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ABSTRACT

We present numerical simulations of the runaway fractioqeeted amongst O and Wolf-
Rayet star populations resulting from stars ejected fronatxs by the supernova of the
companion. Observationally the runaway fraction for bgtes of star is similar, prompting
the explanation that close dynamical interactions are ths mause of these high-velocity
stars. We show that, provided that the initial binary fraietis high, a scenario in which two-
thirds of massive runaways are from supernovae is consigtiém these observations. Our
models also predict a low frequency of runaways with neustam companions and a very
low fraction of observable Wolf-Rayet—compact companigstams.

Key words: binaries: close — stars: early-type — stars: kinematicarsstWolf-Rayet — su-
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1 INTRODUCTION

OB runaway stars are massive, early-type stars which haye hi
peculiar velocities relative to the local standard of rédtese
may reach values as large as 200kmsthough most are below
100kms . The lower velocity limit for a star to be considered
a runaway varies between studies but is generally between 20
40kms 1. There are also a number of early-type stars at high
Galactic latitudes which require high velocities if theyreséormed

in the plane in order to reach their current locations withir life-
times (Conlon et al. 1992, Allen & Kinman 2004). In this paper
take the threshold velocity for a star to be deemed runawdeto
30kms 1. Despite their high masses, 10 — 30 % of O stars and 5 —
10 % of B stars have runaway status (Gies 1987).

There are two likely ways in which such relatively massive
stars can acquire high velocities. First, they may have beem-
bers of close binary systems which were disrupted by thersupe
nova explosion of the companion (the Binary Supernova Stena
(BSS), Blaauw 1961). In this case the runaway velocity mast b
similar to the star’s orbital velocity before the superndsacond,
runaway velocities can arise because the star interacteanty
cally with members of its natal star cluster (the DynamicpcE
tion Scenario (DES), Poveda, Ruiz & Allen 1967). As earlypey
runaway stars are fairly massive, this suggests that tleeaiction
was with a binary system of two massive stars, and the madylik
process is binary—binary scattering, in which the evemuahway
was a member of a binary which was disrupted by a more mas-
sive one. Clear examples of both types of of runaway (suparno
disruption and dynamical interaction) are known (Hoogefwae
Bruijne & de Zeeuw 2000). The fraction of runaways origingti
from either route is less clear; significant numbers of rusgsado
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show signs of interaction with a close companion, suggggtiat
supernovae must be implicated for a substantial fractiawever,
high-latitude early-type stars have normal rotationabueiies for
their stellar type (Lynn et al. 2004) as opposed to the fatsttian
which might be expected for the secondary from an intergdiin
nary.

Hoogerwerf, de Bruijne & de Zeeuw (2001) trace the paths of
runaway stars back to their parent clusters, and find pertveps
thirds are the result of supernova ejection. Blaauw (1998lsfthat
over 50% of massive runaways have enhanced surface He abun-
dances and high rotational velocities, suggesting that pgaFent
systems experienced mass transfer and therefore are godd ca
dates for supernova separation. It should be noted thal rafa-
tion and enhanced abundances are not in themselves unambigu
signs of accretion having taken place, since if a star is éafmith
rapid rotation then this will affect the surface abundammesr its
lifetime (e.g. Fliegner, Langer & Venn 1996); however thgthpro-
portion of runaways displaying these properties suggéststihey
are related in these cases to the circumstances which make a r
away. This favours the BSS, which is expected to make such. sta
Whilst theoretically dynamical ejection could occur in ateract-
ing system after it has undergone mass transfer, producig&
runaway with BSS-expected abundances, it it is more likelyave
occurred on the main sequence before mass transfer; fomtiner
as tighter systems, those with early interaction presemhallsr
cross-section to collision and are harder to unbind.

On the other hand, population synthesis suggests that only a
relatively small fraction of O star runaways can have comautib
via the BSS (e.g. Portegies Zwart 2000).

The two pictures sketched above predict in principle what
kinds of stars become runaways. However the O and/or B phases
are only the early stages of the life of a massive star; inqaair,
many massive stars at solar metallicity go on to become Walifet
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(WR) stars (Chiosi & Maeder 1986). WR stars are charactbye
small or absent H envelopes as a result of high mass lossfther
they generally arise from the most massive stars, which hiaNer
mass-loss rates throughout their lives. In a binary thisgse may
be affected by Roche Lobe Overflow (RLOF), both as the donor
(where the mass loss strips the envelope) and the gainectiwhi
may become massive enough, via accretion, to later undergr a
phase).

Some proportion of WR stars would therefore also be ex-
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binary-single star interaction, the star which is mostliike be
ejected as a runaway is the least massive of the three. lbugtt
that runaway O stars arise from binary-binary (Clarke & glen
1992) or higher-order multiple interactions, but even heig the
less massive stars which will be ejected with the greatdstities.
Selecting for lower-mass stars selects for O stars (thmlimtass
limit above which a star goes through an O phase being lovear th
the initial mass limit above which a star goes through a WRspha
and for evolved WR stars (if the interaction happens latehin t

pected to be runaway, with the exact numbers depending on thelifetime of the WR star when it has lost much of its mass via a

dominant method of runaway production. Recently eviderae h
emerged that the fraction of runaways among Wolf-Rayesstar
similar to that amongst O stars (Mason et al. 1998, Moffatlet a

1998, Foellmi et al. 2003) at around 10 per cent. This has been

interpreted as evidence in favour of dynamical ejectiomépe¢he
primary route for making massive runaway stars. In this pape
consider whether the SN route may also produce similar rapaw
fractions for O and WR stars, and examine the implicatiorthisf

2 RUNAWAYS VIA THE DYNAMICAL EJECTION
SCENARIO

The dynamical ejection scenario was first proposed by Poeeda
al. (1967). It involves binary encounters in the cores of rist
massive OB associations. These encounters extract emergyiie
binary orbit through tightening of the orbit and generateaway
stars.

