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1 INTRODUCTION

ABSTRACT

Over the past few decades, numerous widel (® au) binaries in the Galactic field and halo
have been discovered. Their existence cannot be explajngnttprocess of star formation or
by dynamical interactions in the field, and their origin hasg been a mystery. We explain the
origin of these wide binaries by formation during the dissioin phase of young star clusters:
an initially unbound pair of stars may form a binary when thiistance in phase-space is
small. UsingN-body simulations, we find that the resulting wide binarcfian in the semi-
major axis range Tau < a < 0.1 pc for individual clusters is + 30%, depending on the
initial conditions. The existence of numerous wide binaiiethe field is consistent with ob-
servational evidence that most clusters start out withgeldegree of substructure. The wide
binary fraction decreases strongly with increasing clusigss, and the semi-major axis of the
newly formed binaries is determined by the initial clusieesThe resulting eccentricity dis-
tribution is thermal, and the mass ratio distribution isgietent with gravitationally-focused
random pairing. As a large fraction of the stars form in pridial binaries, we predict that
a large number of the observed “wide binaries” are in faglieror quadruple systems. By
integrating over the initial cluster mass distribution, predict a binary fraction of a few per
cent in the semi-major axis range®18u < a < 0.1 pc in the Galactic field, which is smaller
than the observed wide binary fraction. However, this @ipancy may be solved when we
consider a broad range of cluster morphologies.

Key words. Binaries: general — star clusters — methdddoody simulations

It is well known that binaries are dynamically processed in
star clusters with wider and less bound systems tending ttebe

A significant fraction of stars in the Galactic field are in bi-
nary and multiple systems (e.g. Duguennoy & Mayor 1991;
Fischer & Marcyl 1992| Mason etlel. 1998; Shatsky & Tokovinin
2002; |Goodwin & Kroupa | 2005; Kobulnicky & Fryel_ 2007;
Kouwenhoven et al. 2005, 2007; Lada 2006; Zinnecker & Yorke
2007; Goodwin et al. 2007). It is also thought that the majaof
stars are born in star clusters (Lada & Llada 2003). Therefwe
majority of binaried in the field population presumably originate
from clustered star formation.

* E-mail: kouwenhoven@kiaa.pku.edu.cn; s.goodwin@sé.ac.uk;
r.parker@shield.ac.uk; mbd@astro.lu.se, danielm@astro.lu.se,
pavel@astro.uni-bonn.de

1 Peter and Patricia Gruber Foundation Fellow

1 For brevity we will use ‘binaries’ to mean ‘multiples’ of amyultiplic-

ity for the remainder of this paper, only drawing a distiontiwhere it is
necessary.

stroyed by encounters (Heggie 1975; Hills 1975). Thereftre
field binary population is dynamically processed with resge
the birth population of binaries (Kroupa 1995; Parker ¢280D9).
The origin of most field binaries can be understood as a mexfir
differently processed initial populations (Goodwin 2009).

However, a significant number of very wide ¢ 10° au) bi-
naries have been observed in the field ($&). As such wide bi-
naries are extremely sensitive to destruction they have beed
to constrain the properties of the Milky Way. Wide binariaghe
Galactic disc and halo have been used to place limits on thstgte
of MACHOs and other unseen material (el.g.. Bahcall 2t al5198
Quinn et all 2009), to constrain the formation history of Gadaxy
(e.g.. Allen et al. 2007), and to test the dark matter hymthe.g.,
Hernandez & Lee 2008). But the extreme sensitivity to desitvn
makes the survival (and even formation) of such binariesdius:
ter something of a mystery.
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Many very wide binaries have separations comparable to the
average interstellar separation in clusters (typicallgw 1G au),
and the very widest binaries have separations of order teeofia
young cluster core (typically a few 4@u). Given this, it is dficult
to see how they could even form, let alone survive, in a ch(ste,
e,g./Scally et al. 1999; Parker etlal. 2009). Even in an tedlatar
forming region the typical size of a star forming core is oh®f au
(Ward-Thompson et &l. 2007) which presumably sets the verr m
imum size of a (primordial) binary system.

It is possible that a wide binary forms via dynamical interac
tions in the Galactic field (the capture mechanism). A preigte
for this mechanism to work is that a significant amount of kine
energy is dissipated. This energy dissipation can occutaltidal
friction and due to three-body interaction. Tidal frictioncurs in
the rare event of two stars nearly colliding in a close entauin
the vast majority of the cases this results in a merger or ayfly-
and only in a small number of cases does this lead to the famat
of a binary system. However, all binaries resulting fromtasp by
tidal friction are very tight, with orbital period of sevéidays.

Another possible mechanism is three-body interactiorthisn
case the third star acts as the energy sink, and is genejediied
with high velocity. However, the stellar density in the fieddow, of
order 01 M, pc 3, so that three-body encounters are rare, and cap-
ture by dynamical friction rarely occurs. Goodman & Hut (399
find that the creation ratBl for binaries per unit volume can be
approximated by

G*M°®n®

9 s
gy

Ng = 0.75 1)
whereM is the typical mass of a star in the fiettthe number den-
sity of starsgr, the velocity dispersion, ar@d the gravitational con-
stant. In the solar neighbourhodd ~ 0.3 Mg, n ~ 0.03pc? and
oy ~ 50 kms?. For the field therefore\ls ~ 4x 102t pc3 Gyr ™.
This shows that the formation of binaries in the field is exted/
rare. Note that in dense star clusters the stellar densityigis
and the velocity dispersion modest, such that the numbeii-of b
naries formed via three-body interactions (Elg. 1) may bestsuis
tial. However,wide binaries, which have semi-major axes compa-
rable to the size of these clusters, are not formed, as tineyl\si
do not fit in these star clusters. Furthermadxebody simulations
by |Kroupa & Burkert(2001) have shown that the observed broad
period distribution of binaries in the field cannot be praghidy
dynamically modifying a tighter period distribution in astlus-
ter.

A third possibility for the origin of wide binaries is forman
during cluster dissolution, which is the mechanism we psepo
this paper. In an evolving star cluster, stars that areaihjtiun-
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Figure 1. The observed semi-major axis distributiori(a), of the

wide binary population (in arbitrary units). The curves igade the
Duguennoy & Mayor|(1991) distribution (assuming a mass of 1, ek

each binary), and the results from Close étlal. (1990).n&8i Bongiorno
(2007) (for both the Galactic disk and halo), Chanamé & @qR004), and
Poveda et al! (2007).
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Figure 2. The cumulative distributions in period and semi-major dgis
solar-type stars in the solar neighbourhood, for/the Dunog®: Mayor
(1991) log-normal period distribution. The total mass afrehinary is as-
sumed to beMt = 1 M. The dotted lines indicate the median semi-major
axis, anda = 10° au.

follows. In § [ we briefly discuss surveys of wide binary systems
and the corresponding observational technique§@Biwe explain
our technique and assumptions.§&l we provide analytical and

bound, may become bound to each other as the cluster expandsMonte Carlo estimates for the resulting wide binary popatat

i.e., if the gravitational influence of the other cluster nioems de-
creasd& In order to form a binary pair in this way, (i) the two stars
need to be dficiently close together, (i) the two stars need to have
a suficiently small velocity diference, and (iii) the newly formed
binary should not be destroyed by gravitational interactidth the
remaining cluster stars or field stars.

