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N-body simulations

King model W0 = 9

Mass function, 0.1 - 100 Msun (Kroupa`01)

Range of half-mass radii (0.05 - 0.75 pc)

Stellar evolution

No primordial binaries

N = 24576 stars



Time of the collision

tcoll ~ 100 (Rcl/pc)
Expected:

Reg. 1:    tcoll ~ tdecay

Reg. 2:    tcoll ~ const

Reg. 3:  binary ejection

Simulations:



Ejection of massive binaries

When Mcl > 104 Msun massive binaries are ejected
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Figure 9. Position of some massive stars in the star cluster (thin solid) relative to the core radii (thick line) as a function of time.

Eq. 22. The mean mass in the core increases by more than
a factor of 3 from 0.48M! up to 1.63M!. We also observe
that mass functions are similar across clusters with different
sizes. The reason behind this is quite simple if one thinks in
term of N -body units. In this case a cluster is parameter-
ized only by a mass function, number of stars and an initial
density profile. Clusters having similar parameters will ex-
perience similar evolution, as far as non-dynamical effects,
like stellar and binary evolution, are not of significant im-
portance. These are the parameters that we keep constant
for all runs. Since mass segregation is a dynamical effect the
resulted mass function in the core is expected to exhibit sim-
ilar behaviour across different sets. This is indeed the result
we observe in Fig. 6.

We examined the mass function in the core at different
times to test whether it exhibit variations from Eq. 22. We
notice from Fig. 7 that collisions are spread over the time
interval of two orders of magnitude. Therefore, this gives the
possibility to extract the core mass distribution at different
times. However, we have to keep in mind that each collision
Fig. 7 is from a cluster with a different realizations of the
same model. Therefore, the mass function both reflects the
core stellar population at the moment of the collision and a
stellar mass content of a particular realization. From Fig. 5
it may be noticed that the stellar population in the core is
persistent in the course of time with the mass function reach-
ing its modified after few crossing times. The persistence of
the core mass function points out towards the existence of
an equilibrium core population that is a combined result of
mass segregation and ejection of stars out of the core. An
indirect confirmation of the existence of unchanging stellar
population in the core is presented in Appendix A. There

we estimate population of dynamically formed binaries and
show that in order to have an agreement with the simula-
tions the Eq. 22 should be used instead of the initial mass
function.

An important question is whether Eq. 22 is sensitive to
the initial mass function. To understand this behaviour we
carried out another simulation with W0 = 9 King model, but
with a power law mass function N (m) ∝ m−2.35 (Salpeter
(1955)) with mass range from 0.1 to 100 M!. In this sim-
ulation we prevent collisions and monitor behaviour of the
stellar population the core. We found out that the equilib-
rium mass distribution is well described by Eq. 22.

3.3.2 Colliding stars

Masses of colliding stars, which we call parent stars, play an
important role in both hydrodynamics of a collision and a
further evolution of a collision product. According to Vogd-
Russell theorem (Carroll & Ostlie (1996)) both mass and
composition determine the subsequent evolution of a star.
Given stellar composition at birth, which is determined by
the environmental factors, the masses and the time of the
collision, the structure of parent stars can be uniquely de-
termined. Therefore, properties of collision product and its
further evolution can be computed.

Based on arguments presented in Sect. 2 we expect that
in a young star cluster collisions occur between a binary and
a single star. The hint towards this behaviour is exhibited
in Fig. 7, since collisions only occur after the formation of
first binaries. Here we focus on direct examination of each
collision to identify parent stars and their masses. In all of
the collisions we observe presence of a third star in the prox-
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Figure 9. Position of some massive stars in the star cluster (thin solid) relative to the core radii (thick line) as a function of time.
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indirect confirmation of the existence of unchanging stellar
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show that in order to have an agreement with the simula-
tions the Eq. 22 should be used instead of the initial mass
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Given stellar composition at birth, which is determined by
the environmental factors, the masses and the time of the
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Based on arguments presented in Sect. 2 we expect that
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Figure 9. Position of some massive stars in the star cluster (thin solid) relative to the core radii (thick line) as a function of time.