One system is known in which there is strong evidence for an
origin through the dynamical ejection scenario. AE Aur arcol
are both 09.5V stars with similar ages which are running away
in opposite directions with velocities relative to the Ibstandard
of rest of 113.3 and 107.8 km& respectively (Hoogerwerf et al.
2001). Because of their similar but oppositely directedcepee-
locities Blaauw & Morgan (1954) first proposed a common arigi
for these runaway stars in the Orion nebula. Gies & Boltor86)9
proposed a binary-binary interaction formed both of thesaway
stars and the binaryOri. Supporting this hypothesis Hoogerwerf
et al. (2001) have shown that these three objects occupi&aya v
small region of space 2.5 Myr ago in the Trapezium clusteal@u
dris, Portegies Zwart & Eggleton (2004) have performed Mybo
simulations of the binary-binary encounter and have showm &
binary-binary encounter with an exchange occurring betwtbe
two binaries could produce the currently observed configama

Hoogerwerf et al. (2001) investigated the origin of twetwp
nearby runaway stars. Parent associations were proposeikfo
teen of these stars. Of these sixteen eleven were proposene¢o
been produced via the binary supernova scenario as oppmfee t
through the dynamical ejection scenario. Two of the rennginun-

wind). Once a star is a runaway it is likely to remain that way,
which selects for the later stages in a star’s lifetime,against O
stars.

Between these considerations it is difficult to form a claefr p
ture of the population occurring from dynamical interactavith-
out large-scale numerical simulations. If the runawaytfoars of
such WR and O stars are equal, it may be only because of the bal-
ance of competing effects.

3 RUNAWAYS VIA SUPERNOVAE

Even if it is completely symmetric, a supernova in a binarstem
still occurs away from the centre of mass of the system andehen
imparts a net velocity to the system as a whole. Whether the sy
tem is unbound by this and whether the resulting velocityhef t
companion is great enough for it to be observed as a runaway de
pends on its pre-SN parameters. In particular, a binaryresiiain
bound despite a SN explosion if less than half its total maksst.
For most binaries which have undergone mass transferhieipri-
mary — initially the most massive star — which explodes fiost,
by the time of its SN its mass is less than that of its companion
Therefore for perfectly symmetric SNe all of these systerosld/
remain bound. In these circumstances it is hard to explavény
low binary fraction amongst runaway O stars (Mason et al8)99
Studies of single pulsar velocities (Lyne & Lorimer 1994 )fin
that an additional ‘kick’ velocity of some 450km% (imparted by
asymmetric mass loss or neutrino emission) is required¢otatt
for the extremely high velocity of some neutron stars. Btatd
Podsiadlowski (1995) suggest that kicks of this magnitudieun-
bind the binary in over 70 % of cases. In this case it is quisyea
to make massive runaways via the BSS. However, whilst the pop
ulations which go on to form runaway O and runaway WR stars
are similar, they are not identical and in particular they affected
differently by the time at which the SN occurs and the sizehef t
kick.
The simplest scenario in which O and WR runaway stars both
arise from supernovae is when all kicks are equal. The ptiegesf
the runaway are determined by any binary interaction it mayeh

aways had more than one possible parent associations bat wer undergone and its state of evolution at the time of the SNf it

consistent with an origin via the binary supernova scendius
implies a fraction of runaways formed through the dynaméget-
tion scenario as less than one third. Leonard (1991) haempesfl

a number of binary-binary encounters and finds that runaveay v
locities are greatest when the initial binaries are cincalad the
stars have similar masses. For the most-massive runawdysse
binary-binary encounters Leonard (1991) finds that the mawi
runaway velocity is half the surface escape velocity of ¢hat - so
escape velocities of 100s of kiisare possible.

There are a number of competing effects which will determine

the relative sizes of the O and WR star runaway fraction irctse
that all runaways are created by dynamical interactiorstFin a

companion. The fraction of WR stars which are runaways shoul
in this case always be significantly greater than the fraaibO
stars which are runaways.

This arises from the relative positions of the O and WR phases
in the star’s lifetime. Stars either begin their lives as &sbr be-
come O stars after undergoing accretion from RLOF. Howetker,
O phase is always earlier than the WR phase. In a binary igis re
sonable to assume that both stars are formed at the sameByme.
the time one of the stars has evolved to the point that it Wodera
supernova, the other (which will become the runaway) hasdir
gone through some or all of its O star phase, but is unlikelyatee
become a WR star yet. The statistics of observed WR binaaiels b
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this up: of 20 Galactic WR binaries with measured masses (van
der Hucht 2001), at least 14 have as companions O stars wiach a
massive enough to subsequently go through a WR phase, ut onl
one (WR20a, which, as a system of an 83Mnd an 82M, star
(Bonanos et al. 2004), is highly unusual) contains two WRssta

One potential way of getting around this is to invoke a popu-
lation with very uneven mass ratios, such that the less neastir
still has most of its O star lifetime left after the SN of itsngpan-
ion. However, in order to be an O star on the main sequencdaat so
metallicity a mass of at least 17Mis required. This then requires
the other star to be extremely massive, and so is unlikelyeta b
common situation. Furthermore, the masses of the comp®iirent
massive binaries are correlated (Garmany, Conti & Mass&@)19
with very few unevolved systems having mass ratijes M2/M1
below 0.3.

However, the above assumes that all supernovae are equal
that is, that the distribution of parameters which produde &vo-
lution in the secondafyand the distribution of parameters which
produce an asymmetric SN explosion which unbinds the syatem
completely unrelated. In reality this is unlikely to be trese.