Throughout this paper we refer to binaries with¥ 2 < a <
0.1 pc as thewide binary population The paper is organised as

2 Interestingly, Levison et al. (2009) have independentlgppsed that
large populations of comets may be captured by stars dutirsiec dis-
solution, by a mechanism which is similar to that discussetiis paper for
wide binary formation (see also Eggers ei al. 1997).

and in§ B we present estimates based +body simulations of
evolving star clusters. Finally, i§ [6 we present and discuss our
conclusions.

2 OBSERVATIONSOF WIDE BINARIES

Observations have indicated that binaries as wide as 1 ptiexhe

halo, while in the Galactic disc the widest binaries havesapns

of order 0.1 pc (e.gl, Close et/al. 1990; Chanamé & Gould/p004

Wider binaries are rare, although some authors claim eviléor

binary and higher-order multiple systems wider than 0.1epg.(

Scholz et al. 2008; Caballero 2009; Mamajek et al. 2009).
Statistical properties of a wide binary population are of-
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ten recovered using the angular two-point correlation tionc
(e.g.,Bahcall & Soneira 1981; Garnavich 1988; Gould 2t 995t

Longhitano & Binggeli 2010). The most prominent disadvaets
of this method are the inability to identity individual widena-

ries and the need for a good model for the stellar populahahis

studied.

Individual wide binary candidates are often identified bgith
common proper motion on the sky (e.g., Wasserman & Weinberg
1991; |Chanamé & Gouldl 2004| Lépine & Bongidrno 2007;
Makarov et al! 2008, and numerous others). Many wide birarie
were found by Hipparco$ (ESA 1997) as well; see also Sodknhj

Model  Structure R (pc) N Q

Plv Plummer A<R<1l 10 12
Ple Plummer A<R<1 10 32
P2v Plummer a 10< N <1000 722
P2e Plummer a 10< N 1000 32
Flv Fractale =15 01<R<1 10 12
Fle Fractalg =15 01<R<1 10 32
F2v Fractale =15 01 10< N< 1000 32
F2e Fractalg =15 01 10< N <1000 32

(2007). Their nature can then be further constrained by mea- Table 1. Properties of the models used in this paper. The quaRtite-

suring the parallax and radial velocity (e.g.. Latham efl&8iB4;
Hartigan et al. 1994; Quinn etlal. 2009).

The most well-known survey for binarity is arguably that of
Duguennoy & Mayor|(1991), who carried out a large binaritydst
for solar-type stars in the solar neighbourhood. They foahag-
normal period distributiorf (P) with a mean{logP) = 4.8 and a
standard deviationri,gp = 2.3, whereP is the orbital period in
days, in the range X P < 10'° days. Note that the latter value
roughly corresponds to an orbital period of 30 Myr. In thig-lo
normal period distribution~ 15% of the binaries have a semi-
major axis wider than f0au (see Fid.12).

Several observational studies suggest a semi-major atis di
bution of the formf(a) « a™*, which corresponds to a flat distri-
bution in loga, also known afpik’s law (Opik|1924] van Albada
1968; Vereshchagin etlal. 1988; Allen etlal. 2000; Poveda l&rAl
2004). In particular, Poveda et al. (2007) find binaries i fileld
follow Opik’s law in the separation range 180a < 3000 au, and
suggest that a population of very young binaries foll@sk’s law
up toa ~ 45000 au (0.2 pc).

Many other authors have also found significant wide bi-
nary populations, notably Close et al. (1990), Lépine & &iomo
(2007), and_ Chanamé & Gould (2004). We summarise the wide bi
nary separation distribution from various authors in Elg. 1

The reliability of the observed properties of wide binaryppo
ulations remains an issue. It isfliitult to confidently establish
whether the two components of a candidate wide binary athe tru
bound, or whether it is merely a chance superposition. Dukeo
long orbital periods of wide binaries, up to millions of yeait
is impossible to accurately derive orbital properties ametdfore
confirm the bound state of the candidate wide binary. It shbel
noted that due to the lack of detailed orbital informatidm ¢uoted
separations of wide binaries are usually the instantanangslar
separation. The true separations may thus be significaatyet
than the observeqbrojectedseparations. On the other hand, an es-
timate for the semi-major axis distribution of an ensemiblgicary
systems castatisticallybe obtained from the projected separation
(e.g./Leinert et al. 1993).

On the other hand, it is extremelyficult to identify binaries
with distant and faint stellar or substellar companiong ttucon-
fusion with foreground and background stars (e.9., Chamdtzer
1944). The wide binary fraction as identified in the obseove!
papers may therefore bdawer limit, rather than apper limit

Although the exact form of the semi-major axis distribution
for very wide binaries is not yet known (see Hig. 1), two feasu
appear to be clear: (i) the binary fraction in the separatarge
10° au < a < 0.1 pc is roughly 15%, and (ii) a sharp droff-m
the separation rangeld- 0.2 pc is present, likely due to dynamical
destruction of the most weakly bound binary systems.

scribes the virial radii of models P1 and P2, while it dessithe radius of
the sphere that includes the fractal structure for modelarfellF2.

2.1 Stability of very wide binaries

Whether a wide binary in the Galactic field is stable or not,
depends primarily on its semi-major axi& Using a Monte
Carlo approach, Weinberg et al. (1987) show that binarigf wi
a = 0.1 pc are able to survive in the Galactic disk ferl0 Gyr,
roughly the age of the Galaxy, but they do not find a sharp
cut-of in the semi-major axis distribution. On the other hand,
a sharp drop# is observed for binaries & ~ 0.2 pc due to
interactions with other stars, molecular clouds, and théa¢a
tic tidal field (e.g,.| Bahcall & Soneira 1981; Retterer & King
1982; |Mallada & Fernandez 2001; Jiang & Tremaine 2009).
Gould & Eastman| (2006) explain the slope-change- 2000 au

in the separation distribution of Lépine & Bongiorno (200
the result of dynamical interactions in the Galactic fielery/
low-mass binary systems are more weakly bound than their
solar-mass analogues; their typical separation is thexefgpected

to be considerably smaller (e.g.. Burgasser et al. 12003 akse
Kraus & Hillenbrand| 2009b), although several very low mass
binaries with separations up te 0.1 pc have been detected (e.g.,
Radigan et al. 2009, and references therein).

3 METHOD AND ASSUMPTIONS

Given the apparent fliculty of forming extremely wide binaries in
star clusters, and the even greatdficlilty in keeping them bound
we suggest that these extremely wide binaries form duriaglis
solution of a cluster into the field.

Many young star clusters do not survive for more than a
few Myr (Lada & Lade 2003; Fall et al. 2005; Mengel etlal. 2005;
Bastian et dl. 2005). Their rapid destruction is probablg tuthe
expulsion of the residual gas left-over after star formmatiwhich
dramatically changes the cluster potential (Goodwin & Bast
2006; Goodwin 2009, and references therein). Stars thatirare
bound in a cluster potential may become bound to each other af
ter dissolution as the local density decreases, thus fgrmmex-
tremely wide binary.

