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Abstract

Stars form in clusters or groups. In these crowded environments, they are
likely to experience encounters with one another. These encounters may perturb
their planetary systems and cause the ejection of one or more planets. N-body
simulations were performed to study the effect of encounters between stars on
their planetary systems in young stellar clusters. Two categories of young clusters
were modelled : clusters without gas (dry clusters) and clusters containing gas
(embedded clusters). In both cases, it was found that a large majority of stars (85
- 95 %) experience at least one encounter with an other star in the first 10 Myr
of the cluster evolution. Furthermore, between 5 % and 25 % of solar system-like
planetary systems are affected by these encounters.
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1. INTRODUCTION

1 Introduction

According to observational data, most of the stars (70 - 90 %) form in clusters (Lada
and Lada, 2003). These structures contain from a few tens to a few thousand stars.
In these dense regions, stars are likely to undergo encounters with one another. These
encounters are mainly of two sorts : fly-bys — two stars passing close to each other —
and exchange encounters — a star replacing one of the two components of an existing
binary. Both can affect planetary systems by perturbing the orbits of the planets.

Furthermore, the clusters are initially embedded in giant molecular clouds (GMCs).
This gas is responsible for an additional gravitational potential. Therefore it has a in-
fluence on the clusters dynamics. This gas is expelled ~ 10 Myr after the end of the
stellar formation. It induces an expansion of the cluster which can cause it to unbind
in ~ 10 Myr. This evolution of young stellar clusters has an influence on the properties
of encounters between stars and therefore determines how their planetary systems are
perturbed.

The main goal of this project is to investigate how planetary systems are affected in
these clusters via N-body simulations. In particular, an important number to evaluate is
the number of singletons i.e. the number of stars which never experience any encounter
during the cluster evolution. Indeed, a star which is not a singleton may have its plan-
ets’ orbits perturbed by the effects of these encounters. Hence this number allows to
estimate how rare unaffected planetary systems are.

This report is arranged as follows. In section [2] the early cluster environment is de-
scribed. In particular, the effects of the gas and its subsequent expulsion are pointed out.
Section 3| depicts the different sorts of encounters between stars which occur in stellar
clusters. Their effects on planetary systems are also studied. In section [4, the N-body
simulations performed are described. The results of these simulations are presented
in section The clusters’ evolution is presented first. Then its effect on encounter
properties and planetary systems is assessed. In section [6] these simulations are used
to discuss the post-encounter evolution, the impact of fly-bys on wide planets and the
effect of mass segregation.

2 Early cluster environment

2.1 Effect of the gaseous component

A significant fraction of stars is born embedded within the densest regions of GMCs.
After this star formation period, which last ~ 1 Myr, a certain amount of gas is left-
over. The fraction of gas remaining depends on the star formation efficiency (SFE) of
the cluster, i.e. the fraction of the initial mass of gas which has been spent to form
stars. Thus a high SFE corresponds to a low mass of gas remaining although a low SFE
implies that a high mass of gas remains after the star formation process.

This gas has an influence on the dynamics of embedded clusters through an additional
term in the gravitational potential. The potential energy 2.1, of an embedded cluster




2.2 Gas expulsion

is given by
Qemb = Q* + ans (1)

where 2, and (g, are the potential energy due to the stars and the gas. The cluster
evolves to reach virial equilibrium. When this equilibrium is achieved, kinetic and
potential energies of the cluster T, and 2., are related by

1
Temb - _iﬂemb' (2>

Their so-called virial ratio defined by Qemb = |Temb/emp| is then equal to 0.5. As the

kinetic energy of the cluster is equal to that of its stars 7., it yields
T

— | =0.5. 3

‘Q* + ans ( )

Assuming that the stars are initially in virial equilibrium with |7, /€| = 0.5, the con-
dition given by equation |3| in not verified. It means that the cluster is not in virial
equilibrium initially. Indeed, initial velocities of the stars are not high enough to resist
the central attraction of the cluster (due to the gas and the stars). Hence, they will sink
to the centre of the cluster.

A dynamically similar situation exists for a cluster without gas, called dry in the
following. The potential and kinetic energies of this cluster are reduced to those of its
stars. Hence, virial equilibrium of this cluster is given by

5
Q.
Assuming that the stars are initially not in virial equilibrium with |75/, < 0.5, the
subsequent evolution of these stars will be similar to the previous one in an embedded
cluster. Indeed, their initial velocities are lower than virial ones and they will sink to

the centre of the cluster to reach the equilibrium of equation [4l In addition to embed-
ded clusters, this equivalent situation will be studied by N-body simulations in section [4l

= 0.5, (4)

2.2 Gas expulsion

Several mechanisms such as UV emissions, strong stellar winds and supernovae are
energetic enough (~ 10°' erg) to expel the remaining gas from the cluster (Goodwin,
1997). One can show it by comparing the energy of these mechanisms to the binding
energy of the gas in the cluster. As it will be assumed in section [4] the gas can be
modelled by a Plummer density distribution. It is defined by equation [37} From this
formula, I calculated the binding energy of the gas in the cluster using

* G d
Byna = — [ G100 6)

where m(r) is the mass of the gas contained within a radius r in the cluster. The

calculation yielded
Gm2as
Ebind =-K £ (6>
Th




2.2 Gas expulsion

where mg,s is the total mass of the gas in the cluster and K = 256917f305 ~ (0.08. For

the clusters modelled in the following, mg.s = 425Mg and r, = 0.38 pc which yields
Friinga ~ 3 x 10 erg. Therefore —Eyiq < 10%% erg and the gas can indeed be expelled

from the cluster by the previous mechanisms.

