2205 5000 1.0 WO01-3 Ic

120 30.7 3.00 1.8E06 167700 145100 1.59 2.11 %10°° 5000 1.0 WO01-3 Ib
rotating models, initialot/verit = 0.4

9 8.5 355 42802 3528 3528 555.08 555.08 X10° - - K-MI P
12 10.22 20.7 72652 3550 3550 714.24 714.24 A0S - - K-MI 1P
15 11.07 15.0 121442 3623 3623 886.73 886.73 xB®B® - - K-MI 1P

165 12.14 13.0 126610 3645 3645 894.92 894.92 xI0P - - K-MI P
18 6.32 11.7 153052 5382 5382 451.20 451.20 x107° - - Glla* IIL/b
20 7.1 104 19E05 20355 19540 35.30 38.11 xP0° 272 1.0 LBV lIL/b
25 9.6 8.60 3.2E05 24625 20000 311 46.96  4B60° 326 1.0 LBV Ib
28 10.8 7.92 3.5E05 28882 26823 23.68 26.26 B0 415 1.0 WN10-11 Ib
32 10.1 7.22 3.4E05 181500 154100 0.58 0.81 %% O 5000 1.0 wo1 Ic
40 12.2 6.17 4.4E05 211700 161100 0.49 0.85 ¥10° 5000 1.0 WO01-2 Ic
60 18.9 486 8.6E05 247100 174500 0.48 1.01 20075 5000 1.0 WO01-3 Ic
85 26.2 406 1.3E06 266700 168400 0.54 1.34 B80S 5000 1.0 WO01-3 Ib

120 18.9 3.55 8.6E05 252800 174500 0.48 1.01 210075 5000 1.0 wo1 Ic

Notes.® From[Ekstrom et al[ (2012), except for the non-rotating 28 5®M, and the rotating 18 and 28, models, which were computed for
this work.® This is defined here as the temperature computed by the Geadeavithout the correction due to optical-depfieets of the stellar
wind.

candidates) at their visual minimum, such as AG Car, Hen Bal types at the pre-SN stage, confirming previous indications
519, and HDE 316285, so the spectral type WN11h seems tathat even at solar metallicity, massive stars can have fimair
exclusively linked to LBVs. stage as WO stars (Sander €t al. 2012; Yoonlet al.|2012). Here,

The synthetic spectra of the non-rotating models wi§f® Proceed one step further by computing the synthetic spec-
32Ms < Mini < 40 M, are shown in Figi2b. Our models indi-tra, which allows us to derive spectral types and estimate th
cate that the non-rotating 32, and 40M,, models have at their MaSS range where WO are SN progenitors. We obtain spec-

final stage an optical spectrum that shows strong: H4686, tral types WO 1-3, depending on whether primary (ratio of
N 1 14640, and Nv 14057. Numerous Helines are also presentEW Of Ovi 438180v 15590) or secondary classification cri-

with strong P-Cygni profile, such as 25876 and He 16678. teria (Ovi 13818 Civ A15808) are employed (see Crowther €t al.

These features are characteristic of a WN star of late specy228)- Nevertheless, it is clear that the SN progenitor$ wit

type (WNL). The He ionization structure indicates a WN 7 spe Mo < Mini < 120 Mo should be the hottest massive stars
tral type, but close to the transition to WN 8. In our model&nOWN. _ .
the continuum-to-peak ratio of Hel541Y Her 15876~ 0.71, We note that the synthetic spectrum of the non-rotating
while the boundary between WN7 and WN8 spectral types Iié%o Mo model has emission line strengths comparable to those
at Her 1541Y Her 15876=0.65 [Smith et al. 1996). The N ion-2 observed Galactic WO stars (Drew etlal. 2004; Sander et al.

ization structure is broadly supportive of a WN7-8 clasatiion. 2012). Since the model has not been fiddled to fit the obser-
Our synthetic spectra have line widths not extremely braad, vations, several tﬂiere_nces are readlly noticeable between the
are indicative of a WN7-80 subtype. For comparison, we pres@PServed and synthetic spectrum. This concerns mostly the C

the observed spectrum of a typical Galactic WN7 (WR120) ar‘f§8lo line, which is weaker in the models than in the observa-

WNS star (WR 123), obtained from the atlas of Hamann et 41°NS: Thisis likely caused by the hotgs of the models, which
(1995). shift the C ionization structure towards more ionized ianak-

. . , ing Civ 15810 weaker.
Figure[2c displays the SN progenitor spectra from non-

rotating models with 5My < My < 120 Mg. Their opti-
cal spectra are characterized by broad emission lines af O
13811 and Gv 45808. This implies that they have WO spec-
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Fig. 2. Montage of the synthetic optical spectra of massive statsegpre-SN stage from non-rotating stellar evolution med@bservations of
stars with similar spectral type (dashed) are shown to stipipe spectroscopic classifications. The strongest sgdesitures are indicated. The
spectra have beerffeet in flux for better visualizatior(a): The 25M, model (black), which has a WN1AIBV spectral type. The 1989 June
observations of the LBV AG Car (red) are also shown, whendtvgd a WN11h spectral type Smith et al. (1994); Stahl et 801%[Groh et al.
(2009b).(b): The 32M,, (red) and 40M,, (black) models, which have spectral type WN7-80, are coethéy observations of Galactic WN70
(WR120) and WN8o (WR123) stars, form the catalogue_of Hansmt. (1995)(c): The 50M,, (cyan), 60M,, (blue), 85M,, (red), and 12M,

(black) models, which have WO1-3 spectral type. The spectithe 60M, model withM enhanced by a factor of two at the pre-SN stage is
shown (orange dot-dashed). The optical spectrum of thecG@l/O 3 star WR 93b (green, from Drew etlal. 2004) is also ldiggd.
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Fig. 3. Similar to Fig[2, but for rotating models at the pre-SN stdgg The 20M,, (red) and 25V, models (black), which have spectra similar
to LBVs (see also Groh etlal. 2013). The 2002 July observatifithe LBV AG Car (green) frorm Groh etlal. (2009b) are alsasiivote that at
that time, AG Car dichot show a WN11h spectral type, since it hag ~ 16400 K (Groh et al. 2009b}b): The 28M;model (black) compared
to the observations of AG Car in 1989 June (flom Stahl et &12When it had a WN11h spectral typ&)): The 32M,, (orange), 4M,, (green),
60 M,, (blue), 85M,, (red), and 12M,, (black) models, which have WO1-3 spectral type. The opspaktrum of the Galactic WO 3 star WR
93b (cyan) is also displayed.
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The synthetic spectra of the other WO models have muttese stars are actually yellow hypergiants (YHG). YSGs and
weaker emission lines compared to the observations. Titiks stYHGs share a similar region of the HR diagram, having similar
ing result could be interpreted as theoretical evidencefpet Ter andL, (de Jager 1998). The mainfi#irence is that, con-
undiscovered population of weak-lined WO stars in the Galaxrary to YSGs, YHGs have &emission and broader absorption
Alternatively, it could be linked to thé/ prescription adopted lines. This points out to the presence of a strong mass outflow
by the Geneva code and used as input in CMFGEN to compatel an unstable, extended atmosphere close to the Eddington
the synthetic spectra. Nevertheless, we find that modelsMit limit in YHGs. Quoted values oM of YHGs range from 0.2 to
increased by a factor of 2 (e, decreased by a similar amount2x 10> Myyr~* during quiescence (de Jalger 1998), as in the case
would still produce a WO spectrum, but with line strengtims-si of p Cassiopeiae (Lobel etlal. 2003), IR10420 (Driebe et al.
ilar to the observations. To illustrate thifect, we show in Fig. 2009), and W4 in Westerlund 1 (Dougherty etlal. 2010). Here
[2c the spectrum of the 8d, model withM increased by a factor we find that the 18V, rotating model has a quite strong wind
of two (orange), while the other parameters are kept fixethWi at the pre-SN phase withl = 1.7 x 10> Myyr~1. This is well
out further evidence for a larger (or lowdy) at the WO stage in line with the values quoted above for YHGs, which makes it
and for consistency with the stellar evolution models, weseh very likely that an extended atmosphere is present. In @it
to keep the values dl used in the Geneva code and quoted ithe model is also extremely bright (Sect. 7). Therefore, vee p
Table2. pose a YHG classification with spectral type G1 fallowing

The optical spectra of the 2@, and 25M, rotating models theTes vs. spectral type calibration of Kovtyukh (2007).
are presented in Figl 3a. They have been discussed in Grah et a
(2013), where we have shown that these stars, at the pre-
stage, look much alike LBVs such as AG Qar (Groh €t al. 200
2011), HR Carl(Groh et 41. 2009a), P Cydni (Najarro &t al. 199M0w that we have determined the spectral type of core-cedlap
Najarro 2001), and HDE 316285 (Hillier et'al. 1998), amongN progenitors in the initial mass range of 9-129 we would
others. Their optical spectrum is dominated by strong lioes like to know to which kind of SN they lead to. Ideally, one
H, Her, N1, and Fen, often with P-Cygni profiles. would need to use the progenitor structure from our steftacs

Figure[3b shows the optical spectrum of the pre-SN rotatimgre models as input for hydrodynamical and radiative trans
28 M, model, which has strong Hédines with P-Cygni profiles. fer simulations of the SN (if one indeed occurs). This is well
Moderate Her 14686 and Siv emissions are also present, whildeyond the scope of this paper, and here we use the chemi-
N1 and Nm lines have similar strength. This seems to be a tragal structure of the progenitor (in particular H and He) as a
sition spectral morphology between a WN10 and WN11, withodiagnostic for the SN type. As has been discussed by others
the sufix 'h’ since H lines are clearly not present. (e.g.,Heger et al. 2008, Georgy etlal. 2009, Dessart et &ll,20

