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1. I n t r o d u c t i o n 

The number density of stars in the solar neighbourhood is sufficiently low 
tha t encounters between two stars will be extremely rare. However, in the 
cores of globular clusters, and glactic nuclei, number densities are suffi-
ciently high (~ 10 5 s t a r s /pc 3 in some systems) that encounter timescales 
can be comparable, or even less than, the age of the universe. In other 
words, a large fraction of the stars in these systems will have suffered from 
at least one close encounter or collision in their lifetime. 

The cross section for two stars, having a relative velocity at infinity of 
TJoo, to pass within a distance Ä m i n is given by 

<7 = ^ i n ( l + ^ (1) 

where ν is the relative velocity of the two stars at closest approach in a 
parabolic encounter (i.e. v2 = 2G(mi + ra2)/i?min)- The second term is 
due to the attractive gravitational force, and is referred to as gravitational 
focussing. In the regime where ν ^oo (as might be the case in galactic 
nuclei with extremely high velocity dispersions), we recover the result, σ oc 
i î ^ i n . However, if ν ^> as will be the case in systems with low velocity 
dispersions, such as globular clusters, σ oc i î m i n . 

One may estimate the timescale for a given star to undergo an encounter, 
T c o l l — l/ησν. For the two extreme cases mentioned above, we thus obtain 
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Tcoll 
= 7 χ ΙΟ1V \ Π J \ Voo J \Rjnin) 

for ν <ξ^υ, (2) ΟΟ 

where η is the number density of single stars of mass m. Thus for globular 
clusters, rco\\ oc 1 /Ä m in - For an encounter between two single stars to be 
hydrodynamically interesting, we typically require # m i n ^ 3R® (see for 
example, Davies, Benz & Hills 1992). For an encounter between a binary 
and a third, single star, we require that i î m i n — where d is the semi-major 
axis of the binary. Even for a binary with d ~ IAU(= 2 I 6 Ä 0 ) , we see tha t 
T c o l l ^ 1 0 1 0 years in the core of a dense globular cluster. Thus encounters 
between binaries and single stars will be important in globular clusters 
even if the binary fraction is ~ 5%. In encounters between two binaries, 
we again require the two systems to pass within ~ d of each other. Hence 
binary/binary encounters will dominate over binary/single encounters only 
if the binary fraction is > 30%. The issue of the binary fraction in the core 
of a globular cluster is thus an important one. Unfortunately, the number 
is not well known. 

2. D y n a m i c a l Evo lu t ion of Globular Clusters 

Neglecting for a moment the role of binaries, a globular cluster will evolve 
dynamically in the following way. Stars in the halo will be heated by stars 
from the cluster core by two-body scattering, causing some to escape from 
the cluster (i.e. evaporate). Losing energy, the core contracts, and its ve-
locity dispersion increases. In thermodynamic parlance, the system has a 
negative heat capacity with the velocity dispersion being equivalent to a 
temperature . Thus as the core contracts, the temperature gradient, and 
in tu rn the rate of energy transfer to the stars in the halo, increases. It 
was shown tha t such a system would reach an infinite central density in 
a finite time (Cohn 1980). This is known as the gravothermal catastrophe 
(Lynden-Bell & Wood 1968). 

Binaries will be an important source of energy against the collapse of 
the core of a globular cluster. Hard binaries encountering a single, third 
star tend to be further hardened. In other words, the binary becomes more 
tightly bound, the shift in potential energy being manifested as an increase 
in the kinetic energies of the binary and single star, i.e. the stars receive 
kicks. This helps support a globular cluster in two ways. Firstly, the velocity 
dispersion of stars is increased by the kicks they receive. Further, if any stars 
are ejected, then the binding energy of the cluster is reduced as it contains 
fewer stars. 
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3 . Ste l lar E x o t i c a w i t h i n Globular Clusters 

Low-mass X-ray binaries are observed in excessive numbers in globular 
clusters compared to the rest of our galaxy, given the fraction of stars 
in globular clusters. These systems may be formed via tidal capture of a 
neutron star by either a main-sequence star or red giant (Fabian, Pringle & 
Rees 1975). Alternatively, they may be produced from primordial binaries 
by some evolutionary path that may include neutron stars being exchanged 
into a binary in some encounter. The relative frequency of these two paths 
will depend on the make-up of the primordial binary population and their 
evolution due to encounters with other binaries and single stars. It is also 
far from clear whether a system formed from tidal capture can survive 
as a binary or will form a single, merged object (Davies et al. 1992, and 
references contained within). 