The likelihood of a system producing a runaway WR star de-
pends on a number of factors. First, the star which surviegsiid
the SN of its companion must be, or become, massive enough to u
dergo a WR phase. In the case that mass transfer occurs, #s ma
limit for a star to go through a WR phase is lowered somewhat
(Dray & Tout 2005) due to accretion of He-enhanced matter and
subsequent thermohaline mixing. Mass transfer also presrbie
likelihood of the secondary undergoing a WR phase by raiging
mass, although the amount of mass transfer which can octanebe
the secondary is spun up to rotational break-up velocitynster
of debate (Packet 1981, Dewi 2005).

O Star Runaway Populations from Supernov&e
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Figure 1. Pre-SN core mass—-remnant mass relation for Z02 Grom the
models of Woosley & Weaver (1995) as parameterised by Roitat al.
(1998). Though largely artificial in its placing of the mass, ¢he true rela-
tion between low-mass SNe from which all mass is lost apamfa 14 M,
NS core up to direct-collapse BH formation from which no miadsst is
not likely to be very different.

mass loss for WR stars is a matter of debate, particularlynwbe
tation is considered (e.g. Maeder & Meynet 2000). Howevés it
notable that, in all five of the Galactic WC+O systems with mea
sured masses, the WC star (which is a stripped core nearing th
very end of its lifetime) is more massive than 8 MTrhese systems
also have massive O star companions (23 — 34 Man der Hucht
2001) which will quite probably still be O stars at the SNeluit
companions and later undergo a WR phase, making them prime ex

Second, this star must then be given a large enough velocity amples of potential contributors to both the (BSS scenaiand

by the SN of the other that it is observable as a runaway. Here
we use 30kms! as the velocity threshold above which a star is
classified as runaway. Recent work by Pfahl et al. (2001) esstgg
that the velocity distribution of observed X-ray binary t®ms is
indicative of a bimodal distribution of SN kicks, with smailkicks
originating from systems which underwent mass transfdiegan
their evolution. Early mass transfer (i.e. short initialipd) has also
been linked with more nearly conservative mass transfendea
2005). In addition, simulations of WR production in theseteyms
(Dray & Tout 2005) suggest that early mass transfer increttse
likelihood of the secondary undergoing a WR phase.

A further notable effect is that, since masses of stars in mas
sive binaries are correlated, primaries of high mass terftat@
relatively massive secondaries. Therefore, in the pojounads a
whole, as the primary mass increases, so does the likelibiibe

WR runaway populations.

If a neutron star (NS) is formed in the SN explosion, the rest
of the mass of the pre-explosion star is lost. However, whHaaek
hole (BH) is formed the amount of matter which falls back i no
limited by the maximum NS mass. There is a peak in the system SN
mass loss for pre-SN primary core masses somewhere aroend th
boundary between NS and BH formation (Fig. 1). The most mas-
sive stars form BHs at the end of their lifetimes. These ase tile
stars which lose most or all of their envelopes in winds or RLO
before they explode. This again limits the mass loss in thpoex
sion, since the matter external to the core has already lmstn |
Consequently, BH-forming explosions involve smaller miass,
relative to the remaining system mass, than do most NS-fagymi
explosions. If kicks are basically related to anisotropassiloss in
the SN explosion, as opposed to anisotropic neutrino eomstien

secondary being massive enough to undergo a WR phase. Abovea smaller amount of mass lost relative to the system massdshou

a primary mass of 40M or so, nearly all solar metallicity sys-
tems which interact and avoid merging will have secondavigish

can go through a WR phase. Therefore the initial primary mass
distribution of systems which can make WR runaways is styong
skewed towards high initial primary mass. However, 40 also

the threshold above which the remaining cores of stars laerg
mass in RLOF and winds at solar metallicity are above:8M.e.
massive enough to collapse to a black hole rather than aameutr
star (Fryer 1999, van den Heuvel et al. 2000). The level ofdwin

1 NB. In this paper we will follow the theorists’ convention ifferring to
the initially most massive star as the primary throughout, even if through
interaction or winds it becomes the less massive star inysies.

also correspond to a smaller average kick velocity. Evemeifdick
velocity is unchanged, the amount of mass lost affects tlad g
locities imparted to the stars as the source of the massdoss at
the centre of mass of the system (see e.g. Tauris & Taken9.1998
If the BH-forming explosion mechanism is basically similar
to that forming a NS the imparted velocity to the companiom to
BH-forming star, therefore, is still on average lower. Isthffect,
combined with the greater likelihood of BH-forming starshtave
companions which will become WR stars, enough to reduce the
proportion of WR runaways? To test this proposition we uge th
analytic formulae provided by Tauris & Takens (1998) for #fe
fect of a given kick magnitude and direction on the compasion
velocity. To quantify the effects of kicks we also need townor
guess) a suitable distribution of parameters for systenmseidi-
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ately before the first SN. This in turn depends on the natuneasfs
transfer.

Whilst there are initial parameter distributions for biesar
which are widely used, the masses and periods immediatédyeoe
the SN depend critically on a number of rather less well-kmow
evolution-based quantities, including the amount of nmattieich
may be accreted during RLOF and the efficiency of common en-
velope mass loss. Fig. 2 shows Monte Carlo simulations sfafet
50000 systems with varying assumptions about input systsmds
kicks. In all cases we assume an isotropic distribution ok kli-
rections and a Maxwellian distribution of kick velocitiestfinmean
450kms? (Lyne & Lorimer 1994; Lorimer, Bailes & Harrison
1997), and that the initial binary population has mass rqtimd
period P distributed according t&(q) O 1, P(P) O 1/P with pri-
mary masses appropriate to a Salpeter IMF. Observationsaef m
sive stars suggest that the initial binary fraction is higite possi-
bly close to 100 % (Mason et al. 1998), though the binary ioact
amongst runaways is much lower. Therefore we consider #alini
population composed solely of binaries. Initially-singlars are
highly unlikely to become runaways by either method, so ffect
of their inclusion would be to lower the runaway fractionsboth
O and WR stars.