This removal happens at ~ 10 Myr after the end of the stellar formation. The grav-
itational potential of the cluster is then reduced to that of the stars. The timescale
of this removal is not well defined, it varies with the predominant removal mechanism.
Owing to the decrease of the potential, the escape velocity falls off thus enabling the
escape of initially bound stars from the cluster. The cluster can then unbind or find
another virial equilibrium after a period of violent relaxation (Goodwin and Bastian,
2006). The destiny of the cluster is mainly determined by its SFE and the timescale of
the gas removal. The influence of these two parameters will now be studied.

The effect of the gas removal timescale is described first. As a first approach, a
similar problem will be studied : the effect of mass loss with two different timescales
from a star on a planet orbiting it. The mass loss will be first considered instantaneous.
Then it will be assumed to occur very slowly. Let first consider that the host star looses
half of its mass instantaneously. Before this mass loss, the velocity of the planet is given

by
[Gmyg

where myg is the mass of the star and R the distance between the star and the planet.
On the other hand, the escape velocity of the planet at that time is given by

(), = 25 ®

As v, = % < (Vesc);, the planet is initially bound to the star. After the mass loss, the
velocity of the planet vy is equal to the initial one v; because it occurs instantaneously :

G'mg
Uf v R ( )

However, the mass loss from the host star induces a decrease of the escape velocity.
When the star has lost half of its mass, it is then given by

(vc) =\ . (10)

As v = (Vesc) It the planet escapes from the star. Let now assume that the star looses
half of its mass very slowly. This mass loss will not lead to an escape of the planet.
Instead, the orbit of the planet will double. Hence, the mass loss timescale affects a
lot the subsequent evolution of the system. It turns out that the effect of the mass
loss timescale on a planetary system is similar to that of the gas removal timescale on
a cluster. A rapid gas removal compared to the dynamical timescale of the cluster is
likely to unbind it. In contrast, a very slow one will simply lead to an expansion of the
cluster.




3. IMPACT ON PLANETARY SYSTEMS

The effect of the SFE is know studied. A borderline case, known as the Hills” problem
(Hills, 1980), consists to consider the gas removal instantaneous and the stars to be
initially in virial equilibrium. This problem is studied by Boily and Kroupa (2003). The
assumption of initial virial equilibrium allows to calculate the initial velocity dispersion

of the stars by
— M,
7, = GROO (11)

where My = M, + My, is the initial mass of the cluster and Ry its initial radius. As the
gas removal occurs instantaneously, the velocity dispersion after this removal is equal

to the initial one : v2 = v2,. The cluster has a mass M, and a radius R,. Hence its
binding energy just after the removal is given by

1. —  GM?
E==-Muv?, — iy 12
g0 T TR (12)

Afterwards, the cluster expands and finds another virial equilibrium with a radius R.
When this equilibrium is reached, its binding energy is

1GM,”
E=— . 13
5 R (13)
Combining equations [11], [12] and [13] it yields
M,
ki (14)

RO B M* - Mgas.

One can see that R — oo for M,,s = M,. Hence, the condition for the cluster to stay
bound is given by
Mgas < M,. (15)

In other words, it stays bound if less than 50 % of the initial mass is composed of gas
which corresponds to a SFE of 0.5 if the gas removal is instantaneous.

Therefore, the combined effects of the SFE and the removal timescale can be summa-
rized as follows. If the gas removal is rapid, i.e. its timescale can be neglected compared
to the dynamical timescale of the cluster, it unbinds the cluster if its SFE is equal to or
lower than 0.5. However, if the gas removal is slow, the cluster can resist it even for SFE
lower than 0.5. Instead of destroying it, the gas removal causes the cluster to expand
by a factor which depends on its SFE.

3 Impact on planetary systems

Stellar clusters are dangerous places for planetary systems. Indeed, most of the stars
will undergo encounters with other stars of the cluster which are likely to perturb their
planetary systems. These encounters can be divided into two categories : fly-bys and
exchange encounters with a binary. They will be studied in the two next sections.