Eq. 22. The mean mass in the core increases by more than
a factor of 3 from 0.48M! up to 1.63M!. We also observe
that mass functions are similar across clusters with different
sizes. The reason behind this is quite simple if one thinks in
term of N -body units. In this case a cluster is parameter-
ized only by a mass function, number of stars and an initial
density profile. Clusters having similar parameters will ex-
perience similar evolution, as far as non-dynamical effects,
like stellar and binary evolution, are not of significant im-
portance. These are the parameters that we keep constant
for all runs. Since mass segregation is a dynamical effect the
resulted mass function in the core is expected to exhibit sim-
ilar behaviour across different sets. This is indeed the result
we observe in Fig. 6.

We examined the mass function in the core at different
times to test whether it exhibit variations from Eq. 22. We
notice from Fig. 7 that collisions are spread over the time
interval of two orders of magnitude. Therefore, this gives the
possibility to extract the core mass distribution at different
times. However, we have to keep in mind that each collision
Fig. 7 is from a cluster with a different realizations of the
same model. Therefore, the mass function both reflects the
core stellar population at the moment of the collision and a
stellar mass content of a particular realization. From Fig. 5
it may be noticed that the stellar population in the core is
persistent in the course of time with the mass function reach-
ing its modified after few crossing times. The persistence of
the core mass function points out towards the existence of
an equilibrium core population that is a combined result of
mass segregation and ejection of stars out of the core. An
indirect confirmation of the existence of unchanging stellar
population in the core is presented in Appendix A. There

we estimate population of dynamically formed binaries and
show that in order to have an agreement with the simula-
tions the Eq. 22 should be used instead of the initial mass
function.

An important question is whether Eq. 22 is sensitive to
the initial mass function. To understand this behaviour we
carried out another simulation with W0 = 9 King model, but
with a power law mass function N (m) ∝ m−2.35 (Salpeter
(1955)) with mass range from 0.1 to 100 M!. In this sim-
ulation we prevent collisions and monitor behaviour of the
stellar population the core. We found out that the equilib-
rium mass distribution is well described by Eq. 22.

3.3.2 Colliding stars

Masses of colliding stars, which we call parent stars, play an
important role in both hydrodynamics of a collision and a
further evolution of a collision product. According to Vogd-
Russell theorem (Carroll & Ostlie (1996)) both mass and
composition determine the subsequent evolution of a star.
Given stellar composition at birth, which is determined by
the environmental factors, the masses and the time of the
collision, the structure of parent stars can be uniquely de-
termined. Therefore, properties of collision product and its
further evolution can be computed.

Based on arguments presented in Sect. 2 we expect that
in a young star cluster collisions occur between a binary and
a single star. The hint towards this behaviour is exhibited
in Fig. 7, since collisions only occur after the formation of
first binaries. Here we focus on direct examination of each
collision to identify parent stars and their masses. In all of
the collisions we observe presence of a third star in the prox-
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Mass function in the core

The core is enhanced with massive stars

tdf ∝
1
m

On the onset of runaway stellar collisions in dense star clusters I. Dynamics of the first collision. 7

Figure 6. Mass function in the core at the moment of the first
collision averaged over all runs for each model. The thick dashed
and solid lines are the same as in Fig. 5.

in the close proximity of the core. They decay into a core on
the time-scale of few N -body units and remain there until
experience a collision. We interpret a spread along the tcoll
axis for stars with tcoll ! tdecay as the collision time scale
in the core of the cluster.

The third region, composed of late collision at times
t ! 100 N -body units, is an unexpected result since the
collision time scale is about ten of crossing times. This be-
haviour is caused by binaries ejected out of the core. As
massive stars sink into the core of the star cluster they form
hard binaries in there. In the course of time interactions
with single stars harden the binaries. Eventually, they may
become hard enough that they eject themselves out of the
cluster. We show in Appendix B that self-ejection is a pos-
sible outcome for clusters with mass larger than a threshold
mass

Mcl > Mse " 4 · 103

„
mbin

20M!

«3 „
〈mc〉
M!

«−2

M! (21)

where mbin is the mass of a binary and 〈mc〉 is the average
mass in the core of the cluster. Hard binaries in the core
provide energy source preventing the core from collapse. If
a hard binary is ejected there is nothing left to prevent the
core from collapse and it begins to contract. This behaviour
is exhibited in Fig. 8 and Fig. 9 (e.g. t " 50 and t " 200),
where the ejection of a massive binary is followed by con-
traction of the core.

