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Abstract: Stellar models of massive single stars are still plagued &pnuncertainties. Testing and calibrating
against observations is essential for their reliabilitpr Ehis purpose one preferably uses observed stars that
have never experienced strong binary interaction, i.ele“8ingle stars”. However, the binary fraction among
massive stars is high and identifying “true single starshas straight forward. Binary interaction affects
systems in such a way that the initially less massive stasrhes, or appears to be, single. For example, mass
transfer results in a widening of the orbit and a decreaséefuminosity of the donor star, which makes it
very hard to detect. After a merger or disruption of the aysby the supernova explosion, no companion will
be present.

The only unambiguous identification of “true single staspbssible in detached binaries, which contain
two main-sequence stars. For these systems we can exckidedbrrence of mass transfer since their birth.
A further advantage is that binaries can often provide uh ditect measurements of the fundamental stellar
parameters. Therefore, we argue these binaries are wertfftrt needed to observe and analyze them. They
may provide the most stringent test cases for single steltatels.

1 Introduction

“Massive stars appear to love company’.” With this sentévlason et al. (2009) open and summarize
their paper describing a comprehensive compilation oftspgcopic data of close binaries and high
angular resolution data of wide binaries. They concluderti@e than half of the stars in the Galactic
O-star catalogue are spectroscopic binaries. Using aamhbilt homogeneously analyzed data set,
Sana & Evans (2010) find a spectroscopic binary fractiofdaf 5% for nearby clusters that are rich
in O-stars. As these authors phrase it: “to ignore the miidiip of early-type stars is equivalent to
neglecting one of their most defining characteristics”,alee Sana et al. (2008).

Spectroscopic measurements can identify binaries witlratipns up to a few AU or orbital
periods up to a few years. This is of the order of the maximupassion and orbital period for
which binaries are close enough to interact by mass trarisfsuch close binaries the presence of a
nearby companion can drastically alter the further evofytthe observable properties and the final
fate of both stars (e.g. Kippenhahn & Weigert 1967, Podeiaski, Joss & Hsu 1992, Pols 1994,
Wellstein & Langer 1999, Eldridge, Izzard & Tout 2008).

Besides the complexity of the physics of binary interactiwe have to face the fact that stellar
models of massive single stars are still plagued by majoettaimties. Even during one of the sim-
plest evolutionary phases, the main-sequence evolutieir,évolution is strongly affected by poorly
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constrained internal mixing processes and mass loss. Timegetainties affect all subsequent evolu-
tionary phases and therefore the large role that massikge@ty in the enrichment of the interstellar
medium, as sources of ionizing radiation and as progenifosapernovae and gamma-ray bursts.

Promising opportunities to calibrate and test stellar nedeme from large, homogeneously an-
alyzed samples. For example, the VLT-flames survey of massars (Evans et al. 2005), quantified
the metallicity dependence of stellar winds (Mokiem et @072). It also provided the first homo-
geneously analyzed data set of surface abundance measisdorestars exhibiting a wide range of
rotational velocities, which is crucial for testing theegfts of rotationally induced mixing processes
(Hunter et al. 2009).

When performing such tests it is important to consider wietihe observed properties are indeed
the result of single star evolution or whether they mightehbgen caused by interaction with a binary
companion. For example, a rapidly rotating star with pecwurface abundances can be interpreted
as evidence that certain mixing processes operate inngtaingle stars (Hunter et al. 2009, Maeder
et al. 2009). Alternatively, its properties can be intetgdeas a signature of a previous phase of mass
accretion from a binary companion (Langer et al. 2008). Asdkample shows, single stellar physics
can in some cases lead to similar observable signaturepastex for binary interaction. Because of
this degeneracy it is important to test the physics of sistgdar models using observations of stars
that have not experienced strong binary interaction suchess transfer. ldentifying such stars is not
a simple task because of the effects of binary interactiersamewhat counter-intuitive. In Section 2
we explain why stars that have experienced strong binagyantion often appear to be single. In
Section 3 we argue that “true single stars”, can be foundnares.