3.1 Fly-bys

3.1 Fly-bys

Fly-bys occur when two stars of the cluster pass close — typically with a minimum
distance lower than 1000 AU — to each other. When a star undergoes a fly-by, the orbits
of its planets are perturbed. This perturbation may cause an immediate ejection of one
or more planet due to planet-planet scattering. They can also be followed by a long
phase of planet-planet interactions which can eventually lead to a late ejection of one
or more planets. The post-fly-bys evolution of planetary systems will be considered in

section [6.1]

The effect of an incoming star on a planetary system depends on its kinetic energy.
Due to the conservation of energy before and after the fly-by, the incoming star will
unbind the planetary system if its kinetic energy is greater than the binding energy
of the planetary system. Applied to a planetary system composed of one planet, this

condition is
Gmpm,,

2a
where m; and v; are the mass and the velocity of the incoming star, my, and my, are the
masses of the host star and the planet and a is the semi-major axis of the planet. As
a consequence, wide planets are more likely to be unbound because their binding en-
ergy is lower. The effects of fly-bys on these sorts of planets will be studied in section|[6.2!

(16)

2
§mi1}i >

Moreover, the effects of fly-bys also depend on their minimum distance of approach.
Close fly-bys can cause the ejection of one or more planets. In contrast, most of wide
fly-bys just slightly disturb the orbit of the outermost planet of the system. The cross-
section o for two stars to pass within a minimum distance r;, can be determined
analytically (Armitage, 2010). It is given by

2
o=marl, <1 + 2)2> (17)

where v, is the relative velocity at infinity of the two stars. v is the relative velocity of
the two stars at closest approach for a parabolic encounter. It is given by

V2 = M (18)

T'min
The second term in brackets in equation [17]induces an increase of o. It is due to the
deflection of the trajectories due to the gravitational attraction. This mechanism is
called gravitational focussing. Two regimes have now to be considered depending on the
velocity dispersion. In the first one, v,, < v, which is the case for young clusters with
low velocity dispersion. o is then proportional to ry;, according to equations 17| and

0 X T'min- (19)
In the second regime, v,, > v. In this case, o is proportional to rZ; :
oocri, . (20)

10



3.2 Exchange encounters

The timescale for a given star to undergo an encounter in a young cluster (where
Vo < ) can be derived from equation [19, It is given by

-3 3
e ~ 3.3 % 107 yr [ 200D Joc AU (Mo (21)
n 1kms—1 Trnin my

where n is the stellar number density in the cluster, v,, the mean relative speed at
infinity of the objects in the cluster, r,;, the encounter distance and my the total mass
of the objects involved in the encounter (Binney and Tremaine, 1987). From the previous
formula, Malmberg et al. (2007b) derived one which is more adapted to stellar clusters.
It is given by

_ 5/2 1/2 3
* 100 M 10° AU\ /(M
Tene 2 8 107y <17\7/[1 ><1Th ) < ®> ( )( ®> 22)
O] pC mCl Tmin mt

where m, is the mean mass of the stars, r, the half-mass radius of the cluster, m the
mass of the cluster, r.;, the encounter distance and m; the total mass of the objects
involved in the encounter. One can calculate this timescale for a typical cluster. For the
clusters modelled in the following, it is assumed that r, = 0.38 pc and m¢ = 425 Mg
initially. Given the mass distributions for these clusters, the two other parameters can
be taken to be m, = 0.6 Mg and my; = 1 Mg. The encounter timescale for these clusters
is then 7o = 1.3 Myr. This time is lower than the lifetime of these clusters. Hence,
stars are likely to experience several encounters during the cluster lifetime.

3.2 Exchange encounters

Exchange encounters occur after a three-body interaction between an incoming single
star and a binary where the incoming star replaces one of the components of the binary.
However, the incoming star can also break up the binary. A binary which is broken up
by an encounter with a third star, whose kinetic energy is equal to the average kinetic
energy of the stars in the cluster, is termed soft. Otherwise, it is termed hard. Hard
binaries are tighter than soft ones and therefore more bound. It allows to define a
critical semi-major axis for binaries called the hard-soft boundary. When a single star
encounters a hard binary, the latter is not broken up. Instead, if the mass of the incoming
star exceeds that of one of the components of the binary, an exchange encounter can
occur where the incoming star replaces the least massive star in the binary. A binary
is broken up by an incoming star if its binding energy is lower than the kinetic energy
of the star as seen preciously for a planetary system experiencing a fly-by. Hence, the
condition for a binary to be hard in a cluster is given by

1 2 < Gm1m2

—1,v

2
2 o 2a (23)

where v, is the velocity dispersion in the cluster, m; is the mass of the incoming star,
my and msy are the masses of the binary components and a is the semi-major axis. For a
cluster containing N stars, the hard-soft boundary can be approximated using equation
by assuming that all the stars in the cluster have the same mass. It yields :

Th

Ohard—soft =~ N (24)

11



4. N-BODY SIMULATIONS PERFORMED

where 7}, is the half-mass radius (Malmberg et al., 2007b). For the clusters modelled
in the following, r, = 0.38 pc and N = 700 initially. Hence, an approximation of the
hard-soft boundary is aparq_sore =~ 100AU.