If the time required for a massive star to decay into
the cluster core exceeds its life-time then stellar evolution
will destroy the star via supernova explosion. This effect
is observable in the W9R50 and W9R75 runs. Indeed, the
W9R05, W9R10 and W9R25 runs have collisions extending
up to t " 300 N -body units, whereas in the case of W9R50
and W9R75 sets collisions occur only until t " 100 which
corresponds to t " 7Myr - the lifetime of M " 20M! star.
This means that for these runs stellar evolution eventually

Figure 8. Time evolution of the core (solid black), 2% (dotted
blue), 5%(dashed red) and 10%(solid grey) Lagrangian radii of a
particular realization of W0 = 9 King model. The arrow indicates
moment when first hard binaries are formed.

takes over stellar dynamics by destroying massive stars in
supernova explosions.

3.3 Mass distributions

+++++

3.3.1 The core

The collisions in a star cluster take place in the highest
density region, in its core. Dynamical interactions, there-
fore, depend on the mass function in there. It was shown
by Portegies Zwart et al. (1999) that via dynamical friction
the stellar content in the core is enhanced by massive stars
leading to increase in the mean stellar mass. The mass func-
tion for massive stars flattens compared to the initial one,
therefore the likelihood of collisions increases. Our aim is to
estimate the mass function in the core.

In order to obtain the mass function we firstly identify
runs with collisions in a given set and from them we ex-
tract stellar content in the core. Obtained in this way stellar
populations are combined together and the mass function
is constructed by sorting stars into non-equal logarithmic
mass bins as described by Máız Apellániz & Úbeda (2005).
Since collisions take place at different times (Fig. 7), we in-
terpret the mass function in Fig. 6 as a time averaged one.
We find that the mass function can be approximated with
the following equation

N c(m) ∝


N IMF(m), if m < 2〈mIMF〉,
mN IMF(m), otherwise,

(22)

where N IMF(m) is the initial mass function and 〈mIMF〉 is
the average stellar mass in the cluster. We show Eq. 22 in
Fig. 6 in a thick solid line. The agreement with the result
from simulations is rather good given the simplicity of the
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Colliding stars : primary
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Figure 10. Distribution of primary masses (left) and mass ratioes (right) for binaries participating in the collision. Solid and dash ed
lines are theoretical curves for core and initial mass functions respectively.

reproduce a trend for W9R05, W9R10 and W9R25 sets

N b(m) ∝

N c(m), if m < 2〈mc〉,
mN c(m), otherwise.

(23)

The discrepancy in the high mass range is connected with
the lack of massive star that are in binaries. While Eq. 23
describes well the distribution of bullets for W9R05, W9R10
and W9R25 runs it fails to do so for W9R50 and W9R75
sets. It appears that mostly the massive stars contribute to
the collisions. However, the trend in distributions is consis-
tent with the trend exhibited in Fig. 10 in a sense that clus-
ters with larger radii favour more massive stars compared
to clusters with smaller radii.

3.4 Energetics of the collision

In previous sections we have found that collision usually in-
volve massive stars in binary systems. However, knowledge
of only masses is not enough to understand the further evo-
lution of product. Both kinetic energy and angular momen-
tum plays and important role in determining collision out-
come. The reason is that orbital kinetic energy is converted
into the heat via shock waves propagating throughout the
stars which result in a mass loss. It is evident the greater
the energy of the collision the large amount of mass is lost.
Meanwhile, shock heated material may mix therefore bring-
ing fresh hydrogen into the exhausted from it stellar core
(Dale & Davies (2006)). If the product will develop large
convective zone during contraction onto main-sequence then
the magnetic field can be generated by the dynamo action
(Leonard & Livio (1995)). The orbital angular momentum
will be converted into the spin of the collisions product which
may affect further contraction of the product onto main se-
quence phase (Sills et al. (2005)). Subsequent mixing, due to
the rotation, may also increase the lifetime of the collision
product (Maeder & Meynet (2000)). Whatever the outcome,

Figure 12. Mass function of single stars that collide with bina-
ries. Green solid line is the mass function predicted by the model
presented in the text.

it is clear that neither energy nor angular momentum can
be ignored.