A further consideration is the appropriate metallicityththe
recent work of Apslund et al. (2005), it now seems appareait th
the true solar metallicity is similar to that of the solar gighor-
hood, i.e. closer t0.01 that 002, the usually assumed 'solar’ value
when models are calculated. It is likely that runaway O Sbaig-
inate from systems with a range of metallicities, of whicBis
towards the higher end (Daflon et al. 2001). Many of the regjion
in which WR stars are common have metallicities which areelo
to the old value of solar metallicity (Najarro et al. 2004)edto
the greater likelihood of forming such stars at higher Z. riden to
allow comparison with previous studies, we run our initialco-
lations assuming Z 0.02. However, we consider in addition the
lower value of metallicity, which is also close to the metity of
the LMC, and it should be borne in mind that the true Galactloe
most likely results from a range between the two.

For panela of Fig. 2 we assume a simple model of binary
interaction without stellar wind mass loss in which all gyss with
initial periods below 3000 days interact, systems withiahig less
than 0.6 or period greater than 200 days come into contads$ (Po
1994) and others have stable mass transfer. For stable raasfet
we assume RLOF is conservative, the primary’s initial mdss
and post-RLOF magl; , are related by

M1p = 0.058M17’ (1)
and the post-RLOF period related to the initial period by
Po_ ( My,iMaj )3 @
R M1,pMz2p

(van den Heuvel et al. 2000). For contact systems we assume th
primary is stripped to its core as before, the secondary'ssme-
mains constant and the period is determined by the energy arg
ment of Webbink (1984),
-3
) o

Po\?
R
where we takecg to be 1.0 and to be 0.5 (Pfahl et al. 2002). The

ratio of the Roche lobe radius of the primary to the sepamatiq,
is taken to be

_ Ml,p+M2
- My + Mz

Ml.pMz
My,

)3 (M2+ 2(M1j —Mgp)

NceArLy
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- 06+973In(1+q3)
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(Eggleton 1983). Systems are considered to merge duringhoom
envelope evolution if the secondary would overflow its Rolcblee
at the post-CE separation and masses given above.

In order to calculate the relative observed populations & W
and O stars we also need to have an idea of the time each stalsspe
in these phases, both when it is runaway and when it is nothéor
toy model we assume that post-RLOF, pre-SN primaries spéhd 1
years in a WR-like phase, and, for other stars, those aboWk:17
have an O phase of 4x4§ears and above 28Mhave a WR phase
of 10° years. If they have accreted significantly, these massdimit
are likely lowered somewhat (Dray & Tout 2005). The massilost
the SN explosion is calculated from the pre-SN core massaem
mass fit of Portinari, Chiosi & Bressan (1998) to the SN modéls
Woosley & Weaver (1995) at Z 0.02. For cores of over 15Mwe
assume direct collapse to a BH with no SN (Fryer 1999) andéenc
no kick.

In panelsh to d we take pre-SN parameters from the evolu-
tionary models of Dray & Tout (2005) for binaries at Z 0Q. We
use the non-conservative RLOF set of models for which aregccr
ing star can only accept ten percent of its own mass in aocrétir-
ing an episode of RLOF. These models do not follow post-ainta
systems, so for those we assume that the primary is stripped d
to its core mass, the secondary stays roughly the same mass as
the start of contact, and the period is governed by equatasfar
the previous models. The pre-SN radius and post-SN lifetifne
post-contact secondaries are then estimated from sirggkedtthe
corresponding mass, since in the majority of cases it hagtt
only a small amount. Parameters of noninteracting systeenslso
taken from single star models (Dray & Tout 2003).

Under the assumptions used here, mergers are a frequeltt resu
of common envelope evolution. Unless the merger procesi$iits
volves significant asymmetric mass loss, the stars thusefdmwill
not be runaway. Their subsequent evolution is likely alsalifo
fer from that of a normally-formed single star at their newssma
One might expect them to be rapidly-rotating and have noMB3A
abundance profiles. However it is notable that many BluegBtea
stars have low rates of rotation, even though most scenéoios
their creation involve mergers or significant amounts ofretbon
(Leonard & Livio 1995, Schonberner & Napiwotzki 1994). Bro
ably merger products evolve more similarly to secondaribehv
have undergone accretion than to ZAMS stars. We calculat©th
and WR lifetimes of these stars, therefore, by referenceost-p
accretion secondary models of the corresponding massoltich
be noted that these may not have exactly the same composition
this comparison is relatively approximate; however, itiiskably
closer than assuming lifetimes appropriate to a ZAMS stahef
new mass.

Systems for which the SN explosion prompts a merger of the
new NS and its companion (mainly via the kick direction being
such that the binary is significantly hardened to the poiat the
new periastron distance is less than the radius of the coimpan
rather than by direct collision) are fairly uncommon, hagipg to
around 1 % of systems which reach the SN stage. In this case a
ThorneZytkow object is formed (e.g. Podsiadlowski, Cannon &
Rees 1995). For systems which remain bound and close aéer th
SN but do not merge immediately there is the possibility of un
stable RLOF later to reach this same end. Whilst there has bee
some speculation that the unusual WN8 class of WR stars hwhic
are runaways, may be Thoristtkow objects, we assume here that
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Figure 2. Monte-Carlo simulations of runaways resulting from masdinary systems, showing the velocity of the secondary #fe supernova of the
primary against the primary’s pre-SN mass. The greyed-m# sepresents the velocity range over which stars are ¢ootsl be runaway by our definition.
Solid points indicate stars which go through an O star phagarmways and crosses those which go through a WR phaséh(mhaig also go through an O

phase). See text for details of the input parameters.

they will be short-lived and appear as red supergiantsebyenot
affecting either the O or the WR statistics.