A planetary system whose host star exchanges in a binary can be affected by the
Kozai mechanism (Kozai, 1962). It occurs if the binary orbit is sufficiently inclined with
respect to that of the planets. The critical inclination is given by

Gerit = cosl(\/g) ~ 39.2°. (25)

If this condition is verified, the Kozai mechanism leads to cyclical changes in the eccen-
tricities of the planets with a maximum value of

)
emax = /1 — 3 cos?(1). (26)

This change in the eccentricities can cause orbits to cross and lead to the ejection of
one or more planets. Malmberg et al. (2007a) found that this mechanism occurs in 77
% of the binaries formed by an exchange encounter. The evolution of planetary sys-
tems whose host star experience an exchange encounter will be considered in section|[6.1!

4 N-body simulations performed

N-body simulations using a modified version of Sverre Aarseth’s NBODY6 code
(Aarseth, [1999) are performed to model the evolution of young stellar clusters. Dry
clusters, i.e. clusters without gas, are modelled for five values of their initial virial ratio.
The virial ratio is defined by the ratio of the kinetic energy of the cluster to its potential
energy. Embedded clusters, i.e. clusters containing gas, are simulated for three different
initial masses of gas.

4.1 Dry clusters (without gas)

The clusters studied contain 700 stars and has an initial half-mass radius of 0.38 pc
which corresponds to one of the clusters modelled by Malmberg et al. (2007b). Simula-
tions were performed for five values of the initial virial ratio Q : 0.5, 0.25, 0.1, 0.01 and
0.001. For each initial virial ratio, 25 realizations were carried out.

Initial positions of the stars follow the spherically symmetric Plummer distribution
(Plummer, 1911) which is widely used to model clusters because of its simplicity. The
density distribution, mass distribution and the associated potential are given by

3mg r2\ %2

plr) = 47ro? (1 i 7"3) (21)
P2\ 32

m(r) = mq (1 + rg> (28)

12



4.1 Dry clusters (without gas)

Gme 2\ V2
O(r) = o (1 + 7%) (29)
where my, is the mass of the cluster and ry a scaling factor which can be related to the
half-mass radius r, by r, >~ 1.305 rg (Heggie and Hut, 2003). I plot the density and mass
profiles in figures [1] and [2] using the previous analytical formulae for r, = 0.38 pc and
me = 425 M. These values correspond to the modelled cluster. For the 25 realizations,
different initial positions and velocities of the stars are used.
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Figure 1: Density profile in a Plummer distribution with r, = 0.38 pc and m., = 425 M.

The masses of the stars range from 0.2 Mg to 5 M. They follow the initial mass
function (IMF) of Kroupa et al. (1993). The number of stars d/N (M) whose masses are
between M and M + dM is then given by

AN(M) = (M) dM (30)

where
0.035 M 13 for 0.08 M, < M < 0.5M

EM) =< 0019 M 2% for 0.5M, < M < 1.0M, (31)
0.019 M~27 for M >1.0Mg,

The masses of binary components are drawn independently from the IMF'. I derived the
cumulative number of stars as a function of the mass from the IMF for the modelled
cluster which contains 700 stars with masses ranging from 0.2 My to 5 Mg,. I plot this
distribution in figure [3| For the 25 realizations performed, different samples of stellar
masses from the same distribution are used.

13



4.1 Dry clusters (without gas)
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Figure 2: Mass profile in a Plummer distribution with r, = 0.38 pc and m¢ = 425 M.
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Figure 3: Kroupa IMF for a cluster containing 700 stars with masses ranging from 0.2
M@ to b M@.
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4.1 Dry clusters (without gas)

The fraction of initial binaries is set to 0.2 :

Ny

NN

0.2 (32)

where N, is the number of initial binaries (the number of stars initially in a binary
being 2N,) and Nj is the number of initially single stars. In other words, every third
stars is initially in a binary because 2N,/(2N, + N;) = 1/3. Given that Ny + 2N, =
700, there are 117 initial binaries and 466 initially single stars in the clusters. The
distribution of initial semi-major axes of binaries a is taken to be flat in loga between
1 and 1000 AU. In real clusters, binaries tighter than 1 AU and wider than 1000 AU
exist. However, the tight ones can be considered as single objects. Hence they will
not affect the dynamical evolution of the cluster. The wide ones are not considered
because they break up very quickly and therefore their impact on planetary systems is
not significant. The eccentricities of the initial binaries are distributed using a thermal
distribution (Duquennoy and Mayor, 1991). For this distribution, the fraction dP(e) of
binaries whose eccentricity is between e and de is given by

dP(e) = 2ede. (33)

Different samples of initial binaries properties of the same distributions are used for
the 25 realizations carried out. As seen before, a star can also experience an exchange
encounter in a binary during the run. If this binary breaks up very quickly, its impact
on the planetary system is more similar to that caused by several fly-bys than to the
effect of a binary companion. Therefore a bound system is defined as a binary only if it
survives for at least five orbital periods. Otherwise, it is defined as a fly-by.

The stars are taken to be solar metallicity (Z = 0.02) and to evolve according to the
stellar evolution prescription of Hurley et al. (2000).