In this section we describe the cluster models used in the re-
mainder of this paper. We use two approaches to investigate t
formation of wide binaries during cluster dissolution: MeiCarlo
simulations § [4.2) andN-body simulations{[). In § 3.1 we ex-
plain our choices for the models used in our analysis$, [ we
define the quantities we use to describe binarity, angifa3 we
describe the algorithms we use to ensure the stability ohéwdy
formed wide binaries.
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3.1 Model setup

We simulate star clusters using th&TARLAB package
(Portegies Zwart et all _2001). We draM single stars from
the [Kroupa [(2001) mass functiorfy, (M), in the mass range
0.1 < M < 50 Mg. The lower-limit corresponds to the hydrogen-
burning limit. The upper limit is (somewhat arbitrarily) tse
50 M.

We perform simulations with varyind, ranging from small
stellar systems (or sub-clumps) with= 10 to open cluster-sized
systems il = 1000). We additionally perform simulations of clus-
ters with diferent radii (01— 1 pc), to identify the relation between
the initial cluster size and the properties of the newly fedmvide
binary population. We study two sets of dynamical modelani|
mer models and substructured (fractal) models, which werites
below. The properties for the subsets of models are list@eltare 1.

(i) Plummer modelsThe Plummer sphere is often used in star
cluster simulations. In this model, each star is given sa@@gosi-
tion and velocity according to the Plummer model (Plumméri)9
with a certain virial radiu®,. The models are assigned virial radii
of Ry = 0.1 -1 pc, which are typical for young clusters. Plum-
mer models are isotropic, and the stellar velocities foliowghly
a Maxwellian distribution (Fid.13).

(i) Fractal models Young star clusters show a signif-
icant fraction of substructure (e.d.. Larson 1995; Elmenre
2000; Testi et al. 2000; Lada & Lada 2003; Gutermuth &t al5200
Allen et all.l 20077). We set the fractal dimensierto 15 (fractal).
For comparison, a value = 3 corresponds to a homogeneous
sphere with radiuR. Each star is assigned a velocity, as described
in|Goodwin & Whitworth (2004), such that nearby stars have-si
ilar velocities. As in the Plummer models, each cluster sgaed
aradius in the rangR = 0.1 — 1 pc. Note, however, the filierence
between the definition d® for the two sets of models.

The virial ratioQ = —Ex/Ep of a star cluster is defined as
the ratio between its kinetic enerdsi and potential energ¥e.
Clusters withQ = 1/2 are in virial equilibrium, and those with
Q < 1/2 andQ > 1/2 are contracting and expanding, respec-
tively. We study both clusters in virial equilibriumQ( = 1/2),
as well as clusters witlQ) = 3/2. The latter value foQ is ex-
pected for young clusters with affective star forming ficiency
of 33% [Goodwin & Bastian 2006). We perform the simulations
until the clusters are completely dissolved, which is tgflic of
the order of 20- 50 Myr, the timescale at which the majority
of low-mass star clusters are destroyed (see, le.g., TULB@S;
Boutloukos & Lamers 2003; Bastian el al. 2005; Fall et al. 5200
and numerous others).

3.2 Binarity and multiplicity

At first, we will consider star clusters that initially coesbf sin-
gle stars only, while later§(5.3) we will also include primordial
binaries. We do not study the evolution of star clusters \pith
mordial higher-order > 3) multiple systems. However, these
higher-order systems do form in our star cluster simulatitmthis
case, the following three useful quantities describingntiogtiplic-

ity of a stellar population can be used:

B = B+T+...)/(S+B+T+...) 2)
N = (@2B+3T+...)/(S+2B+3T+...) 3)
C = (B+2T+...)/(S+B+T+...) (4)

(see, e.gl, Reipurth & Zinnecker 1993; Kouwenhoven et @520
Here,S, B, andT denote the number of single stars, binaries, and

M. B. N. Kouwenhoven, S. P. Goodwin, R. J. Parker, M. B. DaldeMalmberg and P. Kroupa

triples in the system. The quanti® is the multiplicity fraction
(commonly known as the “binary fraction”)y is the non-single
star fraction, as + N is the fraction of stars that are single. Fi-
nally, C is the companion star fraction, which describes the average
number of companions per system, where “system” can refar to
single star or multiple system. The number of systems isgiye
S+B+T+...,whileS+2B+3T+... denotes the total number of
individual stars. Clusters thainly contain single stars and binary
systems havé8 = C.

3.3 Detection and stability of wide binary and multiple
systems

After each simulation, potential binary and multiple sysseare
identified as those pairs with negative energy (see als@Patlal.
2009). A multiple N > 3) system can only survive for a consid-
erable amount of time if (i) the system is internally stabled (i)

if the outer orbit is stable against perturbations and tidedes in
the Galactic field. To ensure internal stability of each lémehe
hierarchy of the multiple system, we impose the Valtonehikta
criterionagy/ain > Qs, Whereay, anday, are the semi-major axes
of the inner and outer orbits. Valtonen el al. (2008) find that
Mou

2/3
Qu=3(1+ ) a-99(3 - joosi-cogi)" . (9

n
whereM;, is the (total) mass of the inner componéhit, the mass

of the outer componenitthe relative inclination of the orbits, ared
the eccentricity of the outer orbit. For a typical systemsisting of
equal-mass stars, a circular outer orbit(0) and a prograde outer
orbiti = 0, the above expression reducesQg ~ 3.7. Systems
with ag/ain > Qg are internally stable for at least“.gevolutions

of the outer component. For wide binaries, with orbital pési of

~ 500000 yearsa,, ~ 10* au), this corresponds to anternally
stable period of at least 2 Gyr.

Wide orbits may additionally be unstable against the tidal
forces in the Galactic field and interactions with other Eregars
and binaries. We therefore additionally impose a maximumise
major axis of 0.1 pc on the outermost orbit of a binary or nplgti
motivated by the observed wide binary population ($&). The
stability of wider binaries is diicult to assess. As several binaries
wider than 0.1 pc are known, our predictions may slightlyened-
timate the wide binary fraction. The properties of the widleaby
populations described in this paper therefore pertainnarigs in
the separation range 1@u < a < 0.1 pc. Note that these binary
systems fall well in the category “extremely wide binarigsthe
Zinnecker|(1984) classification of orbital separations.

4 ANALYTIC AND NUMERICAL ESTIMATES

Before proceeding to thil-body simulations in§ [, it is useful
to first obtain some analytical approximations for the plevee
of wide binaries that form during cluster dissolution as Ives
their orbital characteristics. To this end, we first obtaingh esti-
mates using an analytical approaglf#{), and subsequently using
a Monte Carlo approacts &.2).

4.1 Binary formation in Maxwellian velocity space

Wide binaries may form during the dissociation of a clustené
relative velocity between two stars isfBaiently small that they be-
come bound once the perturbing cluster potential is remddece
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Figure 3. The distribution of velocities and relative speeds for Riugn

model with N = 1000, a Kroupa IMFQ = 1/2 and a virial radius of

Ry = 0.1 pc. Left: The cluster members in they( v)-diagram, where, as

an example, the encircled pair of stars represent a potétiary system.