We saw that collisions take place during an interaction
of a binary system with a single star. The consequence of
this type of collision may be different from the one between
two single stars. In the latter case two star approach each
other on a hyperbolic trajectory. The relative velocity at
the moment of collision is readily estimated from the rela-
tive velocity at large separation. In young star clusters that
latter one is of order stellar velocity dispersion in the core

c© 0000 RAS, MNRAS 000, 000–000
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Figure 10. Distribution of primary masses (left) and mass ratioes (right) for binaries participating in the collision. Solid and dash ed
lines are theoretical curves for core and initial mass functions respectively.

reproduce a trend for W9R05, W9R10 and W9R25 sets
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(23)

The discrepancy in the high mass range is connected with
the lack of massive star that are in binaries. While Eq. 23
describes well the distribution of bullets for W9R05, W9R10
and W9R25 runs it fails to do so for W9R50 and W9R75
sets. It appears that mostly the massive stars contribute to
the collisions. However, the trend in distributions is consis-
tent with the trend exhibited in Fig. 10 in a sense that clus-
ters with larger radii favour more massive stars compared
to clusters with smaller radii.

3.4 Energetics of the collision

In previous sections we have found that collision usually in-
volve massive stars in binary systems. However, knowledge
of only masses is not enough to understand the further evo-
lution of product. Both kinetic energy and angular momen-
tum plays and important role in determining collision out-
come. The reason is that orbital kinetic energy is converted
into the heat via shock waves propagating throughout the
stars which result in a mass loss. It is evident the greater
the energy of the collision the large amount of mass is lost.
Meanwhile, shock heated material may mix therefore bring-
ing fresh hydrogen into the exhausted from it stellar core
(Dale & Davies (2006)). If the product will develop large
convective zone during contraction onto main-sequence then
the magnetic field can be generated by the dynamo action
(Leonard & Livio (1995)). The orbital angular momentum
will be converted into the spin of the collisions product which
may affect further contraction of the product onto main se-
quence phase (Sills et al. (2005)). Subsequent mixing, due to
the rotation, may also increase the lifetime of the collision
product (Maeder & Meynet (2000)). Whatever the outcome,

Figure 12. Mass function of single stars that collide with bina-
ries. Green solid line is the mass function predicted by the model
presented in the text.

it is clear that neither energy nor angular momentum can
be ignored.

We saw that collisions take place during an interaction
of a binary system with a single star. The consequence of
this type of collision may be different from the one between
two single stars. In the latter case two star approach each
other on a hyperbolic trajectory. The relative velocity at
the moment of collision is readily estimated from the rela-
tive velocity at large separation. In young star clusters that
latter one is of order stellar velocity dispersion in the core
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Collisions : relative velocity
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Figure 13. Cumulative distribution of relative velocities at the
moment of collision in units of the escape velocity. Thick solid
line correspond to a W9R05 set, thick dashed to a W9R10 and
thick dotted to a W9R25. While thin solid and thin dotted lines
represent sets W9R50 and W9R75 respectively.

of a cluster and negligible compared to escape velocity from
massive star. This implies that the relative velocity at the
moment of collision is roughly the escape velocity from the
star of mass equal to the combined mass of parent stars and
the radius equal to the sum of radii of parent stars. On the
other hand, binaries have internal motion which is ignored
as far as a binary and a single star are well separated. If
they were to collide the relative velocity between the centre
of mass of the binary and the single star at close approach
would be roughly the escape velocity from the binary, as-
suming the mass of incoming star small compared to the
one of the binary. On the other hand, the binary consists
of two stars closely separated from each other. In the case
when the single star were to collide with the binary mem-
ber moving towards it the relative velocity at the collision
would be significantly greater than if the stars were assumed
to approach each other from large separations. Evidently,
opposite is true in a sense that if the parent stars were mov-
ing in the same direction the collision will become elliptic,
which means negative total energy at the centre of mass of
parent stars. The final result is that collisions could be both
mildly and very energetics, with relative velocities at large
separations reaching escape velocities from stellar surfaces
in the latter case.

We show the relative velocity at the moment of colli-
sion in terms of escape velocity from the system in Fig. 13.
We observe that there is a large number of very energetic
collisions. Even a ten percent increase in velocity at the mo-
ment of the collision relative to the escape velocity results
in a velocity at large separation of roughly half of escape
velocity which is almost an order of magnitude greater than
the velocity dispersion of young star clusters. High relative
velocities, especially when nearly equal mass stars collide,
may have a profound influence on the mass loss and internal

Figure 14. Cumulative distribution of pericentres. The pericen-
tre were compute assuming that two stars approach each other
on hyperbolic trajectory, such that they relative velocity at the
contact is equal to the observed one in simulations.

structure of a collision product. As we mentioned, angu-
lar momentum also play an important role in determining
the subsequent evolution of collision product. The conve-
nient way to parameterize off-axis collisions is to construct
a distribution of pericentres which we define as a minimal
separation for two stars to pass within each other on unper-
turbed trajectories. This is done in Fig. 14 where it may be
noted that nearly all collisions are grazing.