Since the cluster is orbiting the galaxy, it is affected by its tidal force. The distance
from the centre of the cluster where the central attraction of the cluster is balanced by
the tidal force of the galaxy is called the tidal radius. For a star at a distance greater than
the tidal radius from the centre of the cluster, the tidal force is higher than the cluster
gravitational force. Thus this star will be ejected from the cluster. Therefore the tidal
radius defines the spatial extension of the cluster. A standard tidal field (Aarseth, 2003)
is used which consists to place the cluster on a circular orbit in the solar neighbourhood
in the galaxy. The tidal radius is then given by

Rt:

e >]1/3 3

Bre

where m,; is the mass of the cluster. A and B, called Oort’s constants, are related to the
circular speed in the galaxy at a given distance from its centre. For the solar radius, the
best estimates are A = 14.4 and B = -12.0 kms~ ' kpc ™' (Binney and Tremaine, 1987).
Hence the tidal radius is equal to 10.7 pc for my = 425 M, which is the initial mass of
the stars for the modelled cluster. Given that the initial half-mass radius of the cluster
is 0.38 pc, the cluster is far from being tidally disrupted at that time.

15



4.2 Embedded clusters (with gas)

4.2 Embedded clusters (with gas)

The properties of stars in modelled embedded clusters are the same as in dry ones.
The same regularization criteria and the same criteria for fly-bys and binaries are used.
The stars are taken to be initially in virial equilibrium i.e. the initial virial ratio of the
stars is set to 0.5. « is defined by the initial ratio of the mass of the gas to the mass of
the stars :

o = Mes(0) (35)

e
Simulations were performed for three values of a : 1, 3 and 9. Moreover, two gas removal
timescales were used for a = 9. 20 realizations were carried out for « = 1 and 3 and 10
realizations for &« = 9. The number of realizations is lower for a = 9 for technical reasons.

The gas follows the same Plummer density distribution as the stars of the cluster.
More precisely, the initial density distribution of the stars and that of the gas are given

by
3m, r2\ 2
¥ = 1 NT)
) = o (145 (30
and /o
3Migas(0) r2\
— e (4 L
pundr) = 2 (147, (37)

where the scaling factor rq is the same for both. The gas removal is modelled by an
hyperbolic decrease of the mass of the gas. The evolution of the mass of the gas mg,s is
given by

_ Migas(0)
=

Texp

Mgas(t) (38)
where tey, is the time at which the gas removal begins and 7., is the gas removal
timescale. For all the runs, the gas removal begins at te, = 5 Myr. For a = 1 and 3,
the gas removal timescale 7., is taken to be 5 Myr. For o = 9, two values of the gas
removal timescale are used : 5 Myr and 1 Myr.

For technical reasons, the field force of the galaxy is not modelled in the same way
as for dry clusters. The effects of the galactic disk and halo are modelled separately.
The galactic disk is modelled by the potential of Miyamoto and Nagai (1975) given by

_GMdisk
(I) is R, == 39
d k( Z) {R2+ [CL—i— (b2+22)1/2]2}1/2 ( )
where Mg is the mass of the galactic disk, a and b are linked to the dimensions of the
disk and R and z are the radial and axial positions in the galaxy. The galactic halo is
modelled by a logarithmic potential given by

Brao(R) = Vi n (1) (10)
ap

where Vj and ag are two scaling factors depending on the halo mass and R is the radial

position in the galaxy. The field force is then obtained by computing the gradient of

these potentials. As for dry clusters, the cluster is considered to be on a circular orbit

in the solar neighbourhood in the galaxy.
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5. RESULTS

5 Results

The results of the N-body simulations are presented in this section for dry clusters
with five different values of the initial virial ratio (Q and embedded clusters with three
different values of the initial ratio of the mass of the gas to the mass of the stars a.
The evolution of the clusters is studied first. The main features of this evolution are
pointed out for the different clusters. The impact of this evolution on the properties of
encounters which occur during the run are determined. Afterwards, the encounters his-
tory of each star — fly-bys undergone and exchange encounters experienced — is studied.
Furthermore, the number of singletons, i.e. initially single stars which never experience
any encounters, is computed.

5.1 Dry clusters (without gas)

5.1.1 Clusters evolution

In this section, the evolution of the clusters is studied for the five values of the ini-
tial virial ratio Q. The main parameters which have to be considered are the half-mass
radius, the virial ratio, the mass and the number of stars in the cluster. In order to ex-
amine their evolution, I modified the NBODY6 code to produce an output file containing
the values of these parameters at different times. Afterwards, I produced a FORTRAN
program to calculate the averages from the 25 realizations.