In Fig.[3c we display the optical spectra of rotating mockEldridge et al. 2013), this is a challenging task, since ds$
els with 32My < My < 120 M, at the pre-SN stage. Theyfully understood how much H exists in the ejecta of SN IIP, lIL
show broad emission lines of wA3811 and Gv 15808, which and Ilb, and the He content in SN Ib and Ic. Here, we assume
also implies a WO1-3 classification. The spectral morphplothe initial mass ranges for theftiirent kind of SNe determined
is similar to the non-rotating WO models. The rotatingl2 by |Georgy et al.| (2012), using the chemical abundance iiter
model has a strong-lined spectrum, which resembles the al-noted in Sedt] 3 of the present paper. The analysis thatfol
served Galactic WO stars. The 40, 60, 85 and R0models below has also the caveat that we assume that all core oellaps
have much weaker emission lines. Again, this may be a reasfents lead to a SN, even if a black hole is formed. In addition
effect, which would make challenging to detect the more mass shown by Georgy (2012), mass loss during the RSG phase
sive rotating models owing to their weak lines. Alternaljy® has a S|gn|f|cant impact in the position of the star in the HR di
could be underestimated in the models. agram at the pre-SN stage. Here, we analyze only models with

While we did not compute spectra for the models that etlkde standard mass-loss rate during the RSG phase as ddscribe
up as RSGs, both non-rotating and rotating models become hoiEkstrom et al.|(2012).
ter for largerMi,;. The relationship between spectral types and Our results are summarized in Hig. 4, which presents the dif-
Ter Of RSGs has been the subject of debate recently. Using feeent channels that link the spectral type of SN progesitor
most recent calibration for Galactic RSGs from Levesqué/et the core-collapse SN types. The mass ranges of progeretuis |
(2005), we find that the SN progenitors from non-rotatingsstaing to the diferent SN types are also shown in parenthesis. In
have spectral types that range from M5 INR model) to M1 some cases, it is possible that progenitors wiffedent spectral
I (20 M), while the spectral type of the rotating models lie baypes lead to the same SN type. We then assume a Salpeter-type
tween M4.5 | (9M, model) to M2.5 | (15M,). However, the initial mass function to obtain the fraction of the SN proigers
recent results from Davies et dl. (2013) casts serious daubt that come from the dierent channels.
the validity of theTes — Spectral type calibration of RSGs, both  We first discuss the results of the rotating models. We ob-
for the LMCG/SMC and for the Galaxy (B. Davies et al., privateained that 100% of the SN IIP progenitors are RSGs. For the SN
communication). Therefore, we quote the spectral typesS@®& IIL /b progenitors, we found that 44% of them are YHGs while
as “K-M 1" 56% are LBVs. Our definition supposes that SN progenitons wit

As described in Sedtl 4, the rotating I8, model is a yel- 4500< Teg < 7000 K are YHGs and, since there is an overlap in
low luminous star at the pre-SN stage, wik = 5382 K and spectral type between LBVs and YHGs, we stress that the num-
L, = 15x 10° L,. We shall comment on its spectral typebers above are indicative only. The progenitors of SN Ib are i
even though we are not able to compute a synthetic spectriima vast majority WN 10-11 stars, with only 4% coming from
for this model since itsTes is too low for a CMFGEN anal- WO stars. Our models indicate that the SN Ic progenitorslare a
ysis. Stars finishing their lives as yellow luminous stargehaWO stars.
been customarily classified as yellow supergiants (YS@)esg. Interestingly, the 284, model, which has an LBV spectrum,
Elias-Rosa et all (2009, 2010); Fraser etlal. (2010); Mat@adi e is at the transition where stars lose all the H envelope pitere
(2011); Georgy'(2012). However, we suggest here that somesefts likely a transition between an SN Mland SN Ib. It thus

1 SN types associated with the progenitors
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IIL/b progenitors 100% of the progenitors being WO stars. These stars present a
‘ WO-type spectrum only during a very short period preceding

{ (19-25.0 M) their core collapse, therefore this finding is not in concidn

with the fact that WO stars are very rare stars (see Bect. 9).

Rotating models

6.8-19 Ma)
5.2. Linking the interior properties of SN progenitors and

/ Ib progenitors their spectra

IIP progenitors . ) . ) )
WN10-11 Having determined the SN type associated with each progeni-

ok tor spectral type, let us investigate how the interior gtrcee of
(25.0-30.1Me) SN progenitors is related to their spectra. Figure 5 presient
a schematic way both the spectral appearances of five stlecte
supernova progenitors (upper panel), together with inédiom
about their internal structures (lower panel).
\ Looking at the structure, we readily note that despite their
different surface properties and spectra, all progenitor nsodel
have an He-free core extending over a radius of a few huriisedt
of R,. The outer layers of the He-free cores are made up of C
and O produced by the He-burning reactions. For this reason,
this region is called the carbon-oxygen core. Of course &g v
central part of this zone is no long composed of C and O, since
the advanced stages have further processed these elemtents i
. 1IUb progen heavier species.
Non'rOtatmg models e We sepe that the carbon-oxygen cores vary in size from two
w to nine times the radius of the Earth when going from the pro-
(i) (83-320M9) - ganitor that is a RSG to the one that is a WO. At this stage, this
nea part of the star is already _sustained at least in part by.rellect
O (15 - 23 o) degenerate pressure (remind that a white dwarf has typite|
mass of the Sun locked into a sphere having the radius of the
Earth). These cores have masses well above the Chandrasekha
mass and are on the verge of collapsing under ffexeof their
own gravity.
Let us now consider the three models associated to the LBV,
YHG and RSG progenitors. Interestingly, the radii of therklef
cores (i.e. He cores) are very similar in the three modelsaed
2‘1‘8@;’_4??2%%2; equal to a few tenths of solar radius. As a rule of thumb, we
see that the H-free core is roughly one order of magnitudgetar
than the He-free core.

In contrast with the cores, the envelopes of the these three
progenitors dier greatly. While in the RSG progenitor, the en-
velope contains more thanM., and is quite H-rich, the one in
the YHG only comprises a fraction of a solar mass and is much
less H rich. The trend continues with a decrease of the mass of

Fig. 4. Diagram illustrating, for dferent core-collapse SN types, theithe envelope and its H content when one passes from the YHG
relative rates and the types of progenitors and their reéspeftequen- to the LBV progenitor.
cies. Initial mass ranges (indicated in parenthesis) andyphlis are Strikingly, the extensions of the envelopes of the RSG and
based on the criteria outlined(in Georgy etil. (2012), assgithat the yHG are not so derent and are equal to a few hundreds of
?Aglﬁurzra;%ugwoefrHangI;hreef?retcotarottoat?r:c’d;:g r;"‘or?_'?' c@;gﬁﬁ(ﬁﬁ solar radii, while as we have just noticed their masses and H
respegt?vely P g ' contents are very fferent. This also illustrates th_e fa(_:t that re-
' moving a large part of the H-envelope and reducing signifigan
its H content is not sticient to make the star evolve back to the
. . blue part of the HR diagram. For this to occur, strong mass los
seems that there is a parameter space where a small fraftiop @eeded, so the H content of the envelope is reduced to a few
stars with spectral type similar to LBVs could explode as S\ ndreths oM, This is well confirmed by many previous works
Ib. This is of interest to explaining the progenitor of SN Bf) (Giannong 1967: Vanbeveren etlal, 1998: Salasnich et af:;199
which had an outburst a few years before core collapse Wayghn & Cantiello 2010; Georgy 2012; Meynet eflal. 2013).
type Ibn (Pastorello et al. 2007). As said above, if the reduction of the H-rich envelope con-
For the non-rotating models, the nature of the SN IIP progetinues, the star will evolve in the blue becoming an LBV or a
itors is unchanged, with all of them being RSGs. However, W§¥R star. We see that our LBV progenitor has a structure not so
found that SN IIl/b progenitors could come from RSGs (54%flifferent from the YHG except for the fact that the LBV has a
or WN11HhLBYV stars (46%). The nature of the SN Ib progenitorseeduced H-rich envelope.
is changed, but the majority of the progenitors are sti# MtN The LBV and WNL progenitors have similar structures and
(WN 7-8) stars, and 28% are WO stars. The nature of the SNsImilar radii, while a drastic change in radius occurs whea o
progenitors is unchanged as compared to rotating modetls, wiasses from the WNL to the WO progenitor. Note that H content

WO 1-3
T/ (82.0-88.7 Mo)

(8.0-16.8 Mo)

lc progenitors

(30.1-82.0 Mo)
(88.7-120.0 Ma) |

IIP progenitors

(32.0 - 45.0 M)

(8.0 -19.0 Ma)
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of the outer layers seems to be one of the key factors leadingrt previous works that stars witKs, < 10°> would be WNE
these various supernovae progenitors. The sequence oflsnodtars. With the spectra computed here, we show that this as-
from right to left corresponds to a decrease of H in the emp&lo sumption is not necessarily true, and that WNL stars can also
It seems that the passage from red to blue (and from blue yo vhave Xs;t < 107°. This was also found in previous works that
blue) does not occur gradually but rather in a very sharp mananalyzed observed WNL stars, such as WR 123 (Hamann et al.
when some limit in the H surface content is reached. 2006). The main parameter that determines whether thesstar i
WNE or WNL is Teg, which regulates the He and N ionization

) ) structures in the wind and ultimately sets the spectral bfjibe

6. Spectroscopic vs. chemical abundance star (Hilliel[1987).

classifications of massive stars For the rotating 32 —1201, and non-rotating 60—12®,,

We computed here, for the first time, the fundamental paraﬁq.-OOIeIS we obtain a WO spectral type. This is also in contrast

eters and observables of SN progenitors across a broad rrgt'yé previous estimates, that have commonly associated a WC

range, based on evolutionary calculations. Not surprigjtguv- :rfsleﬁscg]sl%n g) ;hned ?—|Ne pég?l?er;'g%s(jitgs;gsarrl‘teh detr?;trf:(\:/?/gbslijb-
ing a spectrum allows a much more precise determinationeof $ '

: . : Id only appear when ¢O)/He> 1.0 (by number) at the
spectral type of the SN progenitors, using the same obsemaht ype woud ol - 4 Sy ;
criteria employed for classifying the spectra of real stirss al- surfacel(Smith & Maeder 1991), i.e., that a significant O@mnri

lows a refined understanding of which kind of single stard W@;ent would be responsible for the appearance of the WO sub-

be progenitors of the fierent types of core-collapse SNe pe. Here we find that, once a minimal amount of O is present
In previous studies, the properties of core-collapse SN pl.%t the surface, the WO subtype arises mainly because of ion-

; ; ; - ization dfects. The extremely highe; of stars at their end is
genitors, such as their spectral type, were estimated dioepr > ;
to the surface chemical abundances, luminosity, and tefmpé’ygtziigre(;dt%%es\}gesggadéS%[ﬂg?é%f’fﬁee;?]'g’\?v'%r;:g%gggzelI
ture (Georgy et al. 2009, 2012). These were accomplished ustt . type. ' o
the relationship between spectral types and surface abuedaevomt'on models predict, even at solar metallicity, thaD\&tars

: re the end stage of stellar evolution for the most massars,st
] 9 e . ’
fromISmith & Maederl(1991) and Meynet & Maeder (2003), a%t least up to 120/,. Also, we note that WO stars arise both

follows: from non-rotating and rotating stars, although the masge at

— RSGs have lod{g/K) < 3.66; which they appear is tighter for non-rotating (60—229) than

— O stars have a surface hydrogen mass fractipn- 0.3 and for rotating stars (32-128l,). However, since rotating stars are
log(Tex/K) > 4.5; more luminous than non-rotating stars of the same massythe |

— WR stars have lo@{;/K) > 4.0 andXy < 0.3; minosity range in which WO appears is similar for rotatinglan

— WNL stars are WR stars witky > 107°. non-rotating models.