—— ++++ ——–

We observe that the large fraction of collisions occur
during grazing encounters. In the case of encounters between
single stars it is possible that the excess of orbital energy
will be able to dissipate via tidal interactions. Because they
have low energy in young star clusters. However, dur-
ing interaction of binaries with single stars the situation is
energetically different. It is uncertain that a tidal interac-
tion will be able to dissipate excess of orbital energy into
heat thus bind two stars together. Details numerical simula-
tions are required to understand this. However, even under
assumption that energy is able to dissipate it is not the fact
that collision will eventually take place. Since the orbit will
become very elongated, it is possible that influence from the
third nearby star might be important. Whether it will en-
hance the collision or not requires detailed hydrodynamic
interaction of triple system.

To understand which encounter are grazing we con-
structed a correlation plot of relative velocity at the point
of contact and pericentre distance in Fig. 15. We note that
nearly all high-velocity collisions are grazing.

+++
EG: BELOW THIS THE TEXT WAS NOT EDITED
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Conclusions

A cluster may experience at least one collision

Occur between a binary and a single star

Between massive stars
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Collisions : impact parameter
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Figure 15. A correlation plot for rp with vesc.

4 DISCUSSION

We carried out a large number of direct N -body simulation
with the aim to understand the dynamics that lead to a
collision between two stars. We have shown that first colli-
sion in young star clusters occurs during an interaction of
a binary star with a single. The reason for this is presence
of massive stars. As density increases in the centre of the
cluster, the most likely process will be a binary formation
than a collision of two massive stars. In the course of time,
the binary will become and more massive as more and more
stars interacts with it. If cluster is compact enough the bi-
nary may then collide with one of the binary companions
during an interaction. We conclude the most likely case of a
collision is between binaries and single stars. If cluster does
not posses primordial binaries they will form dynamically.

This has an effect that relative velocity of two colliding
stars in their centre of mass frame will significantly exceed
the escape velocity from stellar surfaces. This may result
in a large mass loss if a merger will occur between similar
mass stars. Our simulation also exhibit that a large fraction
of energetic collisions are grazing which doubts the merger
is a final outcome. However, it is possible that a grazing
collision will be sufficient enough to bound two stars. In the
case of two single stars experiencing a grazing interaction the
ultimate outcome is a merger, because stars will dissipate
orbital energy at every periastron passes. Hence orbit semi-
major axis will decrease with the final outcome merger.

However, the presence of a third star, having a non-
trivial influence on the system might change the outcome.
Further understanding requires a hydrodynamic studies of
stellar collisions with the presence of a third star, namely
an interaction of a binary star with a single. If, during an
interaction one of the stars will swell up during tidal en-
counters with other partners a triple collision might occur.
We point out that it might no longer be appropriate to use
a collision distance as r1 + r2 as collision indicator during
an interaction of a binary with a single star.

eg: necessary a bit more of discussion
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Binaries are formed by 3-body encounters
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Figure A1. Primary mass (left) and mass ratio (right) distribution for dynamically formed binaries. Solid and dashed lines are theoretical
curves for core and initial mass function respectively. Dotted line is a theoretical curve for core mass function but when equiparition is
not assumed.
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Location of the collision
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Model Rvir [pc] Nrun Rcore[pc] ρcore [M!/pc3] tcross[kyr] trh[Myr]

W9R05 0.05 100 3.2 · 10−3 5.5 · 109 XXX XXX
W9R10 0.10 100 6.4 · 10−3 6.8 · 108 XXX XXX
W9R25 0.23 100 0.015 5.6 · 107 xxx XXX
W9R50 0.50 99 0.032 5.5 · 106 XXX XXX
W9R75 0.75 110 0.048 1.6 · 106 XXX XXX

Table 1. Parameters of the five sets of simulations. In each case the total mass of the cluster is M ! 1.2× 104 M! and the total number
of stars is 24576. Runs differ only in the choice of the half-mass radius. In the first three columns we report the name of the set of
simulations, the half-mass radius (in parsec) and the number of simulations performed with these parameters. In the subsequent columns
we give the initial core radius (in parsec), the initial core density (in solar masses per cubic parsec), the half-mass crossing time (in units
of 1000 years) and the relaxation time (in Myr).