In the first place, the whole evolution of the cluster is studied. In figure [4] T plot
the evolution of the half-mass radius of the cluster with time during the whole run for
the five different values of ). This evolution is similar for all the clusters. They expand
rapidly during the first 200 Myr due to mass loss from stellar evolution. Then they
stabilise at a half-mass radius of about 3 pc as obtained by Malmberg et al. (2007b) for
the cluster initially in virial equilibrium (Q = 0.5). To study the early evolution of the
clusters, I plot in figures [5|and [6] the evolution of the half-mass radius and virial ratio of
the clusters with time during the first 10 Myr for the five values of Q. It appears that the
main differences between the cluster initially in virial equilibrium (Q = 0.5) and those
with subvirial initial conditions (Q < 0.5) are seen during this period. In figure , one
can see that the initially subvirial clusters shrink in the first ~ 1 Myr which is not the
case for the initially virial one. Furthermore, this shrinking is more important for lower
initial virial ratios. In these clusters, the initial velocity dispersion is too low for the
stars to resist the central attraction of the cluster. Hence they fall towards the centre
of the cluster with high velocities. The shrinking lasts ~ 1 Myr which corresponds to
the dynamical timescale of these clusters. These high velocities of the stars induce an
increase of the virial ratio of the cluster as shown in figure[6. In the subsequent evolu-
tion, every cluster expands. For initially subvirial clusters, this expansion is enhanced
by the shrinking. Therefore it is faster for lower Q. During this period, the virial ratio
reaches a roughly constant value close to 0.5 for all the clusters.
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Figure 4: Evolution of the half-mass radius of the cluster with time during the whole

run for different values of the initial virial ratio :

Q = 0.5, 0.25, 0.1, 0.01 and 0.001.

The value of the half-mass radius is the average from the 25 realizations ran for each

cluster.
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Figure 5: Evolution of the half-mass radius of the cluster with time during the first 10

Myr for different values of the initial virial ratio :

Q = 0.5, 0.25, 0.1, 0.01 and 0.001.

The value of the half-mass radius is the average from the 25 realizations ran for each

cluster.
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5.1 Dry clusters (without gas)
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Figure 6: Evolution of the virial ratio of stars in the cluster with time for different values
of the initial virial ratio : Q = 0.5, 0.25, 0.1, 0.01 and 0.001. The value of the virial
ratio is the average of the 25 realizations ran for each cluster.

To evaluate the mass loss from the clusters, I plot in figure |7| the evolution of the
mass and number of stars with time for the five values of Q. The clusters undergo a
significant mass loss in the first 50 Myr which is more important for lower Q. For these
clusters, the increase of the velocities of the stars due to the initial shrinking causes some
of them to escape. The decrease in the number and mass of stars, is roughly constant
with time after 50 Myr for all the initial virial ratios. This evolution is consistent with
that found by Malmberg et al. (2007b) for Q = 0.5. One can also see that the number
of stars decreases more rapidly than the mass of the stars. It means that low-mass stars
are lost more rapidly than massive ones. When energy equipartition is achieved due to
two-body relaxation, the velocities of the less massive stars are higher and can exceed
the escape velocity of the cluster. An additional effect of energy equipartition is called
mass segregation. It will be studied in section [6.3]
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Figure 7: Evolution of the mass and number of stars in the cluster with time for different
values of the initial virial ratio : Q = 0.5, 0.25, 0.1, 0.01 and 0.001. The values of the
mass and number of stars are the average from the 25 realizations ran for each cluster.

5.1.2 Rate and closest approaches of fly-bys

As seen previously, the initially subvirial clusters (Q < 0.5) shrink in the first ~ 1
Myr and this shrinking is followed by a phase of expansion. However, the virial cluster
(Q = 0.5) does not shrink and expands very slowly. Given this evolution of the clusters,
it is interesting to study how it influences the rate of fly-bys involving initially single
stars. It will be seen in the following that this rate has an influence on the evolution of
the number of singletons. Furthermore, to study how are affected the planetary systems
whose host-star experience a fly-by, it is worth knowing the distribution of the perias-
trons of fly-bys involving initially single stars. Because only one close fly-by can highly
affect a planetary system, it is also important to evaluate the number of initially single
stars which undergo at least one fly-by at a given distance.

To study the encounter rate, I wrote a FORTRAN program which prints the proper-
ties of every fly-by which occurs during a run. Then I produced a program to compute
the evolution of the cumulative fraction of fly-bys involving initially single stars. I also
calculated the number of fly-bys which happen in the first 10 Myr. It allowed me to
know the evolution of the cumulative number of fly-bys experienced by initially single
stars in the first 10 Myr. Finally, I calculated the average value from the 25 realizations
realized for each cluster.

I plot in figure [§] the evolution of the cumulative number of fly-bys experienced by
initially single stars in the first 10 Myr with time for the five values of Q. According
to equation , the encounter timescale is proportional to 7,%/2. Hence the encounter
rate is higher during the shrinking of the cluster which lasts ~ 1 Myr. As this shrinking
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5.1 Dry clusters (without gas)

is more important for lower virial ratios, the encounter rate is higher for lower initial
virial ratios during this period. The subsequent expansion leads to a decrease of the en-
counter rate for initially subvirial clusters. As the initially virial cluster does not shrink
and expands very slowly during the first 10 Myr, its encounter rate is constant in this
period. During the later evolution (from 10 Myr to the disruption of the clusters), all
the clusters highly expand and undergo a mass loss (figures 4| and . As the encounter
timescale is proportional to r,%/? and also to me~'/? according to equation |22 it leads
to an important decrease of the encounter rate. Hence, especially for initially subvirial
clusters, the majority of the encounters occurs during the first 10 Myr. As it will be
shown in the following, it causes the majority of the non-singletons to be produced in
this period.
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Figure 8: Evolution of the cumulative number of fly-bys experienced by initially single
stars in the first 10 Myr with time for different values of the virial ratio Q : 0.5, 0.25,
0.1, 0.01 and 0.001. The number of fly-bys is the average value from the 25 realizations
ran for each cluster.