In panelsc andd of Fig. 2 we consider a couple of other possi-
ble constraints on the kick distribution. Whether or notesmpvae
which form BHs have strong kicks is a matter of debate (Jo&ker
Nelemans 2004, Nelemans, Tauris & van den Heuvel 1999) but it
is quite possible that their kick distribution is differédrmm that of
NS-forming explosions. Probably BHs formed by direct qodla
do not have kicks, and it is possible that BHs formed by falkba
have small kicks. A prototype for such a system may be Cygnus
X-1 (Mirabel & Rodrigues 2003), which contains a BH of around
10 solar masses with an 18 solar mass O supergiant compéanion,
seems not to have received any excess velocity from the rsonzer
which formed the BH. This implies a SN with very little or no ssa
loss and no kick at a mass which is slightly lower than thaiegen
ally assumed for direct collapse. Alternatively the kickynfeave
been fortuitously directed so as to cancel out the velodfgceof
mass loss. In general, those studies which do indicate erelifte
in NS and BH kicks find lower or no kicks in BH-forming explo-
sions. In panet we assume that explosions which produce BHs
(i.e. those of cores more massive than about.8 Mryer 1999)
have no kick at all. Even without kicks, some mass is stilt ins
these supernovae and hence some of them still become runaway
However the effect on the WR runaway population is fairlystig

since WR secondaries are preferentially found with moresivas
primaries.

For paneld we assume that systems with initial periods below
ten days have small kicks (on the order of 30kmh)s This scenario
is similar to that suggested to explain the apparently bihdds-
tribution of pulsar velocities (Pfahl et al. 2001, Podsimeiki et al.
2004). Systems with initially smaller periods will underBbOF
earlier on in their evolution, revealing the core of the @imnwhilst
it is still rotating rapidly, which may affect the kick magude.

The fractions of O and WR stars which will be observed as
being runaway of course depends on the lifetimes thosesarsd
as runaways and the initial binary fraction. Therefore gisen in
Fig. 2 are a number of properties of the resulting WR and O pop-
ulations, including the observable runaway fractionsa®d WR
(assuming an initially 100 per cent binary fraction), thection of
systems which are unbound by the $Npoung the fraction of O or
WR runaways which should have a NS or BH companigginary
and the number ratio of WR stars to O stars. Observationally i
the Milky Way WR/O is between.Q and 02 (Maeder & Meynet
1994). As noted before, the parent population of BSS WR ragaw
is those binaries which are initially the most massive; elaege
SN kicks as used here frequently do not suffice to push them ove
the velocity limit to become runaway stars. Therefore tlaetfon
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of systems which experience a SN but remain bound may by very
different to the fraction of runaways which remain bound.

3.1 Comparison with observed values

Whilst one may obtain similar runaway fractions for O and WR
stars by restricting kicks as in panelandd of Fig. 1, it is no-
table that such fractions are rather lower than the obserakc.
Without kick restrictions, similar O and WR runaway fractioare
also obtained but they are somewhat larger. In quantifylregatb-
served runaway fractions, of course, it is important to hgtioas
about the completeness of runaway surveys. In the simpiest, ¢
that in which radial velocities alone are used to select fgh lve-
locity stars, as many as half of an isotropically-distrdzlisample
of runaways will be missed (Cruz-Gonzalez et al. 1974). Tudys
of Mason et al. (1998) accounts a star a runaway if it has atesol
peculiar radial or space velocity greater than 30kfsr is further
than 500 pc from the Galactic plane. That of Moffat et al. @99
uses a threshold of 42kmé in transverse velocity, which is equiv-
alent to a threshold of 30km3 in radial velocity alone. For WR
stars in particular these values may also be affected byl sinal-
ber statistics. Nevertheless, since the Mason et al. stadg &n O
star runaway fraction of 8 percent and the Moffat et al. sfirlys a
WR star runaway fraction of 9 percent, it is probably safeapthat
the true fractions of stars with space velocity greater 8@ims 1
within these populations are similar, and that they ardyiit@be at
the lower end of the 10 — 20 percent range. The runaway fratio
we find without kick restrictionsk) are then half or less of what
is expected. These values are slightly higher than but bydad
agreement with those found for O stars by Portegies Zwa@QqR0
If kicks for these systems are restricted, the runawayifvastof O
and WR stars become similar, but are a factor of 5 — 10 too low.

There are a number of reasons why this might be the case.

First, in real life, some runaways will arise from dynamiegbc-
tion. Following Hoogerwerf et al. (2001) we expect the numife
these to be lower than those arising from the BSS, but theybwaay
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Figure 3. As Fig. 2, but with early lifetimes of O stars and low-mass WR-
like stars excluded. Panel shows a population with conservative mass
transfer, and pandd a population with non-conservative mass transfer.

enough to make up some of the difference between the observed

and theoretical values. As discussed above, it is difficufiredict
whether the DES will produce differing runaway fractions @
and WR stars, but it is likely to be at least slightly more vinégl

et al. 1999). If the fraction of the early (non-runaway) Or sife-
time during which they are not visible is large, this incesashe

towards making O star runaways than the BSS. Therefore one po observed O star runaway fraction significantly. PortegiesiZ

tential scenario is that there are no restrictions on SNskaoid the

(2000) estimates the average reduction in visible O statirife

remainder of the runaways in both cases are made up by dynam-due to obscuration by their birth clouds a$ ¢8ars, which would

ical ejection. A further possibility is that the input parerers are
incorrect. However additional simulations with a wide rarg in-
put distributions failed to produce a high enough runawagtfon
for any reasonable set of parameters. We have also not evedid
triple and higher-order multiple systems. If nearly all @rstare
born with companions, as seems likely, hierarchical trigglstems
may play an important — and complex — role in evolution aral th
production of runaway systems. In particular, there areefstars
among the WR sample of runaways detected by Moffat et al 81199
which must either be given their velocity by the DES or evioluit
in a multiple system, since they have O or B star companions. O

only have a small effect. Removing non-runaway O stars a&lso i
creases the WR/O ratio, taking it further away from its obsér
value.

