RevMexAA (Serie de Conferencias), 30, 35–40 (2007)

MASSIVE BINARIES, WOLF-RAYET STARS AND SUPERNOVA PROGENITORS

J. J. Eldridge^1

RESUMEN La estrellas binarias son importantes para entender la evolución estelar. Presentamos un resumen de cómo las predicciones de las tasas relativas de supernova varían entre estrellas aisladas y binarias. También mostramos cómo el espacio de parámetros de tipos diferentes de supernovas difieren entre estrellas aisladas y binarias. Entonces, consideramos una pregunta importante sobre cómo saber las propiedades del progenitor de supernova a través de las imágenes previas a la explosión y a través del trabajo reciente de producir colores sintéticos de nuestros modelos estelares para hacer una comparación directa con cualquier detección o límite obtenido de las imágenes pre-explosión de los progenitores de supernova.

ABSTRACT

Binary stars are important for a full understanding of stellar evolution. We present a summary of how predictions of the relative supernova rates varies between single and binary stars. We also show how the parameter space of different supernova types differs between single and binary stars. We then consider an important question of how to infer a supernova progenitor’s properties from pre-explosion imaging and present rescent work of producing synthetic colours for our stellar models to make a direct comparison with any detections or limits obtained on supernova progentiors from pre-explosion images.

Key Words: STARS: BINARIES — STARS: CIRCUMSTELLAR MATTER — STARS: MASS LOSS — STARS: PRE-MAIN SEQUENCE

1. INTRODUCTION

Binary stars are a vital part of stellar evolution if we wish to gain a full understanding of all the possible pathways a star may take from its birth to its death. However binaries are normally ignored due to the difficulty in covering the large possible initial parameter space that has to be studied. For single stars we only need consider initial mass, initial metallicity and mass-loss rates (also rotation rate if stellar rotation is considered); binary stars add secondary mass and initial orbital separation (or its equivalent the orbital period). Both of these extra variables have a large range, especially the initial separation that could be only a few stellar radii up to many thousands of stellar radii. To fully understand binary evolution this entire range has investigated. Therefore where a set of single models contain a few hundred models a complete binary set contains a few thousand at least.

We discuss the implications of binaries for supernovae (SNe) and their progenitors. First we discuss some general details of our binary models and then we discuss how mixing populations of single and bi-

1Astrophysics Research Centre, Department of Physics & Astronomy, Queen’s University, Belfast, BT7 1NN, UK (j.eldridge@qub.ac.uk).

nary stars can obtain agreement with observed supernova rates. We then move onto considering supernova progenitors, especially how to predict their appearance in pre-explosion images and therefore gain more information on the nature of observed SN progenitors. First we consider red supergiants (RSGs) as the progenitors of type IIP supernovae and then Wolf-Rayet (WR) stars; these are massive star that have lost their hydrogen envelopes to become naked helium-stars and are the progenitors of type Ibc SNe. We show how with predicted UBVRI colours we are able to place very tight constraints on these types of progenitors from current data.

2. STELLAR MODELS

Our stellar models are constructed using the Cambridge STARS code (Eldridge & Tout 2004, and references therein). The single star models are calculated using our preferred mass-loss rates (scheme D in Eldridge & Vink 2006). We can see in Figure 1 the evolution tracks of single and binary stars. This figure shows a wide range of possible progenitors. The binary evolution scheme is a simple treatment based on Hurley, Tout, & Pols (2002) and is essentially that described in Eldridge (2004). The binary code does not follow rotation. 35

Fig. 1. HR diagram for single stars (grey tracks) and binary stars (black tracks). The labels on the right hand side indicate the initial mass of the stars in M⊙.

Single stars up to about 25 M_⊙ end their lives as red supergiants while stars above this limit become Wolf-Rayet stars by losing their hydrogen envelopes when they become RSGs or luminous blue variables (LBVs) for the most massive stars. The binary star tracks however are very different. In Figure 1 we have selected binary models that interact and therefore they lose their hydrogen envelopes to become helium stars. This leads to an interesting question, when is a helium star a Wolf-Rayet star? It appears that stars initial more massive than about 15-20 M_⊙ are WR stars while the lower mass stars seem to be quite different from WR stars and have larger radii, cooler envelopes and tend to retain more helium than the more massive stars. They are helium giants and will be a common source of type Ib SNe.