To know the periastron distribution of fly-bys involving initially single stars, I pro-
duced a FORTRAN program to calculate the cumulative fraction of fly-bys as a function
of the periastron during the first 10 Myr. Then I calculated the number of fly-bys which
occur during this period and I deduced the cumulative number of fly-bys as a function
of their periastron in the first 10 Myr. To know how many stars experience at least one
fly-by at a given distance, I also wrote a FORTRAN program to calculate the minimum
closest distance of fly-bys experienced by each star.

I plot in figure [9 the number of fly-bys experienced by initially single stars during
the first 10 Myr as a function of their periastron. For all the clusters, one can see that it
is proportional to r,;, according to equation |19 because of the gravitational focussing.
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5.1 Dry clusters (without gas)

Besides the number of these fly-bys is higher for lower Q due to the higher encounter rate.
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Figure 9: Cumulative number of fly-bys experienced by initially single stars in the first
10 Myr as a function of their periastron for different values of the virial ratio Q : 0.5, 0.25,
0.1, 0.01 and 0.001. The number of fly-bys is the average value from the 25 realizations
ran for each cluster.

I plot in figures [10] and [11] the number and fraction of initially single stars which
experience fly-bys in the first 10 Myr with the minimum closest distance of these fly-bys
for the five values of Q. Even if a star experiences a lot of fly-bys, only the tight ones
(with 7 < 100 AU) are likely to perturb its planetary system. Hence one has to focus
on these fly-bys. The fraction of initially single stars that experience at least one fly-by
with 7y, < 100 AU is 0.08 for Q = 0.5, 0.14 for Q = 0.25, 0.21 for Q = 0.1, 0.25 for
Q = 0.01, 0.26 for Q = 0.001. These results will be used in sections and where
effects of fly-bys on different sorts of planetary systems and planets are described.
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Dry clusters (without gas)
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Figure 10: Cumulative number of initially single stars which experience fly-bys in the
first 10 Myr with the minimum closest distance of these fly-bys for different values of
the virial ratio Q : 0.5, 0.25, 0.1, 0.01 and 0.001. The number of stars is the average

value from the 25 realizations ran for each cluster.
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Figure 11: Fraction of initially single stars which experience fly-bys in the first 10 Myr
with the minimum closest distance of these fly-bys for different values of the virial ratio Q
0.5, 0.25, 0.1, 0.01 and 0.001. The fraction is the average value from the 25 realizations
ran for each cluster.
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5.1 Dry clusters (without gas)

5.1.3 Binaries properties

Another mechanism that impacts on planetary systems is the exchange encounter
of their host star. As for fly-bys, the clusters evolution affects the exchange encounter
rate. To study it, I wrote a FORTRAN program to extract the properties of exchange
encounters which occur during each run. The analysis programs that I wrote to deter-
mine the rate and the distribution of exchange encounter with their periastron in the
first 10 Myr are similar to those used for fly-bys.

I plot in figure (12| the evolution of the number of exchange encounters experienced
by initially single stars in the first 10 Myr for the five values of 3. As seen before, the
encounter rate in the initially subvirial clusters is higher when they shrink in the first
~ 1 Myr. As an exchange encounter occurs after a three-body interaction, the number
of exchange encounter depends on this encounter rate. Hence the exchange encounter
rate is higher for lower Q in this period.
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Figure 12: Evolution of the number of exchange encounters experienced by initially
single stars in the first 10 Myr with time for different values of the virial ratio Q : 0.5,
0.25, 0.1, 0.01 and 0.001. The number is the average value from the 25 realizations ran
for each cluster.

The number and fraction of initially single stars which experience at least one ex-
change encounter during the first 10 Myr are shown in table [Il One can notice that
only a low fraction (less than 13 %) of initially single stars are involved in an exchange
encounter. However, Malmberg et al. (2007a) found that the binary component is likely
to have a high inclination with respect to the orbit planes of the planetary system. More
precisely, for 77 % of the binaries formed by an exchange encounter, this inclination is
sufficient for the Kozai mechanism to occur. Therefore, even if the fraction of stars
involved in an exchange encounter is low, the fraction of planetary systems affected by
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5.1 Dry clusters (without gas)

this mechanism is likely to be significant. This post-encounter effect will be studied in
further detail in section

Virial Number of stars which Fraction of stars which

ratio  exchange in a binary exchange in a binary

0.5 33 0.07
0.25 43 0.09
0.1 43 0.09
0.01 25 0.12
0.001 62 0.13

Table 1: Number and fraction of initially single stars which experience at least one
exchange encounter during the first 10 Myr for different values of the virial ratio Q :
0.5, 0.25, 0.1, 0.01 and 0.001. The number and fraction of stars are the average values
from the 25 realizations ran for each cluster.