Right:the distribution of relative speeds (high-resolutiondisam) closely
follows the Maxwellian distribution (solid curve).
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Figure4. The number of close neighbours to each star (corresponalitg t
number of (potential) binaries formexr starwhenNyeigh < 1) as a func-
tion of N, Vgt for Plummer models withiRy = 0.1 pc. Results are shown
for models withQ = 1/2 (solid curves) an = 3/2 (dashed curves). From
bottom to top, both sets of curves represent the resultgfpe 0.10, 0.15,
0.20, 0.25, and 0.30 knTs.

we assume that a wide binary will form if the relative velgai

smaller than or roughly equal to the orbital velocity of arsta
a wide binary system. For two stars with masdsand M, in a

circular binary orbit with semi-major axig, the velocities of the
individual stars are given by

G
Vi = Mz f AV, M) and v, =viq?, (6)

whereG is the gravitational constant amgd= M,/M; is the mass
ratio of the binary system. When adopting, for simplicty= 1,
the above expression reduces to:

M + M, )1/2( a )*1/2 ’ @

wherevyy, is the velocity of either of the components. In order to be
able to form a binary with semi-major axés we require velocity
differences to be smaller than the critical velocity

Vorp & 30 km st ( =

(0]

®)

V < 2Vorb = Verit

For our choice of the IMF, the total mass of a binary systentfis o
order 1 M,. Binaries witha = 3.6 x 10°, 9 x 10* and 4x 10* au
thus typically require velocity dierences o¥ < vt = 0.1, 0.2 and
0.3 km s, respectively.

If the velocity distribution of the stars in a given star d¢hrs
follows a Maxwell-Boltzmann distribution, then so doesoathe
distribution of relative speeds between the stars. We défimeel-
ative velocity,V = v; — v;, with components\(,, Vy, V,) and mag-
nitudeV = |V|. The distribution over relative speeds is then given
by:

1
2+[ro3
(Binney & Tremaing 1987, p. 485), whards the one-dimensional
velocity dispersion. In the Plummer models given by:

vz o,
_F)V dv

fv(V)dVv = exp( 9)

16G My 160 \2)

TaR, [“ (3erv )2)

(Heggie & Hut 2003) for a cluster in virial equilibrium (i.€ =
1/2). Here,M, is the total mass of the cluster, anthe distance to
the cluster centre. We can re-write Eg.1(10) in units moréeable
for the clusters considered in this paper. First, weMgt= N(m),
whereN is the number of stars in the cluster ang} is their average
mass. Using the Kroupa (2001) IM&En) = 0.55 M,. Evaluating
the velocity dispersion at the (intrinsic) half-mass ragiu= Ry, ~
0.769Ry of the cluster, we find:

01pc\"?y N 2
_12 = 0.64x | —— (—g kms?.
7o X( Ry ) 100sard
The kinetic energy for a star cluster with= 3/2 is three times that
of a cluster withQ = 1/2, and therefore the corresponding velocity
dispersion is

Ué:l/z(r) = (10)

(11)

To-32 = V30qup. (12)

As an example, Fid.]3 shows the distribution of velocities ()
for a Plummer model witiN = 1000 stars, a virial radiuBy =
0.1 pc, andQ = 1/2. The distribution of relative speeds between
random pairs of stars in the cluster is shown in the rightehzamel.
The latter distribution is well approximated by Ef] (9) with=
1.9 kms?, the velocity dispersion at the half-mass radius is given
by Eq. [13).

To find the relative fractior, of pairs in a given star clus-
ter which has a relative speed such that they may become bound
when the cluster disperses, we integrate Eq. (9) betweef and
V = Verit, Wherev; is the critical velocity diference (Ed.8), below
which we assume that two stars may become bound after cluster
dissolution:
Verit

e PVAV exp(—25) VAdV
b PVAV  [Texp(-5)vadv

b= (13)
where we normalised the fraction to unity by dividing by theet
gral of Eq. [9) between 0 ang. To find the number of pairs with
relative speed less thag;; we multiply F, by N — 1. Hence:

Nneigh = (N - 1) Fp. (14)

If Nneignis smaller than unity one might expect that the binary frac-
tion is proportional td\neign. In situations wher&l,eignis larger (i.e.,
larger than unity) and hence many stars are close to eachiathe
velocity space, we might expect to have some competitiondst
the stars to stay bound.

As an example we show in Figl 4 hoMpeign varies with the
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Figure 5. Monte-Carlo predictions for the dependence of the mediari-se
major axisa of the escapingvide (10° au < a < 0.1 pc) binaries left)
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and its initial radiusR (botton). Results are shown fo® = 1/2 (solid
curves) and) = 3/2 (dashed curves). The thin and thick curves correspond
to the Plummer and fractal models, respectively. The diagdotted line
indicatesa = R. The other properties of the modelled clusters are listed in

Table[1.

number of stard\, in clusters withQ = 1/2 andQ = 3/2. We show
results in the velocity range;; = 0.1 — 0.3 kms1. Depending on
their masses and mass ratios, these velocities correspdridary
systems with semi-major axes from 0.1 pc down to~ 10* au.
Velocities of 19 km s (not shown in Fig[#) roughly correspond
to binary systems wita = 10° au.

The values oNneign in Fig.[4 are rather high, as compared to
widebinary fractions derived i§ 4.2 and’b, mainly becaudéeign
also contains companion stars outside the separation fAge—
0.1 pc considered throughout this paper. In addition, we belieat
the predicted values will drop further due to theffigency of the
process. For example, it is not likely (but also not impadssithat
two stars with nearly the same velocity will form a wide bipar
system, if there are other stars in between them. Furtherma
have only considered the relative velocities, while we Hgwered
the relative positions between the stars. However, thilyaisadoes
provide a strong upper limit on the (wide) binary fractiorsmight
expect after cluster dissolution.

4.2 Upper limitsfrom a Monte-Carlo approach

In the previous section we obtained rough estimates fortihaer
of newly formed binaries using a Maxwellian velocity dibtrtion.
However, we were unable to recover the distributions oftatbi
properties, such as the semi-major axis distribution, aadwere
not able to take into account the mass spectrum of stars iclube
ter. We therefore use a somewhat more sophisticated Monte Ca
approach, to obtain estimates for these properties as &doruf
cluster size, structure, number of stars, and virial rétiothe mod-
els listed in Tabl€]1l. Estimates of these properties ardraatais-
ing an ensemble of initial condition snapshots of each model
We identify the potential binaries in each star cluster &s fo
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Figure 6. Same as FidL]5, but showing the results offhbody simulations.

lows. For each star with madd; we determine its nearest neigh-
bour. More precisely, we determine the “most bound” neigitbo
i.e., the neighbour with madd, for which the internal binding en-

ergy
_} M1M2 _ GMlMZ
B 2 My + M, r

is most negative. Here, is the distance between the two stars,
their velocity diference, ands the gravitational constant. Subse-
quently, we select those pairs of stars that are each otimertsal
nearest neighbours, and assume that they will form a bingy s
tem with a semi-major axis of approximataly Note that not all
of these bound pairs may actually form a binary system, as the
velocities are perturbed by neighbouring stars. We alsorigthe
possible presence of triple systems and higher-order ragsteat
may form. The results, shown in Fig. 5, should therefore be co
sidered as a first-order approximation. We will discuss figisre

in detail in § [, where we will compare the results with those of
N-body simulations (shown in Fifl 6).