It is important to note that there is a clear division been that stars greater than about 25 M_⊙ that have the most severe winds and become WR stars even as single stars and therefore mainly produce type Ic SNe. Stars less massive than this need something extra to remove their hydrogen envelopes and the remaining variety for SN types (IIP, IIL, IIb, IIn and Ib) come from this mass range of progenitors. There are undoubtedly exceptions to this simplification and there are some bizarre binary progenitor scenarios that can be created but on average this should be our conclusion.

In Figure 2 we plot were the different SN types occur over initial mass and initial metallicity space for binary stars. The mass ranges change with initial metallicity slightly for binary evolution. This is maybe unexpected but is due to binary interactions

Fig. 2. Parameter space over which the progenitors for different SN types occur. Type IIP SNe occur where there is a black box, the light grey boxes indicate the region of type IIL SNe, the dark grey boxes are where Ib SNe occur and the boxes with crosses are the region of type Ic SNe. The area of each box is roughly proportional to the relative fraction of SNe for each initial mass and initial metallicity. The solid black lines indicate the single star SN progenitors parameter space. The regions indicate from left to right are no-SNe, IIP SNe, IIL SNe, Ib SNe and Ic SNe.

only being able to remove a certain amount of the hydrogen envelope with the remaining amount removed by the stellar winds. Therefore at low metallicity with the weaker winds it becomes more difficult to remove every scrap of hydrogen from the star thus the parameter space where type Ibc SN occur does reduce.

One final interesting result is that the Ic SNe are concentrated in the region where single stars will produce Ic SNe. Some of the lower mass stars do produce some Ic SNe but the majority of the SNe in this mass range will be other core-collapse SN types.

3. SUPERNOVA RATES With predictions of which SN different binary stars might produce we can make predictions of the relative rates of SNe and compare these to observed rates. This can reveal whether the mass-loss our models predict over the lifetimes of the stars is correct or not. Essentially if mass-loss is more severe there will be more type Ibc SNe than those of type II. Therefore in general we should expect fewer type Ibc SNe at low metallicities because winds are expected to become weaker at lower metallicities (Vink et al. 2001, and references therein).

In Figure 3 we see this is indeed the case from the observations of Prantzos & Boissier (2003). We also plot on this the relative rates from Smartt et al. (2007) calculated from a local volume limited survey. These rates are in good agreement with the earlier rates around solar metallicity.

Comparing predicted rates we see that at first glance the single star rotating models of Maeder & Meynet (2004) agree well with the observed rates while our single and binary star predicted rates are too low and too high respectively, but in reality we would have a mixture of single and binary stars. Mixing these systems together we would find agreement with the observed rates. Importantly in the binary case the relative fractions of type Ibc SNe does decrease with metallicity.

We have also compared our models to various stellar population ratios such as the blue supergiant (BSGs) to RSGs ratio, RSGs to WR star ratio and WR to O star ratio and find that in general a mix of single stars and binary stars do lead to an agreement with observations. However agreement is not exact because our binary model is simple and does not yet include tides or rotation. There is also another problem of mapping observed stellar types onto stellar models. For example because a stellar model has the parameters that would make it counted as a WR star would it be observed as such? We find our predicted ratios at low metallicities can be strongly affected by the lower luminosity cut-off where we take a star to be a helium star rather than a WR star.

4. WHAT DO SN PROGENITORS LOOK LIKE?

Stellar evolution codes produce very simple outputs that describe the appearance of a star for comparison to observations. These are in essence the surface temperature and luminosity. These two values are only truly obtainable via spectrometry however this is not always available for SN progenitors apart from the exceptional case of the progenitor of SN 1987A. It is more common that photometry exists but it is difficult to directly connect this to a stellar models. To infer stellar parameters from a photometry detection a bolometric correction must be assumed. This means the stellar type must be assumed and a systematic error is introduced.

Here we suggest that a less error prone method is to calculate the observable photometric properties of our stellar models. Our method is based on that of Lejeune & Schaerer (2001). We use the atmosphere library of Westera, Lejeune, & Buser (1999) with the photometric filter functions of Bessell (1990) and Bessell & Brett (1988) to calculate the UBV RIJHK magnitudes. Then by interpolating of log g and T_{eff} we produce the colours and magnitudes in these bands in various useful combinations.

Fig. 3. Rates versus metallicity. The observed points are from Prantzos & Boissier (2003), the grey box is from Smartt et al. (2007). The solid line is from our binary models, the dashed line is predicted ratios from Maeder & Meynet (2004) and the dash-dotted line is from out single star models.