Millisecond pulsars (MSPs) have also been observed in large numbers 
in globular clusters (see, for example, Manchester et al. 1991). Under the 
s tandard model, MSPs are produced in Low-Mass X-ray Binaries (LMXBs) 
where the neutron star is spun-up as material is accreted from the Roche-
filled companion. However observations seem to suggest tha t there are far 
more MSPs than LMXBs which, given their comparable expected lifetimes, 
poses a problem for the standard model (Kulkarni et al. 1990). This em-
barrassing profusion of MSPs coupled with the relative sparsity of LMXBs 
would seem to represent the nemesis of the standard model. Perhaps MSPs 
are formed without passing through a precursor LMXB phase, from systems 
containing neutron stars smothered by the remains of a main-sequence star 
after a collisions between two such stars, for example. 

One might expect tha t white dwarfs experience encounters similar to 
neutron stars, some of which may lead to Cataclysmic Variables (CVs). 
As the number of LMXBs in globular clusters is large, one might expect 
to see copious numbers of CVs. Such objects are much harder to find, 
however, although CV candidates have been found in NGC 6397 by imaging 
the cluster in Ha (Cool et al. 1995), and confirmed through spectroscopy 
(Grindlay et al. 1995). CV candidates have also been seen in NGC 6752 in 
the X-ray (Cool 1993), and using Ha imaging (Bailyn et al. 1995). 

Blue stragglers are positioned on the upper end of the main-sequence be-
yond the present day turn-off mass. They have been observed in many glob-
ular clusters, including: 47 Tue (Paresce et al. 1991), NGC 6397 (Auriere 
et al. 1990) and M30 (Yanny et al. 1994, Guhathakur ta et al. 1996). These 
stars may have formed from the merger of two lower-mass main-sequence 
stars either in an encounter between two single stars or in encounters in-
volving binaries when two main-sequences collide and merge as part of the 
encounter. Such mergers may occur during an encounter between a binary 
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and single star, as will be discussed in §6. The fraction of blue stragglers 
in binaries may thus be an important diagnostic for the binary fraction for 
globular clusters. 

4. E n c o u n t e r s b e t w e e n T w o Single Stars in Globular Clusters 

We begin by considering encounters between two single stars, applicable to 
globular clusters where the parameter space is relatively small. The veloc-
ity dispersion is low, and essentially all stars were created in one epoch. 
Thus the maximum mass of primordial main-sequence stars today is well 
defined, as is the mass of any red giants involved in encounters today. Early 
ID and 2D work was performed by Mathis (1967), De Young (1968) and 
Seidel and Cameron (1972). Three dimensional studies had to wait until the 
development of faster computers. A method known as Smooth Particle Hy-
drodynamics (SPH) has been applied to study stellar collisions (Benz and 
Hills 1987, 1992; Davies, Benz and Hills 1992, 1993, 1994; Hernquist and 
Goodman 1992; Rasio and Shapiro 1991, 1992). Additionally, encounters 
have been simulated using the PPM method (Ruffert and Müller 1991). 
The results of these studies can be summarised with three numbers: the 
capture radius, i î c a pt , which is the minimum distance required for a given 
pair of stars to form a bound system assuming a relative speed at infinity 
of 10km/s; the merger radius, Ä m e r g , which is the largerst value of the min-
imum distance of an encounter which produces a single merged object; and 
a typical value for the amount of material ejected from the system, M i o s t . 

Below we review the current understanding of encounters between var-
ious stellar species, considering encounters involving main-sequnece stars 
and red giants of turn-off mass (0.8MQ) . We discuss encounters between 
two main-sequence stars (MS/MS encounters), encounters between a main-
sequence star and a more compact star, such as a white dwarf or neutron 
star (MS/CO encounters), and encounters between a red giant and smaller 
stars ( R G / C O encounters). 