Based on a simple Monte Carlo approach, we find that the
wide binary fraction decreases with increasing stellaisdgnand
mildly decreases with increasing virial ratio. Howeveresal sim-
plifications have been made, and therefore these resuléstbde
interpreted with care. In particular, we have ignored theraction
of each star with all other stars; we have ignored two-botlrac-
tions as well as the tidal field of the cluster. In the follog/isection
we perform a more accurate analysis to obtain the abundamte a
properties of wide binaries formed during cluster dissohtby
performingN-body simulations. We will discuss all properties in
detail, and compare these to the results obtained usingtigta
cal and Monte-Carlo approaches.

= (15)

5 RESULTSFROM N-BODY SIMULATIONS

The previous two sections have shown that wide binary fdonat
during cluster dissolution may well be possible. In patdcusmall
dense clusters seem the most likely to form wide binaries.
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a > 10® au resulting from the models in Figg. 7 8. The solid anteths
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andM; < 1.5 Mg, respectively.

In this section we us&l-body simulations of evolving star
clusters to study how the properties of the newly formed fixsa
and multiple systems depend on the initial properties ofclbs-
ters. In§ we describe the orbital properties and multiplicity
fractions of wide binaries resulting from a typical starstkr. In
§6.2 we show how the results depend on the initial znd the
number of stardN in clusters consisting of initially single stars, for
the models listed in Tab[g 1. $5.3 we study how the results are
affected by the presence of primordial binaries.

5.1 Propertiesof the newly formed binary population

We performN-body simulations of Plummer and fractal clusters
consisting ofN = 1000 stars with radiR = 0.1 pc (the virial ra-
dius for the Plummer models, or the total radius of fractadmo
els), with initial virial ratiosQ = 1/2 andQ = 3/2 (i.e., models
P2v, P2e, F2v and F2e in Talple 1). Fifty realisations of eacteh
are performed to improve the statistics. The resultingidistions
over mass, mass ratio, and semi-major axis for the resusiimayy
population are shown in Figs] 7 (Plummer models) [@nd 8 @tact
models).

The left-hand panels in Fige] 7 and 8 show the separation
distribution f(a) of the resulting binary population. Note that bina-
ries of all separations are included in these figures, igespe of
whether they are actually able to survive in the Galactidfoeinot.
The figures illustrate that the separation distributiontaf hewly
formed binaries is bimodal, and consists of a small-sejuaraly-
namical peakand a large-separatiatissolution peakThe tighter
binaries in thedynamical pealare formed during dynamical en-
counters in the cluster, and most of them remain mutuallyndou
during the further evolution of the cluster. The wide biearin the
dissolution peakon the other hand, are formed during the dissolu-
tion phase of star clusters.

The two sets of models with a Plummer density distribution
result in a smaldynamical peakindicating that dynamical inter-

Figure 10. The eccentricity distributiorf(e) for binary and multiple sys-
tems witha > 10° au resulting from the models in Figd. 7 ail 8. The his-
tograms indicatef (€), while the curves show the corresponding cumulative
distributions. The filled circles represent the cumulativermal eccentric-
ity distribution f(€) = 2e.

actions during the lifetime of the cluster generally do restult in
the formation of close binaries. This is not surprising, lastars in
the Plummer models are initially given random velocitieseRo
the immediate expansion of the Plummer model @tk 3/2, the
dynamical peaks completely absent in this case.

For the models with a fractal density distribution in Hig. 8,
there are numerous binaries in the dynamical peak. The tiatt t
thedynamical peaks stronger for models F2w2e than for models
P2yP2e is due to both the initial positions and the initial veloc
ities being correlated in the fractal models. Although therage
distance between two random stars is similar for both modeds
average distance betweerarest neighbours the fractal mod-
els is smaller (as they are clumpy). As nearby stars in thegju
structure also have similar velocities, frequent dynalriitrac-
tions occur, resulting in a strorynamical peak

For our choice of initial conditions, binaries in tlidynami-
cal peakhave separations in the range-1L.0° au, with a median
value near 506- 100 au. The median value is set by the typical dis-
tance between stars in the most densely populated regiotie of
cluster during the formation of these binary systems. &sténgly,
this also corresponds to the observed peak in the Tauruigaibi-
nary separation distribution (e.g., Leinert el al. 1993%ufra et al.
1999).

Binaries in thedissolution peakave a semi-major axis in the
separation range $@u-5 pc. The widest binaries in tiissolution
peakwill immediately break up in the Galactic field, hence our
choice to study the wide binary population in the separataomye
10° au—- 0.1 pc throughout this paper. The median separation of
binaries in thedissolution pealoccurs aa ~ 0.1 — 0.2 pc. As we
will see later § [5.2.2), this value is set by the initial size of the
cluster.

For practical purposes, we consider three ranges in semi-
major axis: close binaries with < 10° au, wide binaries with
10° au< a < 0.1 pc, and extremely wide binaries wish> 0.1 pc.



8 M. B. N. Kouwenhoven, S. P. Goodwin, R. J. Parker, M. B. DaldleMalmberg and P. Kroupa
Q=12

Lo T T of o T — —]
o A A
S N
2 osf osf . & ]
= Y
2 i) Saan fe!
o 06f g o6f un 1 g
& 7] - A 3
= © A ©
S 04 S 04 o . =
£ A
£ o02f 0.2t s ]
(] A . o

0.0 . . H N . 0.0 . PR 0 i NS

10° 10' 10> 10°® 10* 10° 10° 10° 10 10* 10° 10* 10° 10°
Semi-major axis (AU) Semi-major axis (AU)
Q=32

C 1.0} : ; - 1.0 D e
S
3 08} . 0.8
o o o
o 06f 1 T 0.6} s
S 04 . S 04f . =
£ g
£ 02f ] 0.2F
0

0.0 . . A 0.0 . .

10° 10* 10 10°® 10* 10° 10° 10° 10 10* 10° 10* 10° 10° 0.1 1.0 10.0
Semi-major axis (AU) Semi-major axis (AU) M; (Mgyn)

Figure 7. The semi-major axis distributiorieft), the correlation between mass ratj@and semi-major axia (middle and between primary mass and mass
ratio (right). The histograms in the semi-major axis distribution arentadized such that the maximum value equals unity. The ptiggeof the orbits of
binary systems and higher-order multiple systems are atelicwith the dots and triangles, respectively. For eachiipheisystem withn stellar components,
we have included alh — 1 orbits. Results are shown for 50 Plummer models Wwite 1000 andR = 0.1 pc, and virial ratios of = 1/2 (top) andQ = 3/2
(botton). The vertical dashed lines indicate= 10° au anda = 0.1 pc, respectively. The dashed curve in the right-hand padiates the minimum mass

ratio dmin(M1) = Mmin/M1.

Table 2. The specific binary fractioi8 for the models shown in FigE] 7
and[8, in which the three ranges in semi-major axis are dividéh the
vertical dotted lines.

Model B B B

Separation range <10°au  1Gau-01pc >0.1pc
P2v (N = 1000) 0.2% 0.3% 0.8%
P2e (\ = 1000) 0.1% 1.4% 2.8%
F2v (N = 1000) 3.3% 1.8% 2.6%
F2e (N = 1000) 2.2% 0.6% 1.1%

The limits are indicated with the vertical dotted lines ie figures.
Most close binaries that are found in star clusters are fdraa
the “normal” star formation process, with the small numbesrsin
these simulations formed by dynamical interactions. Thieveind
extremely wide binaries are formed during the cluster dig&m
phase. Note however, that the vast majority of the extremnwidg
binaries are unstable in the Galactic field, and are ionisgckly
after their formation.