— WNE stars havéXy < 107 and a C surface abundanke In a further work, we shall compute the output spectra for
lower than the 0.1 times the N surface abundaxge all the evolutionary stages from the Zero Age Main Sequeoce t

— WNC stars havéy < 107° and§—§ =0.1to0 10; core collapse. This will allow us to provide the evolutionaon-

— WC stars hav&y < 10°%, X > Xy, and surface abundancedections of the spectral types as they are predicted byehieak
(by number) such a§9 < 1; models for single stars.

— WO stars havéy < 1075, Xc > Xy, and <2 > 1.

In Table[3 we show how our refined spectral type C|aSSi]7I-' Absolute magnitudes, colors, and bolomeiric

cations compared to those frém Georgy étlal. (2012). The-abun COrrections of SN progenitors

dances at the surface, which were the main criterium useddgrtunately, a significant amount of archival high spateso-
previous evolutionary studies, are also shown. Importéfftrd |ytion imaging data exists. When a SN occurs, these archival
ences between our spectral type determination and previ®ss gata can be used to search for the SN progenitor and obtain its
can be readily noted, and we comment on them below. magnitudes, or at least to derive lower limits. Here, we @més
Starting from models with the lowest initial masses, we nofetheoretical database to aid the comparison between the end
that RSGs were not classified in spectroscopic subtypesein pitage of the Geneva evolutionary tracks and observatioS$lof
vious stellar evolution studies. For the 20 and M5 rotating progenitors. We performed synthetic photometry of our So¢ pr
models, we have determined that a spectral type reminiscgBhitor models using the Chorizos code (Maiz-Apellaniz300
qf LBVs is found. However, we see that a spectral classn‘lcgdopting its built-in passband and zero point definitiorat th
tion of a late-type WN star (WNL) was suggested before. Thigere obtained from Cohen et dl. (2003); Maiz Apellahiz (9006
was because, in the absence of a spectrum, it was assumecig'eﬁjerg & Bergeron (2006); Maiz-Apellahiz (2007).

stars withTeg > 20000 K and H surface abundancés(y) For a given filterP, the absolute magnitude#l) in the
greater than 16 would be WNL stars (Meynet & Maeder 2003;mqdified Vega magnitude system are

Georgy et all_ 2012). In_Groh etlal. (2013) we showed that the

20 and 25M,, rotating models actually resemble LBVs rather f P()F(2)2da
than WNL stars. The WNLs with the latest possible spectrilr = —2.5l0g;, BIF idi ZPp, (1)
type (WN11lh) haveTeg > 25000K, which is well above the [ P)F 1vegdA)

Ter >~ 20000 K found for the 20 and 28, rotating models at yhere 1 is the wavelengthP(1) is the sensitivity curve of the
the pre-SN stage. The non-rotating B model is a transition systemF, is the model flux at 10 pd;,;vegais the flux of Vega
between an LBV and a WN11h spectral type. scaled to a distance of 10pc, andwZP the zero point.

For higher initial masses, we show here that a WN 7—-8 Spec- The polometric magnitudesvi,) are computed with the

tral_ type is found for the 32 and 4Bl non-rotating models, ;g al relationship, assuming that the sl is 4.74 mag:
while|Georgy et al.[(2012) suggested an early-type WN (WNE)

classification. This dference stems from the assumption mad€p, = —2.5l0g;o L« + 4.74, (2)
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Fig. 5. Top: Spectral energy distribution of selected models, showilgGastar withTes ~ 154000 K (our 32V, rotating mode; cyan), a WNL
star of spectral type WN10-11 wifiy ~ 26800 K (28M,, rotating model; blue), and an LBV witfigz ~ 20000 K (20M,, rotating model;
green ). We stress that we do not compute model spectra of R&@HGs in this paper. To illustrate the SED of these objegtsalso overplot
MARCS model spectra of a RSG wilhy; = 3600 K and luminosity scaled tio, = 1.2 x 10° L, (red), and of a YHG withl¢ = 5250 K and
luminosity scaled th., = 1.5x 10 L, (yellow). All fluxes have been arbitrarily scaled to a distanf 1 kpc. The upper inset shows the normalized
bandpasses of tHéBVRI JHKs filters. Bottom: Schematic illustration of the interior structure of the Sidgenitors for which spectra are shown
in the upper panel. We show the Lagrangian mass coordindtes gfrogenitor in the y axis and the extension of the layarslifterent chemical
elements (H, He, metals) and the baryonic remnant mass (gechps in Hirschi et al. 2005). The radius of selected siwiiglicated on the left
side of each sub panel, while the spectral type, SN type,ratidlimass of the progenitors are indicated immediatetyvalthe interior structure.
The chemical abundances (by mass) are color-coded in blyedtH(He), and grey (metals).

and bolometric corrections in a given filte(BCp) are then ob- 2 (WFPC2)F170W, F300W, F450W, F606W, F814wW, and

tained using 2MASSJ, H, andKs, as can be seen in tablgs 4 ahd 5.
BCp = Myo — Mp. 3) Figure[® (top panel) presents the spectral energy disimibut

of selected SN progenitor models, covering the rangkyjrex-
To illustrate the wavelength dependence of the absolute magpred in this work. The behavior of the absolute magnituades
nitudes and bolometric corrections of our SN progenitor el®d bolometric corrections as a function of initial mass is theg-
we quote them in the following filters: Johnson-CousiBVRI, ulated by how much flux from the star falls within the passband
Hubble Space Telescope (HST)/Wide Field Planetary Cameraof a given filter. The shape of the spectral energy distriuti
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Table 3. Surface chemical composition and comparison of spectpaistyf core-collapse SN progenitor with previous studies.

Mini Xsurf Ysurf Csurf Nsurf osurf Previous Sp TYFfe New Sp Type SN tyﬁe
(M) (mass) (mass) (mass) (mass) (mass) (Chem. Abund.)
non-rotating models

9 0.68 0.31 1.810° 3.0x10° 4.4x<10° RSG K-MI 1P
12 0.68 0.31 1.810°% 2.5x10°% 4.8x10°3 RSG K-MI 1P
15 0.65 0.34 1.410°% 3.2x10°% 4.4x10°3 RSG K-MI 1P
20 0.48 0.51 8410° 6.9x10° 1.6x10°3 RSG K-MI IIL/b
23 0.31 0.67 6.410° 8.1x10° 1.5x10* RSG K-MI IIL/b
25 0.16 0.83 6.810° 8.2x10° 1.1x10* WNL WN11h/LBV IIL /b
32 0.00 0.99 14104 8.1x10°% 1.0x10* WNE WN 7-80 b
40 0.00 0.99 9.510° 8.2x10°% 9.210° WNE WN 7-80 b
50 0.00 0.19 0.46 181075 0.33 wWC WO 1-3 Ib
60 0.00 0.27 0.51 0.00 0.20 wC WO 1-3 Ic
85 0.00 0.25 0.49 0.00 0.25 wcC WO 1-3 Ic
120 0.00 0.24 0.46 0.00 0.29 wC WO 1-3 Ib

rotating models, initialot/verit = 0.4
9 0.64 0.35 6.210% 3.8x10° 4.4x10°3 RSG K-MI 1P
12 0.64 0.35 6.10* 3.9x10° 4.2«10°3 RSG K-MI 1P
15 0.56 0.43 4910% 4.7x10° 3.5x10°3 RSG K-MI 1P
16.5 0.55 0.44 48104 4.8x10° 3.4x10°° RSG K-MI 1P
18 0.38 0.61 4910° 7.0x10° 1.4x10°3 RSG Glla* IIL/b
20 0.24 0.75 6.210° 7.8x10° 4.9x10* WNL LBV IIL /b
25 0.03 0.93 168104 1.6x10°% 6.5x10* WNL LBV b
28 0.00 0.97 9.810° 1.0x102 1.2¢10°3 WNL WN 10-11 b
32 0.00 0.28 0.47 221078 0.23 wC WO 1 Ic
40 0.00 0.28 0.50 401075 0.20 wcC WO 1-2 Ic
60 0.00 0.28 0.49 0.00 0.21 WwcC WO 1-3 Ic
85 0.00 0.26 0.47 0.00 0.25 wC WO 1-3 Ib
120 0.00 0.26 0.49 0.00 0.23 wcC WO 1 Ic

Notes.® From.Georgy et all (2012).