Figure 3. Histogram of the number of collisions as a function of
their distance from the cluster center in units of the instantaneous
core radius. The histogram is constructed using all runs. Visual
inspection did not give a difference in the distribution across the
various models in Tab. 1.

ρc = nc〈m〉 = 6.0Mc/(5πR3
c) we have

trc (0)
tnb

≈ 0.34 ν2

r
µ
ν

N
log10(γcN)

. (19)

Here µ = Mc/Mcl and ν = Rc/Rhm. For a King W0 = 9
model one has ν ≈ 2µ ≈ 0.06 which results in trc ≈ 9 N -
body units for a system with N = 24576 particles and γc =
0.01. According to Gürkan et al. (2004) the core collapse is
expected to take place at t ≈ 1.3 N -body units in agreement
with Fig. 4.

In Fig. 5 we show the mass function in the cores of three
different clusters which experienced their first collision at
t $ 10, 31 and 299 N=body time units. The mass functions
are statistically indistinguishable at the moment of the first
collision. We approximate the mass function in the core at
the moment of the first collision with

N c(m) ∝

N IMF(m), if m < m1 = 2〈mIMF〉,
m
m1
N IMF(m), otherwise.

(20)

Here N IMF(m) is the initial mass function and 〈mIMF〉 is

Figure 4. The histogram of tcoll.

the average stellar mass in the cluster. It can be seen from
both Fig. 5 and Fig. 6 that Eq. 22 satisfactory fits the sim-
ulated mass function at the moment of the first collision. If
the mass function were to become segregated by the first bi-
nary formation the mean mass would increase from 0.5M!
to 1.7M!. We showed in Sect. 2 that binary formation is a
steep function of stellar mass. If a typical stellar mass par-
ticipating in interactions were increased by a factor of 3 the
binary formation rate would be increased by roughly five
orders of magnitude, bring it to a binary per few N -body
time units. Therefore, it appears that flattening of the mass
function in the core may trigger binary formation.

In Fig. 6 we present mass function in the core at the
moment of the first collision average over all runs for each
model. As with Fig. 5 this distribution is also satisfactory
described by Eq. 22.

It is implied by Eq. 22 that for stars more massive than
2〈mIMF〉 the slope of the mass function changes. We explain
the change by the fact that time scale for mass segregation
for a given stellar mass ∝ 1/m. This suggests, that dynami-
cal friction is a crucial ingredient in understanding when the
first collision takes place. We, therefore, compare the mass
segregation timescale with the time of the first collision. We
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body units for a system with N = 24576 particles and γc =
0.01. According to Gürkan et al. (2004) the core collapse is
expected to take place at t ≈ 1.3 N -body units in agreement
with Fig. 4.
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different clusters which experienced their first collision at
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the average stellar mass in the cluster. It can be seen from
both Fig. 5 and Fig. 6 that Eq. 22 satisfactory fits the sim-
ulated mass function at the moment of the first collision. If
the mass function were to become segregated by the first bi-
nary formation the mean mass would increase from 0.5M!
to 1.7M!. We showed in Sect. 2 that binary formation is a
steep function of stellar mass. If a typical stellar mass par-
ticipating in interactions were increased by a factor of 3 the
binary formation rate would be increased by roughly five
orders of magnitude, bring it to a binary per few N -body
time units. Therefore, it appears that flattening of the mass
function in the core may trigger binary formation.

In Fig. 6 we present mass function in the core at the
moment of the first collision average over all runs for each
model. As with Fig. 5 this distribution is also satisfactory
described by Eq. 22.

It is implied by Eq. 22 that for stars more massive than
2〈mIMF〉 the slope of the mass function changes. We explain
the change by the fact that time scale for mass segregation
for a given stellar mass ∝ 1/m. This suggests, that dynami-
cal friction is a crucial ingredient in understanding when the
first collision takes place. We, therefore, compare the mass
segregation timescale with the time of the first collision. We
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