For the models in Fig$l 7 afid 8, the specific binary fraction
(i.e., the fraction of binary systems in a certain semi-maixis
range) of the three types of binaries are listed in Table 2.Aigh-
est wide binary fractions of a few per cent (in the separatimye
10° au- 0.1 pc) are obtained for Plummer models with= 3/2,
and fractal models wit®Q = 1/2.

The middle and right-hand panels of Figs. 7 4dd 8 show
the correlations between semi-major axis, mass ratio, anthpy
mass, for the binary and multiple (higher-order) systemeaoh
of the models. The panels indicate the presence of a large num
ber of newly formed multiple systems. These higher-ordstesys
are stable in isolation, but a large fraction will not be atdlesur-
vive in the Galactic field, where tidal forces will rapidlymeve the
outer component from the system. Figk. 7 Bhd 8 thereforeesver
timate the fraction of higher-order multiple systems. Ndatepar-
ticular, the high prevalence of multiple systems in thy@mamical
peak Many outer components of these systems fall indissolu-
tion peak These systems are therefore wide higher-order systems.

For the Plummer models, tltynamical peakonsists of sys-
tems with high masses and high mass ratios. This is a wellskno
signature of mass segregation: the highest-mass stardcsithie
cluster centre, where they form close binaries (e.q. Hefdiit
2003). During the dissolution phase of the clusters, théssec
massive binaries act like single stars when forming a “wide b
nary”, which is in fact a wide triple or higher-order mulipdystem.
The dfect of mass segregation is less visible for the fractal nmdel
where dynamical interactions in the subclumps play a greate.
However, Fig[8 still clearly shows that most massive systane
mostly close & < 10° au) and often higher-order. In addition to
the triple and higher-order systems formed during the tlisiem
process, several higher-order systems may form via dyratinic
teractionsi(van den Berk et|al. 2007).
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The correlations between the primary mass and mass ratio dis (a > 10° au) are shown in Fig._10. As expected, the thermal eccen-

tributions for the binary and multiple systems are simitathose
expected from random pairing of individual stars. To firsterap-
proximation, the masses of the two stdvs,andM,, in each binary
are uncorrelated; one would therefore expect somethingasito
random pairing (e.gl, Kouwenhoven etlal. 2009), where tlez-av
age mass ratio decreases with increasing binary system iass
resulting mass ratio distributions for binary and multiplestems
with a > 1C° au (i.e., those in thdissolution peakare shown in
Fig.[d, which illustrates the dependence of the mass rasimiloli-
tion on mass.

tricity distribution is a good approximation for the newlgrined
binary population.

If wide binaries form during the dissolution process of a sta
cluster, then the orbital and spin angular momenta of thepocem
nents should be randomly aligned. On the other hand, if tlee tw
components formed together in some way it might be that the or
bital and spin angular momenta of the components will beecorr
lated (as seen for example in the observations di00-au A¢Be
binaries by Baines et al. 2006). Therefore, observationiseofela-
tive alignments of orbital and spin angular momenta coutiVioie

Based on the analysis of a sample of 798 common proper mo- constraints on the possible formation mechanisms of vedg \i-

tion pairs| Trimble|(1987) also come to the conclusion thatery
wide binary population in the field is consistent with randpair-
ing, and_Valtonen (1997) come to the same conclusion frorin the
simulations of three-body encounters. However, the wideayi
population does not result from random pairing alone, asrthe
teraction between two stars depends on their mutual gtenit
attraction, and the probability of two stars forming a binarthus
proportional to the produdil; M,. In other words, gravitational fo-
cusing (e.g!, Gaburov etlal. 2008) plays an important role.
Measurements of the eccentricity distribution of wide bies
are currently unavailable, due to the large orbital periadd in-
completeness. If we suspect that the vast majority of widarigs
probably have formed dynamically, and as dynamical inteyas
are common among the widest binaries (with respect to closer
binaries), the best guess is perhaps the thermal eccéenttistri-
bution f(e) = 2e (0 < e < 1) (Heggie 1975, see also Kroupa 2008
for a derivation), which results from energy equipartitidime ec-
centricity distributions resulting for binaries in thessolution peak

naries.

Finally, the age dference (between primary and companion
star) for a population of wide binaries could provide a cloe t
their origin (see, e.d.. Kraus & Hillenbrahd 2009a). Foraa stus-
ter with a certain age spread, one might expect the compsnent
of the resulting wide binary population to exhibit a simikzage
difference. This age flerence is measurable, but only for young
(< 10 Myr) binary systems. On the other hand, this agieénce
may be smaller than expected from random pairing, if anahiti
correlation between position and velocity exists.

5.2 Dependenceon cluster properties

In this section we describe how the properties of the widaryin
population depend on the initial conditions we assign t@adtis-
ter, in particular its sizé€R, number of stard\, virial ratio Q, and
morphology (Plummer sphere or fractal structure). We adlopt
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cluster properties listed in Tallé 1. We compare the reghdtswe
derived earlier using Monte Carlo simulations (ffiy. 5)hntie re-
sults ofN-body simulations, shown in Fig] 6.

5.2.1 Dependence on the initial cluster mass

The top panels of Fi§l6 show the median semi-major axigand
the binary fractiorB of wide binaries(10° au < a < 0.1 pc) as a
function of the number of staf$ in a cluster. For both the Plummer
models and the fractal modebs,.q does not vary significantly with

N and the virial ratioQ. The reason for this is that all these models
have an identical sizR. Since R is the most important size scale
imposed on the modelled star clusters, it determines tleessiling
(i.e., semi-major axis distribution) of the newly formedaies.

The dependence @ on N andQ is qualitatively the same as
the analytical predictions shown in Fig. 4 and the Monte €ag-
proximation shown in Fid.l5 . The wide binary fracti®decreases
with increasingN because the stars are further apart in velocity
space (cf. FigI3), i.e., the velocity dispersion is larger hence
two neighbouring stars are less likely to form a bound system

For theN-body simulations we find that the fractal model with
Q = 1/2 provides the highest wide binary fractions, although the
difference between models is fairly small (especially when com-
pared to the dference with increasinty). Models withQ = 3/2
generally result in a smaller wide binary fraction than thesth
Q = 1/2, due to the larger distance between the stars in velocity
space (see Egs. 111 ahd 12). The curves for the fractal matels i
Figs.[B and Fig_J6 are almost the same, indicating that thetélon
Carlo approach provides a good estimate of the wide bingpypo
lation. For the Plummer models, the Monte Carlo approactipie
a binary fraction that is too high, which is due to the fact tine
positions and velocities of stars in the Plummer models agive
tialise them are uncorrelated.

5.2.2 Dependence on the initial cluster size

The bottom panels of Figl 6 shows the dependenca,gf and 8

on the initial sizeR of the clusters. Again, these values are only for
wide binaries with 16 au < a < 0.1 pc. Note the dferent defini-
tions of R for the Plummer modelR represents the virial radius,
while for the fractal modelR represents the radius of the sphere
enclosing the whole system. Note again the similarity betwihe
Monte Carlo approximation shown in F[d. 5 and thebody mod-
els.