depends on thefkective temperature, luminosity, and wind denredder filters. This is explained by the hugéfelience inTeg
sity. Therefore, not necessarily the most massive and lousin between WOs ~ 145000- 175000 K) and RSGs~( 3480—

stars are the brighter ones in a given filter. This has also b&¥40 K). While the earlier emits the bulk of their flux in the
discussed by Eldridge etlal. (2007) in the context of the cnmpfar-UV, RSGs emit most of the flux in the near-IR (Hig. 5). The
ison between RSGs and super Asymptotic Giant Branch stafdO stars have similar absolute magnitudes, with the exaepti
Figure[® shows the absolute magnitudes in the WFPC20W  of the non-rotating 1201, model, which is significantly more
andUBVRI JHKs filters as a function of initial mass. The sym{uminous & 0.8 — 1.3 mag) than the other WO models.
bols are coded according to the progenitor spectral typseiirg In the V-band, we predict that the brightest SN progenitors
SN type, and the evolutionary model type used (rotating or nashould be the 184, rotating models (YHG) and 2Bl non-
rotating). rotating model (RSG). They are followed by the Bf), and
Let us look at the absolute magnitudes and BCs of the 18 M, rotating models, and by the non-rotatingk2@ model. In
progenitors and how they broadly vary according to the iniheR- andl-bands, RSGs are the brightest progenitors, followed
tial mass and wavelength. In general, we find that the RS@g YHGSs, LBVs , WN8s, and WOs. In the near-infraréid Ks,
(red symbols) are bright in thel JHKs filters and faint in the RSGs are even brighter than the other classes of progenitors
F170wW andU B filters. LBVs (green symbols), YHGs (yellow),  For progenitors in the RSG regim®lf = 9 — 15M), the
and WNs (blue) are relatively bright in all filters, while WOson-rotating models are systematically fainter than thatirog
(cyan) are faint in all filters, with the exception of tRedl70N models at the same initial mass. Thdfelience in magnitude
filter. can be up to 0.7 mag, as in the case of theMb model in
We obtain that the brightest SN progenitors in €70V the V-band. The 29V, non-rotating model is about one mag-
filter are the 2QM,, (LBV), 25 My, (LBV), and 28M, (WN10— nitude fainter than their rotating counterparts. Congrsbe
11) rotating models, and the 32 and ¥} non-rotating mod- non-rotating 32V, and 40M; models are significantly brighter
els (WN7-80). They are followed in brightness by the 32in UBVRI than the respective rotating models at the same ini-
120Mgrotating models and 50-120 non-rotating models, whi¢tal mass, since the non-rotating models are significardbjer
are WOs. The RSGs are the faintest progenitors in thesesfilte(spectral type WNB8) than the rotating models (spectral type
In the U and B bands, the brightest models are the 18, 28YO1). Between 6(M;, and 85My, the non-rotating models
25, and 28\, rotating models, which havdy = —6.05, —-7.92, are slightly fainter than the rotating ones, while the notating
-8.30, and-7.83 mag, respectively (Fifl 6). They are followed20M, model is about 2 mag brighter than the rotating M20
by the 25, 32, and 40/, non-rotating models (WN8W, = model.
—7.47,-6.76, and-7.09, respectively). In th&J-band, the 32 We present in Fid.]7 the bolometric corrections in thiged
and 120M,, rotating models (WOSs) are brighter than the rotatingnt bands as a function of initial mass. These can be employed
9-15 M, models (RSGs), while the situation is reversed in the obtain the bolometric luminosity in the cases where olzser
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Fig. 6. Absolute magnitude of SN progenitor models as a functiomitfal mass, in the WFPGE170W and UBVRI JHKs filters (from top
to bottom, left to right). We employ a three-dimensionalesole to label the symbols, according to the progenitor spettpe, SN type, and
evolutionary model type (see lower panel). The progenipectal type is color coded, with cyan symbols correspanttinVOs, blue to WNL,
green to LBVs, yellow to YHGs, and red to RSGs. The SN type @edoas the geometry of the symbol, with circles depictingenitors of SN
Ic, squares of SN Ib, diamonds of SN JH, and triangles of SN IIP. The evolutionary model type isembds open (without rotation) and filled
(with rotation) symbols.

tions were performed in a single band, and one has indicatibn|Eldridge et al! 2013). Our results show that the progenitdrs
the nature of the progenitor. As one can see, the largestrta#io SN IIP (triangles in Fig[16) are the faintest progenitorshe t
ric corrections (in modulus) are found for the WO stars, sind=170W andU filters, becoming brighter in the red filters, and are
they have most of their flux emitted outside the bandpasseof the brightest ones in thelHKg filters. This is because they are
UBVRI filters. RSGs, which have the peak of their flux emitted in tlélKs

Figure[8 shows color-magnitude diagrams for the SN préikers (Fig[5). Starting from thB-band, even the faintest SN IIP
genitor models discussed here. We can see that the progenipoogenitors havdl,, < —5 mag, and thus should be the easiest
from stars with higher initial mass\i,; > 20M,) are blue and to be detected iRl JHK.

have n ivéJ — B, B-V, andV - | colors, since th r . . .
ave negative) ’ , and colors, since these are As found in previous studies (e.d., Humphreys & McElroy

LBVs, WN8s, and WOs, all with relatively high values of;.

They are well separated in color from the SN progenitors fro

stars withMjni < 20M,,, which are either RSGs and thus prese
red colors, or are YHGs, filling the gap between red and bl
stars.

8. Detectability of core-collapse SN progenitors
8.1. Progenitors of SN IIP

1984; [ Levesque et al. 2005; Davies €tlal. 2013), the absolute
agnitudes of RSGs in a given filter significantly change as
function of temperature and luminosity. Since these afé we

correlated with the initial mass, one can use the absolutg ma

nitudes of SN progenitors that were RSGs before the explo-
sion to estimate their initial masses. Here we provide imat
ships betweeiM;, and absolute magnitudes that should be ap-
plied to de-reddened photometry, keeping in mind that tke re
dening may be uncertain towards RSGs, which coutéca

Volume-limited SN surveys show that SN 1IP should be thiae determination of the de-reddened photometry from the ob
most common type of core-collapse SN, corresponding totabsarvations|(Kochanek etlal. 201.2; Walmswell & Eldridge 2012
48-55% of the total of core-collapse SNe (Smith et al. 2011Ravies et al. 2013). Figufe 9 shows the variation of the alsol
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Fig. 7. Similar to Fig[®, but showing the bolometric correctionsadanction of initial mass of the SN progenitors.

Table 4. Absolute magnitudes of the SN progenitor models iffiedent filters: Johnson-CousitsBVRI, HST/WFPC2 F170, F336W, F450W,
F555W, F606W, and F814W, and 2MASSIKs.

Mini Sp. Type My Mg My Mr M Mz170 M3z Maso Msss Meos Ms14 M; My Mk
(Mo) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (magimag) (mag) (mag) (mag)
non-rotating models

9 K-MI -0.67 -2.65 -4.21 -5.41 -6.98 -1.77 -0.43 -3.04 -4.19 -4.79 6.92 -8.51 -9.43 -9.71
12 K-MI -0.95 -3.16 -4.81 -5.90 -7.25 -2.08 -0.73 -3.57 -4.81 -5.38 7.19 -8.66 -9.56 -9.82
15 K-MI -1.57 -3.82 -5.49 -6.56 -7.86 -2.70 -1.36 -4.24 -5.49 -6.06 7.8% -9.26 -10.14  -10.40
20 K-MI -2.54 -5.02 -6.76 -7.69 -8.67 -3.60 -2.27 -5.46 -6.77 -7.30 8.63 -9.92 -10.73  -10.97
23 K-MI -4.25 -6.41 -7.90 -8.56 -9.14 -4.28 -3.47 -6.84 -7.90 -8.30 9.13 -10.07  -10.63 -10.78
25 WN11HLBV -1.47 -6.38 -6.17 -6.14 -5.99 -8.76 -7.95 -6.38 -6.22 26. -6.01 -5.81 -5.75 -5.85
32 WN7-80 -6.76 -5.61 -5.48 -5.45 -5.47 -8.67 -7.27 -5.62 515. -5.50 -5.48 -5.45 -5.55 -5.70
40 WN7-80 -7.09 -6.11 -5.85 -5.91 -5.86 -8.98 -7.61 -6.12 9%5. -5.93 -5.91 -5.91 -5.98 -6.14
50 WO1-3 -4.30 -3.15 -3.07 -3.09 -3.19 -6.17 -4.68 -3.20  33.1 -3.10 -3.19 -3.35 -3.58 -3.83
60 WwO1-3 -3.79 -2.69 -2.58 -2.61 -2.71 -5.84 -4.22 -2.74  62.6 -2.62 -2.71 -2.85 -3.07 -3.29
85 WwO1-3 -4.29 -3.18 -3.09 -3.12 -3.22 -6.31 -4.73 -3.23  63.1 -3.13 -3.21 -3.37 -3.59 -3.82
120 WO1-3 -6.20 -4.62 -4.15 -4.14 -4.20 -7.65 -5.89 -4.70 264. -4.18 -4.19 -4.29 -4.38 -4.48

rotating models, initiabyot/verit = 0.4

9 K-MI -0.83 -2.95 -4.57 -5.70 -7.13 -1.95 -0.60 -3.36 -4.56 -5.14 7.07 -8.59 -9.49 -9.76
12 K-MI -1.44 -3.62 -5.27 -6.36 -7.73 -2.56 -1.21 -4.03 -5.26 -5.84 7.68 -9.16 -10.05 -10.31
15 K-MI -2.11 -4.46 -6.17 -7.18 -8.36 -3.23 -1.89 -4.89 -6.18 -6.73 8.32 -9.70 -10.56  -10.81
16 K-MI -2.19 -4.56 -6.28 -7.28 -8.42 -3.30 -1.96 -5.00 -6.29 -6.84 8.37 -9.74 -10.59 -10.84
18 Glla* -6.05 -7.11 -8.11 -8.56 -8.97 -4.34 -5.14 -7.41 -8.11 -8.39 8.96 -9.52 -9.83 -9.91
20 LBV -7.92 -6.90 -6.76 -6.79 -6.71 -8.82 -8.37 -6.92 -6.81 6.83 -6.73 -6.67 -6.72 -6.90
25 LBV -8.30 -7.26 -7.15 -7.24 -7.13 -9.32 -8.74 -7.30 -7.21 7.25 -7.17 -7.24 -7.32 -7.64
28 WN10-11 -7.83 -6.72 -6.54 -6.56 -6.42 -8.92 -8.31 -6.73 .596 -6.58 -6.47 -6.38 -6.38 -6.68
32 wOo1 -4.49 -3.01 -2.57 -2.59 -2.68 -6.08 -4.27 -3.09 -2.72 2.6 -2.67 -2.78 -2.87 -2.95
40 WO1-2 -3.81 -2.69 -2.56 -2.59 -2.69 -5.86 -4.21 -2.74  52.6 -2.60 -2.68 -2.81 -3.02 -3.23
60 WwO1-3 -4.09 -3.00 -2.92 -2.95 -3.06 -6.11 -4.55 -3.05 929 -2.96 -3.05 -3.22 -3.44 -3.68
85 WO1-3 -4.55 -3.47 -3.39 -3.43 -3.54 -6.53 -5.00 -3.51 634 -3.44 -3.54 -3.72 -3.95 -4.20
120 WO1 -4.09 -3.00 -2.92 -2.95 -3.06 -6.11 -4.55 -3.05 -2.99-2.96 -3.05 -3.22 -3.44 -3.68
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Table 5. Bolometric corrections of the SN progenitor models iffetfient filters: Johnson-CousiisBVRI, HST/WFPC2 F170, F336W, F450W,
F555W, F606W, and F814W, and 2MASSIKs.