4.1. M S / M S E N C O U N T E R S 

As alluded to in §3, collisions between two main-sequence stars remains 
a viable route to produce the observed blue stragglers. Simulations yield 
values of ü c a p t ~ 3 iZ m s , and provide a lower limit of i ? m e r g ~ 2 Ä m s . The 
mass lost from the system on the initial impact is small, typically M i o s t < 
0 . 0 1 M m s . Early work suggested tha t the merged stars would be well mixed 
(Benz and Hills 1987). More recently simulations, using a more centrally 
concentrated model for the main-sequence stars, seem to suggest tha t the 
material in the cores will not (at least initially) mix with the envelope 
gas (Lombardi, Rasio and Shapiro 1995). The subsequent evolution of the 
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merged objects remains an open question: will they expand significantly 
up the Hyashi track to come into thermal equilibrium? Will they become 
deeply convective and thus mix the material at some later time? Some 
clue to their subsequent evolution may be found in observations of blue 
stragglers in binaries: if we see such objects in hard, but eccentric, binaries 
then we may deduce tha t the stars didn' t expand very much after formation. 
Conversely, if we see a blue straggler in a wide, but circular binary, this 
may suggest tha t the star had a much larger radius at an earlier time. 

4.2. MS/CO ENCOUNTERS 

Simulations yield values of i? c a pt ~ 3 . 5 i ? m s , and provide a lower limit of 
-Rmerg ~ 1 . 8 i ? m s . The mass lost from the system on the initial impact is 
larger than seen in MS/MS encounters, with M i o s t ~ 0 . 1 M m s . In the case 
of encounters involving a neutron star, the subsequent evolution of merged 
systems is extremely unclear. It has been speculated tha t a small amount 
of material will be accreted by the neutron star, spinning it up, possibly to 
millisecond periods, whilst the enveloping gas prevents it from being visi-
ble as an X-ray object. Such a path way might help explain the apparent 
b i r thra te problem between LMXBs and MSPs, providing a sufficient num-
ber of smothered neutron star systems can be produced relative to clean 
binaries. In the case of encounters involving white dwarfs, any merged sys-
tem seems likely to evolve into a red giant. 

4.3. RG/CO ENCOUNTERS 

Simulations yield values of Ä c a pt ~ 2 . 5 i £ r g , and provide a lower limit 
of i îmerg ~ 2 i 2 r g . The mass lost from the system on the initial impact 
~ 0 . 1 M r g . Thus the vast majority of encounters would seem to produce 
merged systems, containing the red-giant core (essentially a white dwarf) 
and the impactor engulfed in a common envelope of gas. In such a system, 
the white dwarf and impactor will spiral together as the common gaseous 
envelope is ejected. The final separation of the two stars may be estimated 
by simply equating the binding energy of the envelope with the change 
in binding energy of the two stars, within some efficiency ace (typically 
taken to be 0 . 2 - 0 . 4 [Taam & Bodenheimer 1 9 8 9 ] ) , Such a common envelope 
phase will be of great use in producing hard binaries in globular clusters. 
For systems containing two compact objects, inspirai will occur due to an-
gular momentum loss from gravitational radiation. A system will merge 
in ~ 1 0 1 0 years if the initial separation (after a common envelope phase) 
< 3Ä0 (Landau & Lifshitz 1 9 6 2 ) , as will often be the case for post-CE 
binaries. 
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5. E n c o u n t e r s b e t w e e n T w o Single Stars in Galact ic N u c l e i 

Less computational work has been done on encounters tha t will occur in 
galactic nuclei. The relevant parameter space is much larger than for glob-
ular clusters, with a wide range of relative velocities being important . As 
the relative velocity increases, encounters involving larger stars become pro-
gressively more important as the effect of gravitational focussing is reduced. 
In other words, encounters involving red giants may be more important 
than encounters involving main-sequence stars if the velocity dispersion > 
600km/s, as will be the case in the very centres of some active galaxies. 

Some work considering encounters between main-sequence stars has 
been performed (Benz and Hills, 1987, 1992; Lai et al 1993; and Davies 
1995 [in preparation]). 