Importantly for the first time we have extended the calculation of the colours to the Wolf-Rayet phase of evolution by using the atmosphere models of the Potsdam group (Hamann & Gräfener 2004; Hamann 2006). With the broad-band magnitudes known for the entire evolution for our single and binary star models we know the broad range of colours possible for supernova progenitors and now we can analyse the progenitors in greater detail and move their study beyond simply identifying the progenitors and perhaps limiting the various evolution paths of massive stars.

5. RSGS RSGs are the progenitors of type IIP SNe as they require massive and extended hydrogen envelopes to produce the plateau phase in the lightcurve this occurs because the photosphere moves inwards in ejecta mass as the ejecta expands in radius. RSGs are very luminous and very cool with luminosities greater than around 10^{4.3}L_⊙ and surface temperature cooler than around 5000K. Therefore their magnitudes are greatest in the RIJHK bands. This is because the peak of the black-body spectra is similar to the wavelength these bands cover. There is an important advantage of the RSG colours being weighted towards the red and near infra-red that any mass determinations are less sensitive to dust (Cardelli, Clayton, & Mathis 1989).

There is an interesting result of estimating the final colours of our models for stars near the minimum mass for a SN to occur. This is because these stars may go through second dredge-up. Dredge-up is a process in stellar evolution that occurs between the main burning stages. First dredge-up occurs after core hydrogen burning as the core contracts before helium burning ignites. The hydrogen envelope becomes convective and this convective zone penetrates deep into the core dredging-up material that has been processes by the central nuclear reactions. Therefore the abundance of helium and nitrogen are boosted while hydrogen, carbon and oxygen abundances decreased.

Second dredge-up occurs after core helium burning and the convective envelope penetrates much more deeply; pushing the hydrogen burning shell into close proximity with the helium burning shell. This arrangement is unstable and leads to burning occurring in pulses. The hydrogen shell burns out until there is enough helium for the helium burning to occur and all the helium is rapidly burnt. Afterwards the hydrogen shell again burns outwards and the process repeats.

The more massive class of these stars (_∼^> 6 M_⊙) experience carbon burning during or after second dredge-up. The leads to the formation of an oxygenneon-magnesium (ONeMg) cores within the helium and hydrogen burning shells. We note that the carbon burning shell extinguishes after the ONe core is formed and never reignites.

These massive-AGB stars may give rise to a SN. The core can continue to grow in mass until it reaches the Chandrasekhar mass where the electron degeneracy pressure in the core can no longer provide support and it therefore collapses to a neutron star, if oxygen burning ignites it cannot halt collapse unlike carbon burning in a CO white dwarf the reaches the Chandrasekhar mass. Observationally the SNe may be very low energy but otherwise identical to other type IIP SNe. See Eldridge & Tout (2004), and Poelarends et al. (2006) for further details.

Fig. 4. The I and K band magnitude versus the V-I colours for stars with initial masses of 5, 7, 9, 12, 15 and 20 M⊙ from top to bottom. The solid lines are the I band magnitude and the dashed lines are K band magnitudes. The 5 and 7 M⊙ tracks end their lives as AGB stars and have larger I-K colours than the RSGs.

Whether these progenitors exist or whether some other type of evolution occurs to prevent them producing supernova is of great interest. The most secure method to observe these stars will be to observe the progenitor. AGB stars are normally cooler than RSGs but about 1000K this leads to their higher magnitudes in the JHK bands. For example in Figure 4 we see that during the evolution of stars that while the I band magnitude is fairly constant for a specific initial mass the near infrared K band varies much more for the lower mass stars that become AGB stars. Therefore for any AGB star SN progenitor the I-K colour will be very different to that for a normal RSG.

The last important detail we should remember though is what ever observations exist for progenitors of type IIP perhaps the best band to use is the I band as it is not effected by variation in the surface temperature and mainly varies with the initial mass of the tracks.

6. WR

Currently we can consider the problem of type IIP as not completely solved but better resolved. However mystery still enshrouds the remaining SN types or IIL, IIb, IIn and Ib/Ic. These final two SN types are of great interest as conclusions we can draw on the progenitors of these objects will have implications for Gamma-ray bursts (GRBs) as some long GRBs have been observed to be associated with type Ic SNe (Hjorth et al. 2003; Stanek et al. 2003).

There is another problem that it is important and that is whether the progenitors of type Ib’s and type Ic’s are the same. Type Ic’s have no hydrogen or helium while type Ib’s still have helium in their envelopes. Stellar models indicate that both types have two types of progenitors, low mass and high mass.

For type Ib progenitors there is a narrow range for massive stars around 25-27 M_⊙ which are WR stars that retain a large amount of helium. The more massive stars have stronger winds and these can remove enough helium from the star so that it would not be observed in the supernova and therefore produce a type Ic progenitor.