2 Not every single star was alwayssingle

Absence of evidence for a companion star does not guarami¢ehte star has never experienced
binary interaction. In fact, a star that has experiencedryimteraction in the past will often be — or
appear to be — single. To illustrate this we present prelmyimesults of computations with a rapid
binary evolutionary code (Hurley et al. 2002, Izzard et &8l0@ De Mink et al. in prep.). For the
purpose of the study of massive binaries we updated thertezdtof mass and angular momentum
loss and transfer, by implementing an improved Roche-lofeeflow scheme to determine the mass-
transfer rate. Furthermore, we include a treatment of tleetsfof rotation on the stellar structure and
the mass-loss rate. We calibrated the code against gride@déimcomputed with the detailed binary
evolution codesSTARS (Eggleton 1971, Pols et al. 1995, De Mink, Pols & Hilditch ZDp@ndBEC
(e.g. Wellstein & Langer 1999, Petrovic et al. 2005).

In Figurell we depict the evolutionary stages of a massivarpiadopting initial masses of 20 and
15 solar masses for the primary and secondary star. We vaiwpitial orbital period. The evolution
of such systems is representative for massive binariesayithmary mass between roughly 10 and
40 solar masses, with not too extreme mass ratios. The figunéeinded as illustration of the main
argument, not as a quantitative prediction. We discussréifft phases for which at least one of the
stars is a main-sequence star.

Pre-interaction phase Initially both stars reside within their Roche lobes and li@ary system

is in a detached configuration (blue area). For systems withab periods larger than 4 days, this

phase lasts approximately as long as the main-sequentméfef the primary star. In tighter systems

the initially most massive star fills its Roche lobe beforésfing its main-sequence evolution (thick

dashed line). During this phase the stars evolve similaryyrigle stars. Their interaction in limited to

interaction via stellar winds and tides. In systems withtatlperiods smaller than about 10 days the
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Figure 1. Schematic depiction of the evolutionary stagea #0+15V/., binary as a function of the
initial orbital period (-axis) and timeg-axis). In the left panel we zoom in on very close binaries.
We only the depict phases in which at least one of the starstiseomain-sequence. The thick dashed
line indicates the onset of mass transfer. Plusses indigatktatively during which phases systems
are detectable as spectroscopic binaries. See text foremptanation.

stars tides will affect their rotation rate. Besides thisphysical processes in the star are not expected
to differ significantly from those in single stars, assuminat tidally induced mixing processes and
angular momentum transport are not very efficient. We réferéader to the De Mink et al. (2009)
for a study of the consequences of mixing processes inyittatked binaries.

These systems can in principle be detected as double-|pexirescopic binaries, depending on
the timing of the observations and on the inclination ancertiecity of the orbit (Sana, Gosset &
Evans, 2010). A simulation of the detection probability afidries in the VLT flames Tarantula
survey shows that nearly all binaries with orbital perioggaa 100 days can be identified §0%).

The fraction decreases for wider binaries, but one stilleexpto recover about half of the binaries
with orbital periods between 100 and 1000 days (Evans eDal0R

Mergers[1] In the tightest binaries mass transfer will lead to a merdgén@two stars (indicated
in yellow in Fig.[1). At the moment of contact both stars haméy@artially burned the hydrogen
in their center. The merger product will therefore also bey@rbgen burning, main-sequence star.
Although the very tight binaries that lead to these kind ofgees are not very common, there are
reasons to believe that mergers can nevertheless not beedynim old star clusters mergers can be
identified as blue stragglers, being significantly briglated bluer than stars near the main-sequence
turn-off. In young star clusters the turn-off is not well aeftl and blue stragglers cannot clearly be
identified. Given the high fraction of close binaries amorgseive stars, mergers may constitute a
very significant fraction of the stars near the turn-off irupig clusters. In regions with continuous
star formation mergers will be as bright as newly formed nvassingle stars. Mergers result from
lower mass stars, which are more abundant due to the slope afitial mass function. Therefore,
the fraction of mergers among stars within a given luminasihge may still be significant.