It is also true that not all of the stars which we have labelled
as WR stars may be visible as such. Observationally, the &R ph
nomenon is strictly an atmospheric one, defined by low H aridiéo
abundances and broad emission lines. Stars which fit theettiesd
definition of a WR star — mainly, that its surface hydrogenrabu

dance by mass be less than 0.4 — may not display WR phenomena

in their atmosphere if they are too cool or do not have a higlugh
mass-loss rate. Many of the quantities affecting the wied-elated

of these is WR22, which, with a combined system mass of nearly to the mass of the star, so it is convenient to take a masstatotv

eighty solar masses, probably requires dynamical interadte-
tween a number of very massive stars to give it its velocity.

A pertinent question here is that of observability. Whilst w
have calculated populations based on theoretical defisitdwhat
constitutes an O star or a WR star, this does not take intouatco

which a star with WR-like abundances will simply be obserasa
helium star — for example, studies such as that of Vanbey&ten
Bever & De Donder (1997) take this minimum mass to be.&M
In the catalogue of van der Hucht (2001) the WR star listecaas h
ing the lowest determined mass is WR97, &M.,. However the

whether they can be detected as such or not. O stars are,-on forsource paper for these values (Niemela, Cabanne & BassBf) 19

mation, hidden in dense molecular cloud cores (Heydarialytdi

guotes them as lower limits only, with the values correctadr-
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clination potentially being ten times greater. The lowestftmed
WR mass is then.8 M, for WR31 (Lamontagne et al. 1996). The
most evolved WC stars may also be shrouded by dust, appeering
faint red objects, although we do not consider that hereesihe
lifetimes involved are short. There are also a small numbstaos

in our models with WR-like abundances which become esdbntia
cool He giants. These will be unable to maintain a WR atmasphe
We therefore rerun our simulations with the assumption steats
with WR-like composition are not observable if they have seas

below 39Mg, or log Test below 4.0, and that massive stars younger

than 16 years are obscured. These are shown in Fig. 3; panel
shows full evolutionary models with conservative massdfanand
these assumptions, abanodels with non-conservative mass trans-
fer as above.

These changes have a relatively small but positive effact. |
the case that the runaway fraction amongst O stars is clot®to
Mason et al. (1998) value of 8 percent, the resulting O star ru
away fraction is consistent with the conclusion of Hoogefves
al. (2000) that two-thirds of massive runaways are from ti%SB
and the remaining third from dynamical interaction. The W& s
runaway fraction is similarly consistent with that of Mdffet al.
(1998) — in fact, an extra component from the DES is not neatled
all in the case of conservative mass transfer. Amongst teergbd

WR stars marked as runaways there is a higher incidence of non
compact companion stars than amongst runaway O stars, bBgwev

so it is likely that there is a significant DES component in{WR
runaway population.

3.2 Variation with metallicity

A further variable which has the potential to have a strorigogf
as noted above, is metallicity. Foellmi et al. (2003) finck thight

of their sample of 61 LMC WR stars have unusual radial veloc-

ities (i.e. significantly different from the mean value).igIsug-
gests a similar or slightly higher runaway fraction to thelkyli

Way. However, whereas several of the MW runaway sample have
OB companions, all the suspected LMC runaways appear to be

single. This could indicate a higher proportion of BSS ruagsy
but is most likely just a consequence of small number siegist
Lower-metallicity stars of similar mass and evolutiona@tss usu-
ally have smaller radii than comparable solar-metallisters. This
leads to fewer contact systems, fewer mergers and morensyste
surviving until the first SN; and wind mass-loss rates areelpw

which raises the mass limit above which a single star will go

through a WR phase. WR secondaries are less affected bywke lo
mass-loss rates if their effective metallicity is raiseddzgretion.

Lower mass loss in the wind of the primary also leads to a more

massive primary at the time of explosion, which may resulain
lower kick velocity. Therefore theoretically one would exp WR
stars to have a higher runaway fraction at lower metallifithe
secondary accretes significantly (i.e. the conservativdatsd but
otherwise to be relatively similar. Decreasing the metgjlialso
shifts the main sequence bluewards, increasing non-run@vear
lifetimes. This is likely to reduce the fraction of the O spapula-
tion which is runaway. These speculations are confirmeddn4&i
for which the same simulations as in Fig. 3 are carried outabd
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Figure 4. As Fig. 3, but for half solar metallicity.

ities imparted to their companions are, on average, smalbehat
observed WR runaways represent the higher-velocity endiisf t
spectrum. This in turn increases the likelihood that sudhesys in
fact remain bound and moving with relatively low velocity.e.inot
enough to be registered as runaways. In the kick restristtenar-
ios above over fifty percent of secondaries which go on to imeco
WR stars retain their companions, the vast majority of wigiaimot
attain runaway velocities. Even without kick restrictiptise frac-
tion of the total observed WR population which might be expéc
to have a compact companion, assuming no further interaafter
the first SN, is around 8 percent.

The question which then arises is, where are the WR-BH and
WR-NS post-explosion binaries which are predicted by this- s
nario?

4 WOLF-RAYET BINARIES

In the previous section we demonstrated that one conseguéiac

= 0.01. These general trends also held true when we ran the samemassive star population which is able to produce the exgeuim-

simulations at Z = M04.

bers of runaways via supernovae in binary systems is that the

From the above analysis it seems likely that the systemshwhic non-negligible proportion of WR stars with compact compasi
have the potential to produce BSS WR runaways are those whichFor the observed Galactic WR population of around 237, wddavou

have initially the most massive primary stars, and that beeshese
primaries are still relatively massive when they explotie,\teloc-

expect around 20 WR-compact object binaries, of which dlbbe
or two will have BH companions. However, the observed Gadact
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WR + compact object population in fact has only one known mem-
ber, Cygnus X-3. Itis a matter of debate as to whether the actp
object in this system is a BH or NS (e.g. Schmutz et al. 199¢). C
X-3 has a very tight orbit, with a period of only 4.8 hours. Tde

is also a potential WR-BH binary in the metal-poor galaxy I€ 1
(Bauer & Brandt 2003), and one pulsar with no optical coyadr
X1908+075, which displays signatures of orbiting in the avif

an unseen WR companion (Levine et al. 2004).