As discussed above, the initial cluster sReetermines the
length scale in each model, and therefore the size scalingeof
semi-major axis distribution of the newly formed binariEer ex-
ample, changing the initial size of the clusters shown insHigy
and3 would simply result in the semi-major axis distribatin the
left-hand panels being shifted to smaller or larger valdes o

This direct dependence df(a) on R is not seen directly in
Fig.[§ because we only show the results for wide binaries én th
separation range $@u < a < 0.1 pc, and becausia) is bimodal.
However, theR-dependent median semi-major axis and binary frac-
tion can be explained by thtynamical pealkanddissolution peak
shifting through the range $@u < a < 0.1 pc whilst varyingR.

The highesB is found when either théynamical peakor the
dissolution peakis centred in the separation range® H < a <
0.1 pc. For our choice of the initial conditions, this peak ascat
R = 0.025 pc for the Plummer models, when tigsolution peak
is centred in the range 3@u- 0.1 pc. The peak i1B occurs aR ~
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Figure 11. The dfect of primordial binarity on the formation of wide bi-
naries, for Plummer models with = 10 andR = 0.1 pc. The solid and
dashed curves in each panel indicate the result®fer1/2 andQ = 3/2,
respectivelyTop:the dfect of a variable primordial binary fractiaBy. The
bottom horizontal dotted line indicates= 18.2 au, the median semi-major
axis for primordial binariesBottom:the efect of the semi-major axig for
models with a primordial binary frequen@y = 50% in which each binary
has a semi-major axis = ap. The dash-dotted lines indicate= 18.2 au,
the median semi-major axis of binary systems in the Galdiefid. The ver-
tical dotted line indicatea = 10° au, beyond which all primordial binaries
are classified as wide binaries.

0.15 pc for the fractal models wit = 1/2 and atR ~ 0.6 pc for
fractal models withQ = 3/2, when thedynamical peaks centred
in the range 1®au- 0.1 pc.

Given our set of initial conditions, compact clusters resua
wide binary fraction of 8 12%, irrespective of virial ratio and mor-
phology. For more extended clusters, those with a Plummec-st
ture and those with a higher virial ratio result in a smalleraby
fraction. The diference between the Plummer and fractal models
can be explained by (i) the fiierence in the definition dR for the
two sets of models, and (ii) by theffrentintrinsic separation dis-
tribution (see the left-hand panels in Figk. 7 Bhd 8).

The cluster sizék determines the length scale of the system,
and therefore determines the typical semi-major axis ohtwely
formed wide binaries. Other, less important length scaléisa sys-
tem are the mean distance between two stars, which deperks on
parameter®, N, and the stellar density distribution (s&&.2.1),
as well as the typical semi-major axis of primordial binaygtems
(seesB.3).

5.3 Effectsof primordial binarity

In the analysis above we have considered star clustersiitiatly
consist of single stars only. The results for star clustetis anon-
zero primordial binary fraction are very similar to the riésule-
scribed above, with the filerence that the components of the wide
“binary” are now in many cases primordial binaries. In otiverds,

the majority of the wide “binaries” that formed in the simtitas
described in the previous sections, actually describeuler orbits

of wide triple and quadruple systems.

We predict the properties of these wide triple and quadruple

systems by performiniy-body simulations of the Plummer models
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listed in TabldL, but now we include a non-zero primordialaoy
fraction. We perform the simulations with primordial bipdrac-
tions B, ranging from 0% to 100%. We adopt the Kroupa (1995)
birth period distribution. This distribution is derivedfn a detailed
analysis of observed stellar populations, and has the form

(log P - 10g Prin)
45+ (log P — log Prin)?

for Ppin < P < Prax, Where logPnin = 1, 10gPmax = 8.43, andP
is the period in days. We adopt a thermal eccentricity distidn
f(e) = 2e(0 < e < 1). We adopt a flat mass ratio distributid(g) =
1with0< q= M,/M; < 1 (i.e., we apply pairing function PCP-I;
see Kouwenhoven etlal. 2009). Subsequently, we generatéianh i
population from this birth population, by applying eigeaktion
as described in_Kroupa (1995). All binaries are assigneda®n
orientations and orbital phases at the beginning of thelsiiouas.

Due to the inclusion of binary components, the total mass of
each cluster increases slightly (up to a maximum of 50% fai-a p
mordial binary fraction of 100%), although the number ofs'sy
tems”,N = S + Bremains constant. Strictly speaking, it is thus not
appropriate to directly compare clusters with and withdoakes,
as we have changed more than one parameter: birardyclus-
ter mass (see, e.g.. Kouwenhoven & de Grijs 2008). Howeer, a
the increase in cluster mass due to adding the companioatherr
small, we will ignore this issue.

The results for clusters with a varying primordial binargd¥
tion By is shown in the top panels of Fig]11. For small binary
fractions, the results are very similar to those of clusteitiout
primordial binaries. The properties of the resulting widaaly
population depend mildly o@. An increasingQ results in, on av-
erage, wider binaries, hence in a larger fraction of birsavigth
a > 0.1 pc, and therefore in a slightly smaller wide binary frac-
tion. Note thatB decreases slightly with increasirg,. A larger
primordial binary fraction results in a smaller wide binérgction,
possibly because of the destruction of newly formed widatés
by primordial binaries (which have a significantly largelistonal
cross-section than single stars).

Whether or not primordial binarityfiects the formation of
wide binaries depends not only on the primordial binary tfoag
but also on the properties of these binaries: the semi-naajsr(or
period) distribution, the eccentricity distribution arfgtmass ratio
distribution. The most important of these is the semi-maixis
distribution f (a), as it determines the internal binding energy of a
binary and the cross-section for gravitational interattibetween
binaries and other binaries or single stars. In order toaekithe
dependence of(a), we simulate clusters in which all binaries have
a single value foa = ay. We varyag in each cluster, and determine
the number of newly-formed binaries. In all simulations wlet a
primordial binary fraction of 50%, a flat mass ratio disttibn and
a thermal eccentricity distribution.

The results of these simulations are shown in the bottom pan-
els of Fig[T1. For models withy < 10° au, most primordial bina-
ries survive, while additional wide binary, triple, and duaple sys-
tems are formed. In fact, the resulting wide binary fractfopracti-
cally independent of the primordial binary fracti®g. For models
with ay > 10° au, all primordial binary systems are classified as
wide binaries. For these models we therefore HBve 8, and a
median semi-major axis equaldag, which results in the glitches at
a=10auin Fig[11.

The wide orbits are part of systems with 2, 3, and 4 compo-
nents. They are formed by randomly pairing single stars aid p
mordial binary systems together. The number of multipléeys

fo(P) = 2.5 (16)

of each degree can thus be estimated by simply calculatiag th
probability of randomly drawing a single-single, singliedry, and
binary-binary pair. When assuming a primordial binary i@t 5y,

the multiplicity distribution of the resulting wide poptilan can be
estimated as follows:

Wide binary fraction= B(1-B0)* (A7)
Wide triple fraction= 2B884(1 - By) (18)
Wide quadruple fractior: B8, (19)

where we have made the assumption that none of the primordial
binary systems has broken up.

All models shown in Figl_Il1 result in wide binary fractions
B ~ 8% that are more or less independenBgfanda,. The value
of 8B is therefore primarily determined by the initial values loét
number of systenN in the cluster, and its initial sizR.