Mergers will have no companion, unless the system was @ligia triple. Therefore mergers may
be easily mistaken for a primordial single star even thoungtr tevolutionary history is completely



different. Unfortunately the merger process is poorly uatted. In particular, internal mixing, mass
and angular momentum loss are uncertain. It is not yet cldeatlver these mergers demonstrate
peculiar observable properties, for example larger ratatates and enhanced surface nitrogen abun-
dances. Attributing their properties to single stellar §ibg might lead to erroneous conclusions.

Semi-detached systems [2] Binary systems in which the primary fills its Roche lobe dgrits
main-sequence evolution experience a long-lasting pHasass transfer (indicated in green in Elg 1).
As these systems are close, tides are efficient in lockingptiagion of the both stars to the orbit. Large
amounts of mass can be accreted onto the companion stag, tivbitransferred angular momentum
is quickly converted into orbital angular momentum due desi (e.g. Petrovic et al. 2005). Because
of their geometry and short orbital periods, these systeithslow eclipses and radial velocity vari-
ations in nearly all cases. They can be useful to test theighgg mass transfer and contact systems
(e.g. De Mink et al. 2007, van Rensbergen et al. 2010).

Post-interaction: astripped helium star companion [3] When the initially most massive star fills
its Roche lobe it will continue to lose mass until it has begipged from its entire hydrogen-rich
envelope. For systems with initial orbital periods lardeart 4 days, the mass-transfer phase lasts
only a thermal timescale. This is short compared to the mn¢imescale and is not visible in FIg. 1.
During the mass-transfer phase the orbit widens and thendacy is now the brightest star in the
system. The stripped primary star is very hard to detecttalits low luminosity, low mass and the
wide orbit. In addition, the secondary is expected to betirajaapidly as a result of the accreted
angular momentum. Broadening of the spectral lines becalisatation makes it even harder to
detect spectral lines of the companion. Therefore, thegetsnften appear to be single even though
their evolution is severely affected by binary interaction

The duration of this phase, indicated in orange in Eig. 1letdy the helium burning lifetime of
the primary star. This is in the order of one tenth of its medéigruence lifetime, or longer as stellar
winds reduce the mass of the helium star. Even though theidaraf this phase is considerable, to
our knowledge no such massive binary has been detectedh wiag reflect the difficulty to detect
such systems.

Post-interaction: disrupted systems and neutron star companions [4] By the time the initially
most massive star explodes, the orbit has become fairly dugeto mass transfer and stellar winds.
In most cases, the binary is expected to be disrupted, lgdkim secondary behind as a single star.
The secondary star may acquire a moderate spacial velalthigugh the formation of runaway stars
will be the exception rather than the rule. This phase, atéid in red in Figl]1, lasts as long as the
remaining main-sequence lifetime of the secondary.

3 Binariesprovideour only chanceto identify truesingle stars

We argued above that many stars are, or appear to be, sitgieeaperiencing strong binary in-
teraction. Such stars are expected to constitute a sizedd®dn of all single stars and can not be
neglected. Searching for stars without a companion is therenot an effective method to identify
“true single stars”, i.e. stars that have lived their liveghaut experiencing strong interacting such
as mass transfer. Similarly, removing stars with evideocdinarity from an observed sample will
be counter-productive. One would preferentially remowehe-interaction systems, in which stars
have lived their lives similarly to single stars, while pasteraction systems are left in the sample.



In other words, excluding detected binaries from a sammesases the relative fraction of stars that
have been affected by binary interaction.

Fortunately, binaries provide us with an opportunity tonitily stars that have not suffered from
strong binary interaction. Evolutionary models show thatby interaction by Roche-lobe overflow
strips the donor star from its hydrogen-rich envelope. Wiiea of the stars fills its Roche lobe, it
does not detach again until the entire envelope has beervesindherefore, in a close binary system
containing two detached main-sequence stars, we can extttedoccurrence of mass transfer since
their birth as hydrogen burning stars.

Such binaries often provide us with an unique method to nreake fundamental stellar param-
eters directly. For this reason they have been used suatigssf various authors to test evolutionary
models of single stars (e.g. Schroder et al. 1995, Pols €1305, Pavlovski & Southworth 2009,
Pavlovski et al 2009). Therefore we advocate that, in ord@éndrease our understanding of single
stars, binaries provide one of our best opportunities.
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