Mini Sp. Type BCy BCg BCv BCr BC, BCi7o BCsss BCaso  BCsss BCeos  BCsis  BC BCh BCk
(Mo) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (magimag) (mag) (mag) (mag)
non-rotating models

9 K-MI -6.08 -4.10 -2.54 -1.34 0.23 -4.98 -6.32 -3.71 -2.56 -1.96 170. 1.76 2.68 2.96
12 K-MI -5.97 -3.77 -2.11 -1.02 0.32 -4.84 -6.19 -3.35 -2.12 -1.54 270. 1.74 2.63 2.90
15 K-MI -5.95 -3.70 -2.03 -0.96 0.34 -4.82 -6.16 -3.28 -2.03 -1.46 290. 1.74 2.62 2.88
20 K-MI -5.68 -3.20 -1.46 -0.53 0.45 -4.61 -5.94 -2.75 -1.45 -0.92 420. 1.70 2.51 2.75
23 K-MI -4.24 -2.08 -0.59 0.07 0.66 -4.20 -5.02 -1.64 -0.59 -0.19 40.6 1.59 2.14 2.30
25 WN11HLBV -1.23 -2.33 -2.53 -2.57 -2.72 0.05 -0.75 -2.32 -2.48 @®.5 -2.70 -2.90 -2.96 -2.85
32 WN7-80 -2.42 -3.57 -3.70 -3.72 -3.70 -0.51 -1.90 -3.55 663. -3.67 -3.70 -3.72 -3.63 -3.48
40 WN7-80 -2.38 -3.36 -3.62 -3.56 -3.61 -0.49 -1.86 -3.35 503. -3.54 -3.56 -3.56 -3.49 -3.33
50 WO1-3 -5.64 -6.78 -6.87 -6.85 -6.75 -3.76 -5.25 -6.74  16.8 -6.83 -6.75 -6.59 -6.36 -6.11
60 WO1-3 -5.68 -6.78 -6.89 -6.86 -6.76 -3.63 -5.25 -6.73  16.8 -6.85 -6.76 -6.62 -6.40 -6.18
85 WO1-3 -5.85 -6.96 -7.06 -7.03 -6.93 -3.84 -5.42 -6.91 96.9 -7.01 -6.93 -6.78 -6.56 -6.32
120 WO1-3 -4.69 -6.26 -6.74 -6.75 -6.69 -3.23 -5.00 -6.19 636. -6.71 -6.70 -6.60 -6.51 -6.41

rotating models, initiabyot/verit = 0.4

9 K-MI -6.01 -3.89 -2.27 -1.14 0.29 -4.89 -6.24 -3.48 -2.28 -1.69 230. 1.75 2.65 2.92
12 K-MI -5.98 -3.79 -2.14 -1.05 0.32 -4.85 -6.20 -3.38 -2.15 -1.57 260. 1.74 2.64 2.90
15 K-MI -5.87 -3.52 -1.80 -0.79 0.39 -4.74 -6.08 -3.08 -1.80 -1.24 340. 1.72 2.59 2.84
16 K-MI -5.83 -3.46 -1.73 -0.74 0.40 -4.72 -6.06 -3.02 -1.73 -1.18 360. 1.72 2.58 2.82
18 Glla* -2.17 -1.11 -0.11 0.34 0.74 -3.89 -3.08 -0.81 -0.11 0.16 0.741.30 1.60 1.68
20 LBV -0.55 -1.57 -1.70 -1.67 -1.75 0.35 -0.10 -1.54 -1.65 .631 -1.73 -1.79 -1.74 -1.56
25 LBV -0.72 -1.75 -1.87 -1.77 -1.88 0.30 -0.27 -1.72 -1.81 771  -1.84 -1.78 -1.70 -1.38
28 WN10-11 -1.28 -2.40 -2.58 -2.56 -2.70 -0.20 -0.81 -2.39 532 -2.54 -2.65 -2.74 -2.74 -2.44
32 wo1 -4.59 -6.07 -6.51 -6.49 -6.40 -3.00 -4.81 -5.99 -6.36 6.47 -6.41 -6.30 -6.21 -6.13
40 WO1-2 -5.55 -6.68 -6.81 -6.78 -6.68 -3.51 -5.15 -6.62  26.7 -6.76 -6.68 -6.56 -6.35 -6.14
60 WO1-3 -5.90 -6.99 -7.08 -7.04 -6.94 -3.88 -5.45 -6.95 7.0 -7.03 -6.94 -6.78 -6.56 -6.31
85 WO1-3 -6.01 -7.09 -7.16 -7.12 -7.01 -4.02 -5.55 -7.04 067.1 -7.11 -7.01 -6.84 -6.61 -6.36
120 WO1 -6.00 -7.09 -7.17 -7.14 -7.03 -3.98 -5.54 -7.04 -7.10-7.13 -7.04 -6.87 -6.65 -6.41

magnitude in dierent filters of theHST/WFPC2 system, which models from_Ekstrom et al. (2012) with those from Fraser et al
is commonly employed in studies of SN progenitors, as a fun012), which in turn had employed non-rotating STARS msdel
tion of initial mass for the models that are RSGs at their er{ildridge et al. 2008).

stage. In most filters, one can clearly devise a linear variat

of the absolute magnitude as a function of initial mass, fmth itor is known, its mass can be estimated by employing Equatio

rotating and non-rotating models. We notice, however, that ,_q " <o ming it is a RSG. These relationships assume anat st
absolute magnitude of rotating models seem to presenteqmathave their terminus in the HR diagram witl andL, as pre-
and level 6 above 13M,. Therefore, we computed the fOIIOW'dicted by our evolutionary models. Under this assumptioa, w
ing least-square linear fits for rotating models, valid ia thnge

Once the absolute magnitude in a given filter of a SN progen-

M. < Mo < 15M. are thus able to constrain the mass of observed SN progenitor
© n o in a homogeneous way, as shown in [Elg. 9. Table 6 presents the
Mini(Ms) = —3.977— 3.903Mras0w (4) assumed distance, reddening, absolute magnitudes, asesas

timate of SN progenitors collected from the literature etbgr

Mini(Me) = —10.165- 3.753Mrg06w (5)  with our estimates. We consider here only progenitors that a
Mini(Mg) = —25.108— 4.827Meg14w (6) in galaxies consistent with solar metallicity, with Oxygeoun-
while for non-rotating models we found (valid in the ranggance (by number) of log (®) + 12~ 8.4 - 8.7.
M < Mini(Mg) < 23Mp): In the cases where a progenitor has been found, such
as SN 2003gdl (Smartt etigl. 2009; Maund etlal. 2013), SN
Mini(Mo) = —4.277— 4.480Mrasow (7)  2005cs/(Maund et &1, 2005a; Li etlal. 2006; Eldridge &t al.200
Mini (M) = —11.566— 4.346Mrgosw (8) Smartt et al. 2009), SN 2006my (Maund et al. 2013), SN 2009hd
Mini(Mo) = —32.822— 6.129Mrgraw ©) (Elias-Rosa et al. 2011), SN 2009md (Fraser et al. 2011), and

2012aw|(Fraser et al. 2012; Van Dyk ellal. 2012), our estimate

It is readily apparent that rotating and non-rotating medefor the non-rotating and rotating models brackett well takigs
follow different relationships. For the same mass, we find that derived by the Smartt group, which employ non-rotating SFAR
tating models are systematically brighter than non-rotathod- models. In the cases where only an upper limit to the absolute
els, in all filters. This is due to the rotating models haviighier magnitude of the SN progenitor is available, we derive in-gen
Ter and L, than non-rotating models at the same mass. Theal lower values for the upper initial mass limit, both fama
higherL, in rotating models is caused by the larger He corestating and rotating models. This results from the fact tha
in these models compared to non-rotating models. assume that RSGs at their end phase hayeandL, as pre-

Since it is impossible to distinguish, based on photometdjcted by our evolutionary models at the end of core-C bunin
only, whether a SN progenitor come from an initially rotatfTable[2). Conversely, while the Smartt group has also asdum
ing or non (slowly) rotating star, this implies a degenerbey that RSGs most likely explode at the end of their evolution,
tween the absolute magnitude at the pre-SN stage and the tineéy adopted a conservative approach to compute the progeni
tial rotation and initial mass of SN progenitors that wergdRS tor upper mass limit, taking into account that the star cadd
Because of this degeneracy, there is an uncertainty in the gually have exploded at any point after the end of core-Ha-bur
dicted initial mass of the SN progenitor. When analyzing thirg. Also, because rotating models are brighter than ndauing
progenitor of SN2012aw, Van Dyk etlal. (2012) reached a simodels of the same mass, our upper mass limit is lower for the
ilar conclusion when comparing their results based onirgjat rotating models.
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observed RSGs that underwent core-collapse SN.