However, the typical WR—-BH binary produced by our simu-
lations is long-period (100 — 1000 days) and has a relatiswigl|
eccentricity. Whilst there are some close systems, it semilely
that in the wide systems, which significantly outnumber thigvere
will be sufficient accretion to power X-ray emission.

In addition, the dearth of obvious WR + BH binaries in the
Galaxy is not surprising if we examine how most stellar—nfdask
holes are found. By far the most usual way (15 out of 18 known
cases: McClintock & Remillard, 2003) is to measure the mass-f
tion of the companion star in a quiescent transient and shav t
this exceeds the maximum neutron—star ma8d/, . If the system
is not transient and thus has no quiescent phase this is #ilpams
as the optically bright accreting component prevents oraining
a clean spectral line radial-velocity curve for the compani

But WR + BH binaries are extremely unlikely to be transient.
To power an X—ray source (thus signalling the presence of& co
pact component) by Roche lobe overflow or even by wind aareti
requires a short orbital period. The presence of a hot WR eomp
ion close to the accretion disc guarantees that its temperaan
never fall below the hydrogen ionization valte6000 K. This is
for example why none of the HMXBs is a conventional transient

The other method of finding black holes relies on rather indi-
rect arguments for HMXBs: one combines an absorption—liassm
function with a no—eclipse constraint, and gets a minimuluestor
the unseen mass when all inclinations are allowed. Theregem-
eral no guarantee that the resulting lower bound on the raaiggt
enough to require a black hole even if the required obsematire
made. Thus it is unsurprising again that no second WR + BHpina
has been found.

The endpoints of the binary evolution are straightforward t
predict. If the secondary WR star leaves a neutron—staraatima
tight enough orbit (periods less than about 15 hr) this mayeste
via gravitational radiation and possibly produce a gamiaaburst
as well as a gravitational wave signal. If the binary was away
the gamma-ray burst would presumably be rather distant$tar
forming regions, and so probably atypical. If the WR stavésaa
black hole, a similarly short orbital period would allow a BHBH
coalescence, and a consequent gravitational wave source.

5 O STAR - COMPACT OBJECT BINARIES

One further consequence of evolutionary paths in which thar
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Figure 5. Transverse runaway velocities for systems which remaimtou
after the SN of the primary, for conservative (upper panel)l aon-
conservative (lower panel) mass transfer. Large grey pahbw the lo-
cation of observed HMXB velocities from Chevalier & llovkys(1998) for
systems with Be companions (circles) and supergiant coiopsir{trian-
gles). Periods are obtained from the catalogue of Liu, vaad§a & van
den Heuvel (2000) and references therein.

pergiant systems. These have larger velocities, probaitdyed to
a different evolutionary pathx v >= 424 14kms® (van den
Heuvel et al. 2000). Other runaway O stars have indicatidts-o
narity and small mass functions which suggest they may h&e N
companions (e.g. Boyajian at al. 2005; McSwain et al. 2064)v-
ever in general searches for neutron star companions tavayna
stars have suggested that the vast majority are singlep(EBhl.
1996).

From our simulations we find that around 5 — 10 percent of
O stars should have a compact companion of some sort, imgudi
direct collapse BHs. Many of these systems, like the WR ayste
mentioned above, will not support sufficient accretion toxeety
bright. Of these binaries with compact companions, up topmre

is not separated by the SN is systems of O or B stars with campac cent have transverse peculiar velocities over 30khn Fhis small

companions. In particular, these systems may become wisibl
high mass X-ray binaries (HMXBs) if material from the wind or
from RLOF is accreted onto the compact component.

Most HMXBs have small peculiar velocities. Chevalier & llo-
vaisky (1998) find for the Be X-ray binary systems an average
transverse peculiar velocity v >= 1134+ 6.7kms, i.e. not
substantially different from that expected for non-rungv@astars.

Be X-ray binaries make up some 75 % of the known HMXBs but,
since they have transient emission, the real proportioikédyl to
be higher. The remaining HMXBs are persistently-emittirig) €i-

fraction is unsurprising given that it is the systems witha#irkicks
which are more likely to remain bound. According to van Oijen
(1989), there are around 960 — 1850 O stars, 50 Be X-ray kimari
and 3 OB supergiant X-ray binaries within a distance of 2.6 kp
of the Sun. For this number of O stars, we would expect roughly
400 binaries consisting of a compact object plus any sorbof-c
panion, of which 4 or fewer will be runaway. Whilst the rungwa
compact object binaries we produce are close systems whgtit m
all be expected to be persistently X-ray bright, this numiees
seem rather small given that it is an upper limit.
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In figure 5 we plot the observed period-transverse velocity
distribution against that of systems which remain boundnfaur
models. The smaller number ratio of observed to predicted lo
velocity systems is consistent with these being transienkBay
binaries for which not all are visible at one time. The higHecity
X-ray binaries are notably easier to produce in the case of no
conservative mass transfer, for which there is a greateténce of
short-period binaries at the time of the first SN.

We intend to explore this HMXB progenitor population fur-
ther in a future paper.

6 DISCUSSION

As we have shown, the fraction of O stars and that of WR stars
which are runaway may still be similar even if many of them eom
from supernova-separated binaries. This scenario is alssistent
with the rarity of observed WR—NS binaries, provided that¢his

a population of WR—BH binaries which are not visible.

If we assume that, following the work of Hoogerwerf et al.
(2001), both the DES and BSS operate in nature but that teere i
observational evidence that the BSS is responsible fortaims
thirds of massive runaways, then there are a number of otirer ¢
clusions which follow from this.