6. E n c o u n t e r s b e t w e e n Binar ies and Single Stars 

Encounters between binaries and single stars treating the stars as point 
masses have been considered in numerous works (Hut 1994, and references 
contained therein). Some allowance has also been made for the finite size of 
the stars in three-body simulations (see for example, Sigurdsson & Phinney 
1994). Cleary & Monaghan (1990), and Davies, Benz & Hills (1993, 1994) 
also considered the hydrodynamical effects by performing some encounters 
using a smoothed particle hydrodynamics (SPH) code. 

Encounters between binaries and single stars lead to three main out-
comes: the incoming star replaces one of the original components forming 
a new, detached, binary in a so-called clean exchange, the incoming star 
simply hardens the binary without any exchange occuring - a so-called fly-
by, or a merger between two of the stars occurs, where the product of the 
merger may or may not remain bound to the third star. 

Before discussing the various cross sections, we will mention what has 
become known as Heggie's Law, namely that hard binaries get harder, and 
weak binaries are broken up (Hut 1983). In this context, hard means a 
binary tha t is sufficiently tightly bound tha t the orbital speeds of the two 
stars in the binary are much larger than the relative speed, at infinity, of the 
system and the third star. The dividing line between these two regimes is a 
function of the masses of the stars, and the relative velocity of the binary 
and the single stars it encounters. For example, with solar-mass stars, and 
a velocity dispersion of 10km/s (typical for a globular cluster), the water 
shed occurs at a semi-major axis of ~ 10AU. In a somewhat dense cluster 
such as 47 Tue, we would expect surviving binaries to be hardened today 
from this separation to values ~ 0.2 — 0.5AU (Hut, McMillan & Romani 
1992). 
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The cross section for a single star to pass within a distance i ? m i n of the 
center of mass of a binary is given by σ = πR%n[n(l + V ^ / V ^ ) , where VQQ 
is the relative speed at infinity, and Vc is the relative speed at which the 
system has zero total energy and is given by V2 = F(M\, M2, Ms)/d = 
GM\M2{M\ + M2 + Ms)/Ms(Mi + M2)d, where M\ is the mass of the 
primary, M2 the mass of the secondary and M 3 is the mass of the incoming, 
single star. In order for an exchange encounter to occur where the impacting 
star replaces one of the binary components, one might expect i î m i n ~ d, 
where d is the separation of the two components in the original binary. 
For a binary of separation ~ 10 A U , VC ~ 10km/s (a typical value for the 
velocity dispersion in a globular cluster). Hence for hard binaries in globular 
clusters (where ci ~ 0.1 — 0 .5AU) , VC ^> Voo, and the exchange cross section 
can be writ ten as 

2 GM1F(quq2) 1 

where q1 = M 2 / M i , q2 = M3 /M1, and F(quq2) = ? i ( l + g i+g2) /?2 ( l + ?l) . 
The constant &ex(<Zl, #2) has to be determined through numerical simula-
tions. Once we have the value of fcex for a range of values of q\ and q2> we are 
able to compute the exchange cross section for any reasonable binary-single 
star encounter (Davies 1995). 

Hut and Inagaki (1985) found that the cross section for any two stars to 
pass within some minimum distance can be written in the following form, 

, Ρ ^ Ρ x U ( \ J2GM1F(QUQ2) 1 F RminV ( *\ 
a(R < Ä m i n ) = ferminlîl, Q2, W ^ — — j (4) 

where both fcrmin and 7 can be found through simulations of encounters, 
with 7 ~ 0.5 for encounters involving stars of equal masses. A form sug-
gested for the differential exchange cross section is (Heggie 1975, Hut 1984) 

d a -<1KU (η η W,/2 GM1F(QUQ2) 1 ( . _ 4 . 5 ( . 
— = 3.5kEX(Q1,q2)KD ^ - ( 1 + Δ ) (5) 