8.2. Progenitors of SN Ibc Here, we showed more specifically that the progenitors of
SN Ibc are WO 1-3, WN7-8, WN10-11 stars, and computed
With our database of SN Ibc progenitor spectra and absoltiteir absolute magnitudes and bolometric corrections. W fi
magnitudes, we are able to assess their detectability witthm that, contrary to RSGs, the absolute magnitudes of the WOs
more realism than before. Previous works employed empiri¢hat are SN progenitors do not show a clear scaling withaihiti
calibrations of absolute magnitudes and bolometric ctioes mass. This happens because the models with highgfinish at
(Yoon et al. 2012; Maund & Smatritt 2005; Maund etial. 2005bigher luminosities but also at hotter temperatures. Tiusgiase
Crockett et all. 2007). More recently, Eldridge et al. (20&8)- in Te causes more flux to be emitted outside the optical and
ployed atmospheric models of WR stars from the Potsdam grawgar-infrared bands, which roughly compensates the ineriga
(Hamann et al. 2006; Sander elial. 2012) that were computedffax caused by the higher luminosity. Therefore, when phaiem
a range of physical parameters, but not self-consistenitlly wric observations of SN Ibc detect their progenitors, our aied
the evolutionary calculations. Here, our quantities ateutated predict that it will be challenging to assign a stellar masthw
self-consistently for each progenitor based on our contbétel-  similar precision as has been done for RSGs.
lar evolution and a;mosph_eric mod_el_ing.However, we rduié Let us investigate whether our SN Ib and SN Ic model
the caveats associated with classifying the SN type baséteon;, o 4enitors would be detectable in the available obsemati
chemical composition of the ejecta, and the challenges of 0fﬂ.;_a_ta. We adopt the observed magnitude limits compiled by
criminating between SN Ib and Ic based on the He abundaiggyigge et al. [(2013) of progenitors of 6 SN Ic, 3 SN Ib, and
(e.g.Dessart et al. 2011). The following discussion assuite 3 g |pc. In this context, a SN Ibc classification means that th
SN Ib have more than.6 M, of He in their ejecta, while quan- yistinction between a Ib or Ic classification is unclear.ufég
tities smaller than this would lead to SN lIc. [0 presents the observed detection limits in the absolute ma
So far, no WR star has been directly detected as a SN progeitude of SN Ic progenitors compared to the predictions of ou
itor (Smarit 2009; Eldridge et &l. 2013). Since single-stas- models in diferent filters. We find that all SN Ic model progen-
sive evolution models predict WRs as SN progenitors, the yitgirs would be undetectable in the available pre-explogion
non-detection may sound surprising. It has been propossd thges. Included in Fig._10 are also SN Ibc progenitors, shgpwin
binary evolution could be absolutely needed to explain thre-n that if these were SN Ic, their progenitors would be undetget
detections|(Smartt 2000; Eldridge etlal. 2013). Howeveangus too. In the case of the SN Ic progenitor with the deepest mag-
empirical bolometric corrections based on WR models froen tinitude limit available Mg ~ —4.4mag, SN 2002ap), our models
Potsdam group, Yoon etlal. (2012) suggested that at their guddict that even the brightest SN Ic progenitor would &tdl
stage, single WR stars have faint absolute magnitudes ioghe 1.5 mag fainter than the detection limit. Our conclusiorhiatt
tical bands, since they are extremely hot (lhg(K) > 5.0). SN Ic progenitors from single stars can easily evade detecti
This would make them undetectable in the optical pre-expios in pre-explosion images, since they have spectral type WD an
images of SN Ibc progenitors. are faint in the optic@NIR bands. This is because they are ex-
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Notes. References: S@Smartt et al.
LO7
M13

tremely hot at their endpoints, in agreement with the sutiges
from|Yoon et al. |(2012)Thus, our models of single stars are in
agreement with the lack of detection of SN Ib and I ¢ progenitors
at the current magnitude limit of the observations.

Our results are in contrast with the findings of Eldridge et al
(2013), who find a 13% of probability of non-detection of the
progenitors of SN Ib and Ic based on single star evolution-mod
els, and 12% non-detection probability based on binary evo-
lution models. The reason for this discrepancy is that we as-
sume, as in_Yoon et al. (2012), that stars will explode onthat
end point of the evolution predicted by stellar evolutiondno
els. Eldridge et al! (2013), on the contrary, assumes tleadttrs
can explode anytime after the end of core-helium burning. Ou
models predict that there is significant increase in tfiecéive
temperature of the star after the end of core-helium butning
so assuming an explosion before the end point of the evolutio
would underestimate the temperature of the progenitorpaad
estimate its absolute magnitude. Therefore, our modeMligire
much fainter progenitors than those from Eldridge et al1G)0

One may wonder what would be the maximum distance that
a SN Ic progenitor should be to be still detectable according
to our predicted absolute magnitudes. This obviously dépen
on the magnitude limits and the amount of reddening towards
the progenitor. For typical detection limits(= 24.5) and low
amounts of extinction (0.3 mag in a given band), this implies
a maximum distance to SN Ic progenitors of 2.7 Mpc for de-
tection. For a SN 2002ap—like detection limitg = 26.0 mag,
Crockett et al. 2007), the maximum distance would be 5.5 Mpc.
Obviously, these are upper limits that would decrease iptioe
genitor is seen under large extinction. We predict that itte |
iting magnitudes in the observations should be at least 2 mag
fainter than the current best limit in tHg&band to detect single
star progenitors of SN Ic at distances of 10—-20 Mpc.

The absolute magnitude of SN Ib progenitors from our mod-
els and the detection limits derived from observations hosva
in Fig.[11. In all filters, we see that the three observed magni
tude limits of SN Ib progenitors are brighter than the abisolu
magnitude predicted by our models of SN Ib progenitors. &her
fore, according to our models, the progenitors of SN 200MB, S
2011amand SN 2012au should not have been detected, in agree-
ment with the observations.

The magnitude limits of the progenitors of the SN Ibc SN
2004gt and SN 2010br are also show in Fig. 11. As mentioned
above, these are SNe where the classification is uncertain be
tween |b and Ic. Fig. 11 reveals that the progenitors of SNIg00
and SN 2010br could have been detected in pre-explosion im-
ages if they were progenitors of SN Ib. Since our models ptedi
some of the SN Ib progenitors to be much brighter than the SN
Ic progenitors, to determine the detectability of the protpe it
is thus of crucial importance to constrain the SN type betwbe
and Ic. To asses the detectablility of the progenitors of 8042t
and SN 2010br, we compute the probability that a SN progeni-
tor wouldnot be detected in available pre-explosion images. For
this purpose, we assume that the progenitor is randomlyrdraw
from the mass range that produces a SN Ib or Ic, a Salpeter IMF,
the initial mass ranges that generates SN Ibc from Georgy et a
(2012), and that half of the stars evolve from rotating statsle
the other half evolve from slow-rotating stars (thus démmtiby
our non-rotating models). We also linearly interpolate slya-
thetic model absolute magnitudes as a function of initiabsna
We obtain that the progenitors of SN2004gt and SN 2010br have
a probability of non-detection in the pre-explosion imagés
87% and 62%, respectively. As in the case of SN 2002ap, our
non-detection probabilities are higher than those conmtphte
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5 -6F 1 B8 Sf ; in paradigm supported by observations? Based on the spgctru
w4k 1 4 4F ] our models indicate that the WO phase is a short evolutionary
= opfe o 0] = :g  © 0 f L ? ] stage at the end, with duration of a few10000 years (Groh et
20 40 60 80 100 120 20 40 60 80 100 120 @l 2013, in preparation). The WC phase, on the other hamd, co
Mini (Msun) Mini (Msun) responds to where the star spends most of its He burning phase
. T oo and thus has a relatively long duration. Therefore, one dvext
& -8F i1 ® pect that WC stars are a large fraction of the total number&f W
A T v—— I 1 stars, while WO stars should be extremely rare. Indeed, but o
2 6 ] 2 e ] apopulation of 576 Galactic WR st@r®nly four WO stars are
3 4L ] known in the Galaxy (one of which is in a binary system). From
[T ] [T -4 1 . .
S 0o © o] < 0o © o a zeroth-order calculation of the expected ratio Mi® based
2 T T T TN e 2.1 onoour theoretical models and the predicted timescalesh(@ro
20 40 60 80 100 120 20 40 60 80 100 120  al. 2013, in preparation), one would expect 0.5 to 2% of tha to
Mini (Msun) Mini (Msun) WRs to be WOs. This is in line with the observed rarity of WO

Fig. 10. Absolute magnitude of our models that are SN Ic progenito%ars'
(open and filled cyan circles) compared to observed uppenituaip We plot the location of Galactic WO and WC stars in the
limit for different SNe Ic (colored horizontal dashed lines followed bR diagram in Fig[_I2, assuming the parameters determined by
shortened SN label) and SN Ibc (gray horizontal dashed)li@sen [Sander et al. (2012) and restraining the analysis to thectsbje
(filled) symbols correspond to non-rotating (rotating) rlsdFrom top with known distances. For simplicity, we plot thél, (com-
to bottom, we show the comparison between model and obg®msat i ted at a Rosseland optical depth of 20) as correspondthg to
Ifﬂtgr]se lil'g’fé' tﬁg?;‘ﬂ /g/:j/glz(ﬁg g;g&VYHngggﬁagﬁ?ﬁxvﬁ1T|d8,'i18|i4\’\8alues ofT, from our stellar evolution models. As discussed by
and Ibc y Sander et al. (20_12), th|s.assumpt|on could lead to unceiai
' of 0.1 — 0.2 dex inT,, which would not &ect our conclusions
below. We can immediately notice in Fig.]12 that the two ob-
Eldridge et al.|(2013), and the reasons are the same as for s&ived Galactic WO stars, WR 102 and 142 (filled blue cir¢cles)
2002ap. lie extremely close to the endpoints of the rotatingMg track
All in all, we see that the current non-detection of progenf{and to the non-rotating 68, track, not shown in Fig. 12; see
tors of SN Ib and SN Ic in pre-explosion images cannot be useg.[1). This would mean that their initial masses were atbun
as an argument to discard single stars as the progenitdresd t 40-60M,, while errorsin thé., andor T, determination would
types of SNe. The present discussion also shows that to resliift the initial mass between 32-124,, but still putting them
discard the single star scenarios for a given progenitodeto close to the endpoint of the evolution. Therefore, the jmsit
tection should be made even when the limiting magnitudesadfobserved Galactic WO stars is consistent with our model re
the observations would be at least 2 mag fainter than thewsurrsults, which show that WO stars are the immediate stage éefor
best limit in the B band. Therefore, if our models are correatore collapse. In addition, the chemical surface abundapmee
binarity is not necessarily needed to explain the non-dietes  dicted by our models are similar to those derived for WOs by
Sander et al. (2012), with a high C and O content. We can say
. that our rotating models are corroborated by observatiotisd
9. WO stars as progenitors of SN Ibc range 32- 60M,.[Sander et al[ (2012) reached a similar conclu-
Our results present a paradigm shift in the sense that for §ian by comparing their observations with the Meynet & Maede
most massive models, we find a WO spectral type before c2803) non-rotating evolutionary tracks.
collapse, anchot a WC spectral type as has been widely as-
sumed based on the chemical composition of the progenitorccording to the latest compilation of WR stars by P. Crowthi&.5,
(Georgy et al. 2009, 2012; Eldridge etlal. 2008). But is thifts Feb 2013http://pacrowther.staff.shef.ac.uk/WRcat
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No WO star with lod_. /L, > 5.7 has been detected in the
Galaxy. In the HR diagram, these more luminous WOs would be 64
in a place close to the endstage of the tracks Wth > 60 M.