First, in order to be able to make enough runaways by this
method, the vast majority of kick velocities must be larghisT
does not exclude X-ray binaries with low velocities sinckidks
are randomly oriented in space then some will leave the syste
both bound and travelling with a relatively small velocitthere-
fore the existence of some non-runaway HMXBs is unsurggisin
and expected in this scenario. However, if runaway O and ViR st
are to be produced by the BSS in large enough numbers it in-esse
tial that at least some SNe in close binaries have large k&ikee
these systems produce a significant fraction of the WR sec@wd
Similarly our work supports the conclusions of Jonker & Nedans
(2004) that BHs have kicks of similar magnitude to NSs, attléa
the cases where they are formed by fallback. This is moreigons
tent with a scenario where kicks are the result of anisotropu-
trino emission rather than anisotropic mass loss, sincarsunt
of mass lost varies widely between BH-forming SN explosions

This work also has some bearing on the mass limits above
which stars collapse to BHs. If the core mass limit for direat
lapse is much below 15M then it is extremely hard to make
enough runaway WR stars via the BSS. Another scenario inhwhic

the number of BSS O and WR runaway stars becomes small is

if the initial binary fraction amongst massive stars is figantly
less than the here-assumed 100 percent, since initiallesstars
are very unlikely to become runaway in either scenario. Ehig
gests in turn that many observed single O and WR stars have bee
ejected from binaries either by the BSS or DES but have not at-

O Star Runaway Populations from Supernov&e

8Mg. However, if it were much smaller, too many O-BH binaries
and not enough O-NS binaries would be produced.

A proper understanding of the ejection of stars from star
clusters is also crucial to understanding the evolutiontefla
systems. This applies fortiori to massive stars, since their
feedback effects are thought to be responsible for unbineimd
dispersing young bound star clusters (e.g. Hills 1980) ad f
regulating the rate and efficiency of star formation in sugtems
(e.g. McKee 1989).

As noted previously, some 10%30% of all O-type stars
are runaways. De Wit et al. (2004, 2005) and referencesithere
estimate that an additional 20% of O-type stars are not &gsdc
with any stellar cluster, but either have space velocitesmall to
be considered runaways, or have proper motions too smdlbte a
their velocities to be reliably determined. This resulgether with
the fraction of O-stars which are defined as runaways imgtias
as many as half of all O-type stars have been expelled froin the
parent clusters. For the calculations carried out here olg0t%
of O stars have been given a kick by binary interaction, aigo
many of them have velocities too low to register officially as
runaways. These, together with an extra 10 % from the DESdcou
account for the homeless O stars.

Feedback from O-type stars takes several forms, the most im-
portant of which on the typical lengthscales of star clusterpc)
are photoionising radiation, stellar winds and supernokaesing
radiation and winds operate continuously for the duraticesiar's
lifetime, whereas a supernova is a single event occurinigea¢nd
of a star's main-sequence phase. The energy inputs frorhrat t
forms of feedback integrated over the stellar lifetime gpraxi-
mately the same for massive stars {0P erg for each feedback
mechanism for a 30M star - see Mac Low and Klessen (2004) for
a discussion of the energy inputs from the three feedbackasec
nisms).

If a star cluster is losing some of its complement of O-stars,
the decrement in the total energy input to the cluster froefiast
feedback is sensitive to the stage in the lifetime of eaclaway
O-star at which the star is expelled. Stars ejected by the &ES
lost early in their lives and are thus unable to influence tredue
tion of their natal cluster by any means, whereas starsagjdxst the
BSS are usually at an advanced stage of their lives and wid bk
ready injected considerable quanitities of energy intacthster by
their winds and ionising radiation, although their supsaeowill
of course occur outside the cluster.

If the results of this paper can be extendedatohomeless
O-stars,~ 10% of massive stars are dynamically ejected from
their parent clusters early in their main—-sequence lifesinwhile
~ 20% are ejected later in their lives by the supernova expiosi
of a binary partner. On the assumption that 10% of O-stars are
ejected near birth and a further 20% just before explodirgugsr-

tained enough velocity to count as runaways. From our models novae and taking the time-integrated energy inputs frorsiog

we note that the population of post-SN systems which do nat ha
enough velocity to be accounted runaways has a larger birery
tion than the runaways but a smaller one than the parent gl
This may be the origin of some of the observed field O starshvhic
have not been designated runaways, but which have a biragy fr
tion notably lower than for cluster O stars and higher thando
star runaways (Mason et al. 1998).

If the mass limit dividing cores which collapse to NSs and
cores which collapse to BHs is much above 8 Mhen we would
expect to see WR-NS binaries in our Galaxy. Since these dre no
observed, this argues that the mass limit cannot be any tilge

radiation, winds and supernovae to be equal, a typicaledusty
receive 17% less energy from O-star feedback than if it methi
all of its O-stars. This figure may often be an understimateesi
as Hoogerwerf et al. (2001) point out, the interaction betwAE
Aurigae, L Columbae and the binanyOrionis removed~ 70M
from the neighbourhood of the Trapezium cluster, comparabl
the total mass of the Trapezium cluster itself. It is possitar
dynamical interactions in a small-N system to expel N-2 cigje
and to leave only a tight binary (e.g. Kiseleva et al. 1998kt#
cluster born with a rich population of O-stars could in pijhe be
left with only two.
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Decreasing the energy input from feedback into a stellar Hills, J. G., 1980, ApJ, 235, 986

cluster has the obvious consequence that the cluster ikdelgsto
become unbound (if it was bound at formation). The efficieoty
star formation will also be affected, although it is not cledether

it will be increased or decreased since feedback from massiv

stars can be both positive, in that it can induce or accelestar
formation locally, and negative, in that accretion ontes8Rrp stars
can be halted and potentially-star-forming gas can be gel
from embedded stellar systems (e.g. Dale et al. 2005).
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