where Δ = ^ ^ b i n / ^ b i n î the relative shift in the binding energy of the binary. 
The values predicted from the above equation are in close agreement with 
those obtained from three-body runs. On average an encounter will harden 
a binary by 20-40%, the change in potential energry being seen in a boost 
to the binary's kinetic energy. We can thus compute the kick velocity given 
to a binary for each encounter. Very few binaries with separations ~ 0.2AU 
will receive kicks sufficient to eject them from a typical globular cluster 
(^kkk ~ 40km/s) . Rather, it is more interesting to consider a kick velocity 
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Figure 1. Relative cross sections for the various combinations of exchange (X), ejection 
(E), and the necessity to include hydrodynamical effects (H), calculated from a series 
of 7000 three-body simulations of encounters between a binary of separation 60Ä© and 
eccentricity e = 0.5 containing an O.SMq main-sequence star and a IAMq neutron star, 
and a 1 . 4 M 0 neutron star. The cross sections are renormalized in such a way that the 
total cross section for processes leading to exchange is unity. 

~ 20km/s which would be sufficient to propel the binary into an orbit tha t 
takes it far outside the core of a typical globular cluster. 

We can compute the cross section for the following three processes: ejec-
tion from the globular cluster core, exchange, and strong hydrodynamical 
encounters (i.e. two stars pass within 3 i ? m s ) . A convenient way to illustrate 
the fruit of these calculations is in a Venn diagram. In such a diagram, the 
three circles represent the three processes, and, for example, the number 
placed in the region common to all three circles is the cross section for ex-
change and ejection and hydrodynamical encounters, renormalized in such 
a way tha t the cross section for exchange is unity. Such a Venn diagram is 
illustrated in Figure 1 for encounters between an eccentric binary (e = 0.5, 
with a semi-major axis, d = 0.2AU) containing stars of mass 1 . 4 M Q and 
0 . 8 M Q , and third star of mass 1 . 4 M Q . We see from this figure tha t some 
30% of encounters which were labelled as exchanges from the three-body 
runs would have involved a hydrodynamic encounter between two of the 
stars, likely forming a merged object either bound or unbound to the third 
star. The remaining exchanges would have been clean, meaning we expect a 
binary to be produced without any hydrodynamic processes playing an im-
portant par t . A very small fraction of encounters would have resulted in the 
ejection of the binary from a typical globular cluster core. In an equivalent 
diagram for a harder binary, the relative cross section for hydrodynamic 
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events would be larger, with fewer clean encounters occurring. 
We are thus left with the following picture. Binaries are fed into the core 

of a globular cluster and are either broken up immediately or harden pro-
gressively, receiving larger kicks at each succesive encounter, as the binary 
becomes more tightly bound. Eventually, the binary will be sufficiently 
tight tha t some form of merger is likely, unless the system contains two 
compact objects, in which case the system may well be ejected from the 
globular cluster. This evolutionary scenario is considered in more detail in 
McMillan et al. 1992, Davies (1995), and Davies & Benz (1995). 

7. E n c o u n t e r s b e t w e e n T w o Binar ies 

Encounters between two binaries will be more important than encounters 
between binaries and single stars if the binary fraction is larger than ~ 10%, 
which it might be in the cores of some globular clusters. Relatively little 
work has been carried out on binary-binary encounters (see Bacon et al 
1995, and references contained therein). Such encounters may lead to a 
relatively large number of mergers, and triple systems. 

8. S u m m a r y 

Collisions happen in globular clusters and galactic nuclei. In globular clus-
ters 

• Encounters involving binaries may be important. 

• Collisions may produce the stellar exotica tha t we see (LMXBS etc.). 

• At least half of encounters between two single stars produce merged 
objects. 

• Wide binaries ==> broken up. 

• Hard binaries = > harder (Heggie's Law) 

• Massive stars exchange into binaries. 

• Really hard binaries stellar exotica 

• The relative importance of binary/single and binary/binary encoun-
ters is a function of binary fraction. Binary/binary encounters will generally 
only be important if binary fraction > 30%. 

• Better modelling of globular clusters and binary/binary cross sections 
are required and will come in the near future. 

In galactic nuclei 

• Many more simulations of stellar encounters are required. 

• Very high velocity, head on encounters between main-sequence stars 
lead to their complete disruption. 
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• Grazing encounters between two main-sequence stars lead to some 
mass loss but not complete disruption and leave the two stars unbound. 
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