One may then rightfully wonder whether stars born more mas- 62
sive than 60M,, indeed end their lives as WO stars. We point =
out that the non-detection of WOs could be due to the shorg 60
timescale related to this phase (5000—-10000 years), whocidwy
make the detection quite unlikely. This would be combinetthwi
the scarcity of stars abowd;,; > 60 My, as for a Salpeter ini-
tial mass function, one would expect approximately twicteas
stars between 60120M, than in the 32 60 M, range. Finally,
as shown in Fig§]2 and 3, the detection of WO stars may be ham-
pered by the possibly weak lined-spectrum that could beaghar
teristic of these stars, depending on thkir Since most WR
stars are identified based on narrow-band surveys, one would 5,

5.8

5.6

Log Luminosity (

5.4

5.2

lllllllllllllllllllllllllll
lllllllllllllllllllllllllllll

Z=0.014, vrot/vcrit=0.4
1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1

find challenging to detect weak-lined WO stars in harroweban 55 5.0 4.5 4.0

surveys using the @ 15808 line, for instance. Our conclusion is Log Temperature (K)

that the current non-detection of WO stars withlqgL, > 5.7

|S expected g|ven thelr ranty Flg 12. EVOlUtiOnary tracks of I’Otating models from_Ekstrom et al.

An additional support for WO stars being the endstage 012), as those in Figl 1, with the endpoints indicated tBegrdia-
single massive stars in the range 3220 M, comes from the monds. The position of Galactic WO stars (filled blue cirglasd WC

fact that the observed WC stars with known distances (orarfé)aﬁzspavx'i?oﬁhown distances (open orange squares) are ouegpffor

squares in Fig.12) are located significantly far from theperiak
of the stellar evolutionary tracks. However, due to the faet
WC stars may have inflated radii (Grafener et al. 2012), itthigtating models flirt with the so-called bistability limit ofrle-
be that, once corrected for this inflatioffext, the stars would driven winds. We refer the reader|to_Pauldrach & Puls (1990),
actually populate the region near the end points of the evoltamers et dl.[(1995), and Vink etldl. (1999) for detailed dssc
tionary tracks (for recent discussions see Sanderletal @0d sions. In short, the bistability is related to a change inapigcal
Georgy et al.[(2012)). We do not think that thi$eet could shift depth of the Lyman continuum, which in turn changes the niz
sufficiently to the blue the observed positions of the WC stafigon structure of metals in the wind, in particular Fe. Thisors
This is because at the endmost staggs> 150000, which is atTe ~ 21000 K. As a consequence, the amount of line driving
the characteristic temperature of the opacity peak due té&e s afected, ultimately changinil andv... Classical LBVs such
shown by Grafener et al. (2012), one ne&gds< 150000 in or- as AG Carl(Vink & de Kotér 2002; Groh etlal. 2009b, 2011) and
der for inflation to occur, as the Fe opacity bump region né@dsP Cygni (Pauldrach & Puls 1990; Najarro etlal. 1997; Najarro
be within the envelope of the star, and not in the stellar véiad [2007) are well known for being close to the bistability linit
it occurs when, > 150000. the context of our models, being close to the bistabilityitim
Our models also show that WO stars arise naturally at sday produce an inhomogeneous circumstellar medium (CSM)
lar metallicity at the end stage of the evolution. Thereftoeer in the vicinity of the progenitor (Moryia et al., in prep.}.i$ in-
metallicities are not necessary to produce WO stars as SN {bfesting to note that the inference of wind variabilityrfrehe
progenitors. Also, WO stars occur both in rotating and noradio lightcurve was the first way to link LBVs as SN progeni-
rotating models, with the @erence being that rotation dimin-tors [Kotak & Vink/2006), and theoretical work has shown that
ishes the minimum initial mass to produce WO stars frolMB0 | BVs produce inhomogeneous CSM when they cross the bista-
to 32Mo. As such, WO stars do not come necessarily only frogility (Groh & Vinkl2011).
rapid rotators. Are all LBVs at the end stage of massive star evolution, or
As for GRB progenitors, we note that GRBs seem to occifre some LBVs in a transitional stage towards the WR phase?
albeit at lower frequency, even at metallicities aroundsbe This is a fair question that should be posed, in particulané’s
lar values|(Levesque etlal. 2010). Georgy etial. (2012) sHowgoal is to obtain the evolutionary status of observed LBVexeH
that 40 and 6(M, rotating models discussed here have a largge tackle this question from a theoretical perspective.tRat
amount of core angular momentum, which seems to make thgatpose, we plot in Fig. 13 the position of the Galactic LBVs
favorable for GRB production. If this turns out to indeed @cc and LBV candidates in the HR diagram, together with our evolu
our results here indicate that the GRB progenitors at sot#al tionary tracks for rotating stars. We immediately note ig. B3

licity have a WO spectral type. that LBVs are distributed over a range of luminosities (dse a
van Genderen 2001; Smith etlal. 2004; Clark et al. 2005, 2009a

10. When LBVs are SN progenitors and their SN 2012b; Vinkl 2012). If LBVs arise from the evolution of single

types stars, the spread in luminosity means that they come fromggera

of initial masses. According to our models, LBVs would arise
From a theoretical perspective, LBVs have been only regentiom stars withMi,; > 20 M. We predict thabnly the 20-25M,
linked to the pre-SN stage of massive stars (Grohlet al. 2013) tracks have their pre-SN stage as LBVs, and all LBVs thataris
that paper, we showed that stars whfh; = 20-25M, end their from stars withM;,; > 25 M, will further evolve to the WR
lives with properties similar to LBVs, such as the spectralm stage.
phology, the proximity to the Eddington limit, and the cheadi It is important to point out that, contrary to previous segli
abundances. (Smith et all 2004), there is no clear observational evidenfc

In addition, as can be inferred from their values Qfy separation between low- and high-luminosity LBVs. This is a
(~ 20000 K), we note here that oMli,; = 20— 25 M,, ro- result of our updated compilation of the fundamental patanse
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of LBVs, in which most LBVs have been analyzed with non
LTE radiative transfer atmospheric codes (mainly CMFGEN).
similar conclusion can also be drawn from the parameterequo 45
in|Clark et al. (2005, 20093, 2012b).

Obtaining the precise evolutionary status of observed LB\
is, however, a challenging task, because one has to rely & g
matchinglL, andT, of each individual star. Both quantities vary >