The stars less massive than about 25 M_⊙ however can only produce a type Ibc supernova if they are in an interacting binary and their hydrogen envelopes are removed. The winds in these stars are weaker so once the hydrogen envelopes are removed then the stars will retain helium and produce a type Ib SNe. However it is possible that the interactions continues, for example helium stars less massive than about 5 M_⊙ become helium giants with extended envelopes. These can interact for a second time producing very low mass type Ic progenitors. The initial parameter space is shown in Figure 2.

There are a number of type Ibc SNe where limits exist on the progenitors, however most of these have luminosity limits about the same level as the most luminous WR stars known (see Figure 5). However there is one SN, 2002ap, where the luminosity limits are much lower and we can exclude most of the range of observed WR stars from the range of possible progenitors as we show in Figure 5.

In the same figure we also plot the tracks of the WN and WC phases of evolution. From here we see that all the WC models are above the luminosity limit and the WN tracks are below the luminosity limit. The mass of the progenitor has been inferred from modelling the SN lightcurve and spectra at around 5-6 M_⊙ (Mazzali et al. 2002). Therefore while the SN was a type Ic and should be a WC rather than a WN progenitor, WR stars with a mass the same as that estimate from the SN observations are below the luminosity measurement and are therefore consistent. It may also indicate that we may require stronger mass-loss during some phases of evolution to produce lower mass WC stars.

7. CONCLUSIONS & FUTURE WORK

Binaries are important to include in our studies of massive stars and SNe. They increase the range of possible SN progenitors and evolutionary pathways.

Fig. 5. WR tracks of B band magnitude versus V-R colour. The dashed tracks are for the WN phase of evolution while the solid lines are for WC evolution. The labels indicate the initial mass and the final mass in M⊙. The observed points are taken from Massey’s catalogue of M31, the diamonds are WN stars, the crosses WC stars and the black square a WO star. The thin black line is the upper limit for the progenitor of 2002ap from Crockett et al. (in preparation).

We also see that the study of supernova progenitors is now evolving past only identifying them but trying to infer much more information on the evolutionary structure of the star before any SN. Another important reason to study binary evolution is that in the future there will be more SN discovered as new searches begin. This will lead to us discovering more unusual SN and binary evolution may be required to explain many of these.

This work, conducted as part of the award “Understanding the lives of massive stars from birth to supernovae” made under the European Heads of Research Councils and European Science Foundation EURYI Awards scheme, was supported by funds from the Participating Organisations of EU- RYI and the EC Sixth Framework Programme. JJE would like to thank Stephen Smartt, Seppo Mattila, Andrea Pastorello, Robert Izzard, Mark Crockett, David Young for fruitful collaboration and also Norbert Langer, Onno Pols and Philipp Podsiadlowski for useful discussions.

40 ELDRIDGE

REFERENCES Bessell, M. S., & Brett, J. M. 1988, PASP, 100, 1134 Bessell, M. S. 1990, PASP, 102, 1181 Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245 Eldridge, J.J. 2004a, PhD Disertation, University of Cambridge, UK (astro-ph/0502046) Eldridge, J.J., & Tout, C.A. 2004b, MNRAS, 353, 87 Eldridge, J.J., & Vink, J.S. 2006, A&A, 452, 295 Hamann, W.-R., & Gräfener, G. 2004, A&A, 427, 697 Hamann, W.-R. 2006, private comm. Hjorth, J., et al. 2003, Nature, 423, 847 Hurley, J. R., Tout, C. A., & Pols, O. R. 2002, MNRAS, 329, 897

Lejeune, T., & Schaerer, D. 2001, A&A, 366, 538 Meynet, G., & Maeder, A. 2004, A&A, 422, 225 Mazzali, P. A., et al. 2002, ApJ, 572, L61 Poelarends, A. J. T., Herwig, F., Langer, N., & Heger, A. 2007, ApJ, submitted (arXiv:0705.4643) Prantzos, N., & Boissier, S. 2003, A&A, 406, 259 Smartt, S. J., et al. 2007, in preparation Stanek, K. Z., et al. 2003, ApJ, 591, 17 Westera, P., Lejeune, T., & Buser, R. 1999, in ASP Conf. Ser. 192, Spectrophotometric Dating of Stars and Galaxies, ed. I. Hubeny, S. Heap, & R. Cornett (San Francisco: ASP), 203 Vink, J. S., de Koter, A., & Lamers, H. J. G. L. M. 2001, A&A, 369, 574