If we assume that the wide orbits in the bottom panels of
Fig.[11 (whereB, = 50%) are formed of randomly paired com-
ponents (i.e., single stars or primordial binaries), we caloulate
the fraction of higher-order multiple systems among the- 8%
wide binaries. Among these, we predict that 25%, 50%, and,25%
are binary, triple, and quadruple systems, respectivetpis exam-
ple, we thus expect 75% of the “wide binaries” to be higheteor
multiple systems. Due to the random process, the outersoobit
these systems are expected to be uncorrelated with theadriies
or stellar spin axes.

The ratios between wide binary, triple, and quadruple syste
are therefore indicative @By. A survey for higher-order multiplic-
ity among “wide binary systems” can thus be used to constrain
the primordial binary fraction. Given the fact that the nrajoof
stars do form in binary systems, we predict a very high foactf
higher-order multiple systems among wide “binary” systesese
Fig.[I2. Our proposed mechanism could explain the existefce
the observed wide multiple systems (Mamajek ét al. 200%) cam
predictions are strongly supported by the surveys of Makatal.
(2008) and Faherty et al. (2010), who find that a high fracbicihe
common proper maotion pairs in their survey contain inneabjror
triple systems, which is significantly higher than in popigias of
other types of binaries.

6 SUMMARY AND DISCUSSION

Observations have shown that 15% of binaries are widea(>
10° au). These wide binaries arefiiult to explain as being the
result of star formation as it is fiicult to see how wide binaries
can form (especially those 10* au), and they would be rapidly
destroyed in clustered star forming environments. Whilst B0%
of stars do appear to form in an ‘isolated’ environment in chhi
such binaries could possibly survive, in order to explagfthction
of wide binaries, almost all stars forming in isolated eomments
would have to form wide binaries. Further, such wide birscan-
not be formed later in any significant numbers by dynamicarin
actions in the Galactic field.

In this paper we study the possibility of wide binary fornoati
during the dissolution phase of star clusters, in particdlaring the
rapid expansion of clusters after gas expulsion. We stuidypibs-
sibility using (1) an analytical approach in an idealisediation,
(2) a Monte Carlo approach, and (3) detail¢ody simulations.
Our main conclusions are as follows:

(i) The wide binary fractiorB among the dissolved stellar popu-



12

g

g 100K ~ T — "~ "~ T T T T T 1

9 I -
% Binary systems Quadruple systems“.-" ]
:a 80| . -
IS

£

=2

() - -
Tg 60 Triple systems

5 [ R N

E 40 - e RN . _
é— ’ g . A N

= L / N\ \ i
E 20+ 7 AN
3] roov N
© o . \
CIJ L/ \
o (0] T T T L1

51 0 20 40 60 80 100
T Primordial binary fraction B, (%)

Figure 12. Given the fact that most star form in binary systems, it is ex-
pected that the majority of the wide “binary” systems areaict fpart of a
triple or quadruple system.

lation ranges between 1% and 30%, depending on the cluster pr
erties.

(i) More massive star clusters result in a smaller wil¢han
low-mass clusters. Clusters with a spherical, smoothestdénsity
distribution form fewer wide binaries than substructurkssters of
the same size and mass. This is due to the fact that the awdisage
tance between nearest neighbours is smaller for substedotius-
ters. Expanding (post-gas expulsion) star clusters peduarger
B than those starting out of equilibrium.

(iii) The typical semi-major axis of the newly formed bina-
ries is similar to the initial sizd of the star cluster from which
they were born. The resulting semi-major axis distribuiogen-
erally bimodal, consisting of dynamical peakvith binary systems
formed by dynamical interactions, andissolution peakvith bi-
nary systems formed during the cluster dissolution phase.

(iv) The formation of wide binaries during the star clustesd-
lution phase is a random process, resulting in the follovairimtal
properties. The eccentricity distribution of the wide lira is ap-
proximately thermalf(e) ~ 2efor 0 < e < 1. The mass ratio dis-
tribution of the wide binaries is the result of gravitatitipdocused
random pairing. In a wide binary, the orbital and spin angmia-
menta are uncorrelated.

(v) Star clusters with a non-zero primordial binary popighat
form wide triple and quadruple systems, i.e., the companeht
newly-formed wide “binary” can themselves be close prinmerd
binaries, rather than single stars. The ratio of triple tadjuple
systems among very wide orbits is therefore indicative efgh-
mordial binary fractionB,. Given thatB, is large, we predict a
high frequency of triple and quadruple systems among thevkno
wide “binary” systems, which is supported by existing sys/éor
higher-order multiplicity among wide binary systems.

Throughout this paper we have made predictions of the prop-
erties of the wide binary population resulting from the diagon
of individual clusters. In order to compare our results vatiser-
vations, we should therefore take into account the factttieafield
star population is made up of the stars resulting from anrehke
of clusters of diferent sizes and masses. The initial cluster mass

M. B. N. Kouwenhoven, S. P. Goodwin, R. J.
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distribution may be approximated B§{M) o« M~ with y ~ 2 (see,
e.g.,. Zhang & Fall 1999; Ashman & Zepf 2001; Bik et al. 2003;
Hunter et al| 2003). Given the number of stads = Mg /(m),
where(m) is the average mass of a star, this distribution is equiv-
alent tof(N) « N7.|Oey et al.|(2004) suggest that the above ex-
pression can be extrapolated downNg;j, = 1. The upper limit
for the initial cluster mass distribution @l = 10 M, (e.g.,

de Grijs & Parmentier 2007, and references therein). Thdtieg
binary fractionB; for the ensemble of stars (i.e., the field star pop-
ulation) is then given by:

o= B(NGN f(Np)d Ny
S f (NN Ny

whereB(N) is the cluster mass dependent wide binary fraction.
The numerator in the above expression is proportional tatime-
ber of binaries, and the denominator is proportional to the t
tal number of stars in the ensemble of clusters. In additibe,
size and dissolution time of a star cluster, and therefoeentite
binary fraction, may also depend on its Galactic locatiom.(e
Baumgardt & Makino 2003). An inspection of Fid. 6 shows that a
extrapolation tN ~ 10° results in a wide binary fraction of several
per cent; smaller than the observed 15%, irrespective aflibizes
for R, Q, and the morphology of the cluster. Although we predict
rather small values, our back-of-the-envelope calcutatioes re-
sult in the right order of magnitude for the wide binary fiantin

the Galactic field. It is clear, however, that a deeper ingatbn

is required to accurately recover the properties of the \bidary
population in the field. In particular, a wider range of sthuster
morphologies has to be considered, by varying the fractakdi
sion and position-velocity correlations of individual stéusters.

Our proposed formation mechanism for very wide binaries
predicts at least several common proper motion pairs in esha
dissolving star clusters and moving groups. For exampéeptéch-
anism may well explain the presence of the three common prope
motion pairs in the moving groups studied by Clarke et alO€90
The future prospects in wide binary research are bright:rem-e
mous number of wide binaries are expected to be found with
the GAIA missiofl (Perryman et al. 2001; Turon et al. 2005) and
LAMOST (Chul1998] Stone 2008). These datasets should help
determine the true fraction of wide binaries and their aibita-
rameters.

(20)
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