Eta Car A

mWR 102ka

WRA 17-96 .AFGL 2298

AG Car " FFMM362
LI .-~ _Pistol

~~~~~~

L

wildly in LBVs, on short timescales as a result of S-Dor type i 8
stability (changes iR, andL, without significantchangesiM g 55
see_Groh et al. 2000b) and, more rarely, Giant Eruptiong{eje2
tions of several solar masses in a short outburst with iseréa §’

L., see Humphreys & Davidson 1994). Both phenomenaarer 5pq
included in our models. In addition, LBVs mayfBer from in-
flated radii (Grafener et &l. 2012). Taking the model préaist

28°

207
Z=0.014, vrot/vcrit=0.4

at face value, one would expect that LBVs with log < 5.3 45 | | |
would be close to the end of their evolution, while those wit — a5 — 20 —_ Y
logL, > 5.6 would evolve to the WR phase. Given the uncel ' "Log Temperature (K) '

tainties, LBVs with 53 < logL, < 5.6 could either come from 3 . .

Mini > 25M, and be at an intermediate stage of their evolutiohig. 13. Position of Galactic LBV stars (red squares) in the
or come fromM;,; = 20 - 25M,, and be close to core collapseHR diagram. The sources of the stellar parameters of the LBVs
It is worth noting that most LBVs have lower temperaturesithg' as follows: Eta Car Al (Groh et/al. 2012; Hillier et al. 201

- i : - R 102ka |(Barniske et al. 2008), AG Car (Groh et.al. 2009b,1201
the final stage of our 20-28, models. This could pomttowardsGroh et al, in prep), AFGL 2298 (Clarkefal. 2009a), FMM

the_ob_gerved LBVs havmg inflated radii, or having long ‘QT"D(?{(SZ and Pistol star_(Najarro etal. 2009), Wray 17-96 (Egaai et
variability cycles, or not being at the endmost stage offtd- 5007), G24.730.69 (Clark et al. 2009a), [OMN2000] LS1 (Clark et al.
lution. In addition, it could be also a result of the models n@oooh), HD 316285 (Hillier et al. 1998), HD 160529, HD 16862%
being tailored to match a particular star, as one could fine tuHD 168607 [(van Genderen 2001), P Cyghi (Najdrro 2001, Najarr
the rotation rate and mass lost at the RSG stage to bring the e2011, priv. comm.), HD 326823 (Marcolino et al. 2007), G#3.2.46
points to lower temperatures. (Trams et all_1999), and W243 _(Ritchie etlal. 2009). For cotapa,
In the above picture, one has to take into account the uie show evolutionary tracks of rotating models from_Ekstegial.
certain distance determinations for most LBVs, meaning tHg012), as those in Fig] 1, with the endpoints indicated egrdia-
significant errors inL, could exist. As an example, the LBY™Monds.
AG Car has had distance determinations in the range 2—6 kpc
Humphreys et al. 1989). A larger distance has been preferre . : .
E)ut it is mainly anchored)on thegkinematical determinatigsds progenitors of some SN IIb and other intermediate SN types be
on the Galactic rotation curvé (Stahlet al. 2001: Groh et dveen Il and Ib.
2009b). If AG Car were at a much closer distance &- 3 kpc, Let us hypothesize what would happen in the case that a Gi-
its L, would be much lower and fall within the range where A@nt Outburst occurred in the few years before the SN exptosio
Car would be an immediate SN progenitor. Stellar paramet®fsthe 20-23Vl; models . This phenomenon is not included in
of LBVs can nowadays be determined with reasonable accurdy stellar evolution models, since the physical mecharssm-
with the advent of non-LTE radiative transfer codes suchMs C known. As we discussed|in Groh et al. (2013), the progenatbrs
FGEN. The speculative scenario above illustrates thattrains  20-25M, rotating models, being LBVs and crossing the “Yellow
ing the fate of observed Galactic LBVs relies on more precid@id" in the HR diagram, could experience episodic mass. loss
distance determinations, which may become available wigh tThis would give rise to a dense circumstellar medium (CSM)
GAIA mission. characterized by relatively low velocities. The interantdf the
From a theoretical perspective, let us discuss the types¥ blast wave with the CSM could then create a SN with nar-
SN that would arise from stars that explode as LBVs accor®W lines. The SN type would in principle depend on the amount
ing to our models, having in mind the aforementioned caved&tH in the ejecta, which in the case of our models is 0.02 and
associated with linking the chemical abundances of prageni 0.00Ms for the 20 and 23, models, respectively. In the case
with SN types. Ii_Groh et al[ (2013), we showed that the 2@f the rotating 20V, model, a Giant Outburst in the few years
25 M, models have a very small amount of H (.02 M) left before the SN could produqe a CSM with a range of relgitNe H
in their envelopes. This could point towards a SN Ilb, meafbundance values, depending on the amount of mass ejected. A
ing that LBVs could be the progenitors of SN IIb, such agN IIn would arise if the amount of mass ejected in the out-
SN 2008ax[(Groh et al. 2013). However, until more firm corfurst is small (up to a few tenths of a solar mass). In this,case
straints are put on the amount of H that characterizes the dif would still be sifficiently abundant in the ejecta to produce
ferent types of SN II, we cannot rule out a type IIL. Interesthe typical H narrow lines seen in SNe lIn. For a more violent
ingly, from an observational point of view, the original pe  Giant Outburst, one would think that the fractional aburwan
sition that LBVs could be SN progenitors come from a stud§f H in the ejecta would be very small, resulting later in a He-
of transitional SNe and theffects of wind variability in their dominated spectrum and a SN Ibn. In the case of th#l2%o-
radio lightcurves|(Kotak & Vink 2006). These were SN 2001itpting model, there is no noticeable amount of H in its ejesta
(type Il that evolved to IK; Phillips et Al. 2001; Clocchi@p02; & consequence, any Giant Outburst that happens at the pre-SN
Filippenko & Chornock 2002) and SN 2003bg (type Ic, latestage of this model would produce a He-rich CSM and an ensu-
evolving to type Il{ Filippenko & Chornotk 2003; Hamuy et alingd type Ibn SN, similar to SN 2006jc (Pastorello et al. 2007)
2003). Therefore, there is observational support to owrete Regarding the fate of the most massive stdgi(> 25My),
cal prediction that LBVs with relatively low luminosity atee we reinforce that our models of single stars predict thay the
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would evolve to the WR phase. Since this is at odds with tliee note that the model rates may be overestimated, since we
observational suggestion that LBVs wililty,; ~ 50 My are the assume that all massive stars end their lives in a corepsdla
progenitors of type lin SNe, let us examine the observatiena SN event.
idence of very massive LBVs exploding as SNe. Most of these 2. We performed combined stellar evolution and atmospheric
come from the inference of large amounts of circumstellar mmodeling of massive stars at their pre-SN stage. With this ap
terial in the close vicinity of the progenitor star, such @SN proach, we are able to compute the emerging spectrum in high
20069y (Smith et al. 2007). spectral resolution and perform synthetic photometry t@iob
In a few cases, a very luminous progenitdf\( ~ —-10 absolute magnitudes and bolometric corrections of theqirog
mag) has been detected in pre-explosionimages, such aotheitors that haveTgr > 8000 K. For the remaining progenitors,
genitors of SN 2005g| (Gal-Yam & Leonard 2009), SN 2009ipe supplement our analysis by using public MARCS models,
(Smith et al.| 2010; Mauerhan et al. 2012; Foley etial. 2014caled to the luminosity and interpolatedTig: according to the
Pastorello et al. 2012), and SN 2010jl (Smith et al. 2011hg Tend position in the HR diagram.
high luminosity of the progenitor has been used as evidamrce f 3. We found that massive stars, depending on their initial
the star having initial massedi,i > 50 M. In the case of mass and rotation, end their lives as RSG, YHG, LBV, WN,
the progenitors of SN 2009ip, thiely, ~ —-10 mag measure- or WO stars. For rotating models, we obtained the following
ment seems to correspond to a phase when the star was qujges of SN progenitors: WO1-3W, > 32 Mg), WN10-11
cent (Smith et al. 2010). Thus, in this case, there is litdalit (25 < Miy < 32 Mg), LBV (20 < Min < 25 M), G1 la
that the progenitor habli,; > 50 M, although one may won- (18 < Mi, < 20 M), and RSGs (9< My < 18 Mg). For
der if the 2012 events observed in SN 2009ip correspond éhde®n-rotating models, we found the following spectral typés
to core collapse_(Fraser et al. 2013). For the progenito&Nof the SN progenitors: WO1-3\n > 40 Mg), WN7-8 (25 <
2005gl, however, there is no information about its pre-esign  Mi, < 40 Mg), WN11HhLBV (20 < Mini < 25Mg), and RSGs
variability. One may wonder if the measured magnitude in th@ < M, < 20 M).
pre-explosion image (Gal-Yam & Leonard 2009) was obtained 4. The most massive stars (initial mass aboveVBg end
during a Giant Outburst phase. During these Giant Outhurdtseir lives with extremely higies (150000-175000 K). Their
My increases by 3 mag or more (Humphreys & Davigson 199pectrum is characterized by broad emission lines of &d
and, in this case, the progenitor of SN 2005g! could have ha®a1, which are characteristic of WO stars. This is contrary to
much lowerMy ~ —7 mag during quiescence. This would imwhat has been widely expected based on the chemical abundanc
ply an initial mass around 20-28(Fig.[d), which is consistent of the progenitor, which predicted a WC star at the pre-Shesta
with our theoretical models of stars that explode duringtB¥ Here we show that the highy, coupled with the presence of
phase. moderate amounts of O at the surfase 30% by mass), pro-
We see thus that observational evidences for luminous LBWgces the morphology characteristic of WO 1-3 stars. Foesom
as SN progenitors is mounting, but one may wonder whether tiYO models, we obtained spectral lines which are much weaker
is the most usual evolutionary path of massive stars or a-pethan observed in Galactic WOs, which may imply a hidden pop-
liar case of massive star evolution, perhaps resulting fsovary ulation of weak-lined WO stars or that our assumed valuéd of
evolution (Vanbeveren et al. 2013). There is no doubt thateso are too low. An increase i by a factor of two is enough for
progenitors of core-collapse SNe have their structureltisgu producing a WO with an emission line strength in line with the
from interactions in close binaries and these cannot ofssoupbservations.
be described by our single-star models. If indeed high l@unén 5. We computed absolute magnitudes and bolometric cor-
LBV star explode as SNe, then this type of SNe would be difections of core-collapse SN progenitors with initial masthe
ficult to explain in the frame of the single star scenario, @s crange 9 to 120M,. The behavior of the absolute magnitudes and
be seen in Fid.]6. To obtain a clearer picture, a larger samplédolometric corrections as a function of initial mass is fatgd
needed, which may become possible with the current and nbxthow much flux from the star falls within the passband of a
generation of transient surveys. given filter. This depends oOfy, L., M, andv.,. Therefore, not
necessarily the most massive and luminous stars are thedrig
ones in a given filter. We find that the RSGs are bright in the
11. Impacts on massive star evolution and RIJHKs filters and faint in the=170W and U B filters. LBVs,
concluding remarks YHGs, and WNLs are relatively bright and WOs are faint in all
opticalIR filters, with the exception of thE 170w filter.
We showed in this paper that producing detailed spectrafout o 6. We obtained a relationship between the absolute magni-
evolutionary tracks significantly impacts the current pggen tude of RSGs in dferent filters and their initial mass. This can
of stellar evolution and how fierent spectral types are linkedoe used to estimate the initial mass of progenitors detéctibe
to the final evolutionary stages. Here we focused on the pre-$re-explosion images of SN IIP. Our method provides similar
stage of single stars. Based on a stellar evolution perispeate values of the initial mass of RSG as those found in the liteegt
will present in a forthcoming paper the results of the sgéctigiven the uncertainties.
classification of the evolutionary model outputs throughibair 7. We discussed the detectability of SN Ib and Ic progenitors
full lifetime. Nevertheless, we are already able to asseg®i- and argue that the WR stars that characterize the pre-SN phas
tant aspects of massive star evolution and fate, as we sumenaare undetectable in the available pre-explosion images thé
below. current magnitude limits. This is consistent with the cotreon-
1. The current rotating models from our groupletection of WRs as progenitors of SNe in the available pre-
(Ekstrém et al.| 2012) reproduce reasonably well the ratesplosionimages of Eldridge etlal. (2013).
of different types of core-collapse SNe observed by S11 and 8. Unlike the SN IIP progenitors, we find that the absolute
E13, with the exception of the SN IIP rate, which is overesaagnitude in a given filter of SN Ic progenitors do not depend
timated. The rates of SN Ib and Ic predicted by the rotatirggrongly on the initial mass. As a consequence, in the et t
models seem to be in line with the observations, althoughype Ic progenitor is detected, our models indicate thatlit

Article number, page 22 ¢f 24



Groh et al.: Fundamental properties of core-collapse Siyenibors

be challenging to constrain its initial mass based on phetom
(or spectroscopy) of the progenitor.

9. We predict that the limiting magnitudes in the observatio
should be at least 2 mag fainter than the current best lintitg B
band to detect single star progenitors of SN Ic at distant®8-e
20 Mpc. For a SN 2002ap-like detection limihg = 26.0 mag,

Crockett et al. 2007), the maximum distance thata SN Ic prog{:

itor would be detected is 5.5 Mpc. For typical detection limits
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