5.1.4 Impact on planetary systems

To quantify the effect of fly-bys and exchange encounters on planetary systems, it is
interesting to know the encounter history of each star in the clusters in the first 10 Myr.
Indeed, the majority of the encounters occur in this period as seen previously. A practi-
cal way to evaluate the history of each star is to build a Venn diagram. An example of
such diagrams can be seen in figure[13] The upper circle contains the percentage of stars
which are single at the end of the first 10 Myr (S), the lower left circle the percentage
of stars which experience an exchange encounter in a binary in the first 10 Myr (B) and
the lower right circle the percentage of the stars which have a close encounter during the
first 10 Myr (F). To obtain these diagrams, I began by modifying the NBODY6 code
to produce an output file containing the encounter history of every star in the clusters.
Afterwards, I wrote a FORTRAN program to determine for every initially single star
in which category it has to be placed. Finally, I calculated the averages from the 25
realizations. Categories of the Venn diagram are defined by the criteria given in section
An example is the criterion for binaries: a bound system has to survive for at least
five orbital periods to be counted as a binary. To take it into account, I computed the
lifetimes of all the bound systems. Afterwards, I calculated the orbital periods of these
systems by the Kepler third law, the masses of the components being in an output file
of the NBODY6 code. Furthermore, it is also interesting to study how the number of
singletons depends on the clusters evolution. Hence one needs to know the evolution
of this number with time. That is why I wrote another program which compute this
number for different times.

Venn diagrams are shown in figure 13| They give the encounter histories in the first
10 Myr of all the stars which are initially single in the cluster for different values of the
initial virial ratio Q : 0.5, 0.25, 0.1, 0.01, 0.001. The results are also summarized in
table|2. The percentages can be converted in numbers given that there are 466 initially
single stars in the clusters. On can see, according to the previous discussions, that the
percentage of initially single stars which experience a fly-by (FS) increases when the
initial virial ratio decreases : 52.8 % for Q = 0.5 and 77.7 % for Q = 0.001. Similarly,
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5.1 Dry clusters (without gas)

the percentage of initially single stars which experience a exchange encounter (FSB and
FB) increases when the initial virial ratio decreases : 4.8 % and 2.3 % for Q = 0.5 and
8.5 % and 4.9 % for Q = 0.001. Hence the percentage of singletons at the end of the
first 10 Myt is lower for lower initial virial ratios : 40.1 % for Q = 0.5 and 8.9 % for Q
= 0.001. One can see that one given initially single star experience much more fly-bys
than exchange encounters. However, the post-encounter effect on planetary systems is
not the same for these two categories of encounters. As seen before, only a low fraction
of fly-bys (those with a minimum distance ry;, < 100 AU) causes a significant pertur-
bation of the planetary systems. However, Kozai mechanism occurs for a large fraction
of exchange encounters (77 %). This effect will be studied in further detail in section [6.1]

The evolution of the number of singletons is given by figure [14|as a function of time
in the first 10 Myr. Because of the higher encounter rate for clusters with Q < 0.5, the
number of singletons drops steeply during this period. However, this decrease is more
smooth for the initially virial cluster because the encounter rate is lower. Furthermore,
the number of singletons appears to be stable at the end of the first 10 Myr especially for
subvirial clusters. It means that the majority of non-singletons are created in this period.

Figure 13: Venn diagrams of the stars which are initially single in the cluster for Q =
0.5, 0.25, 0.1, 0.01 and 0.001 at the end of the first 10 Myr. The upper circle contains
the percentage of stars which are single at the end of the first 10 Myr (S), the lower
left circle the percentage of stars which experience an exchange encounter in a binary
during the first 10 Myr (B) and the lower right circle the percentage of the stars which
have a close encounter during the first 10 Myr (F). The percentages are the averaged
values for the 25 realizations.
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Dry clusters (without gas)

Q 0.5 0.25 0.1 0.01 0.001

S 40124 209+24 1474+£16 9327 89+19
FS 528 4+23 700+20 760+16 79.0+29 77.7+29
FSB 48 4+11 64+14 66+13 77+£16 85=£20
FB 23+£07 274+£07 274+09 404+12 49+14
F 0.0£00 00£00 00£00 0000 0.0=x0.0
B 0000 00x£00 00x£00 00x£00 00=x0.0
SB 00+£00 00x00 00£00 0.0£00 0.0=£0.0

Table 2: Percentage of the stars for each category of the Venn diagram 10 Myr after the
beginning of the run for different values of the virial ratio : Q = 0.5, 0.25, 0.1, 0.01 and

0.001. The percentages are the averaged values for the 25 realizations. The error bars
are the standard deviations.
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Figure 14: Evolution of the number of singletons with time for different values of the
virial ratio Q : 0.5, 0.25, 0.1, 0.01 and 0.001. The number of singletons is the average

value from the 25 realizations ran for each cluster. The error bars are the standard
deviations.

5.1.5 Influence of initial positions

As discussed previously, the number of singletons at the end of the first 10 Myr is
highly influenced by the clusters evolution. It is also interesting to evaluate the impact
of initial conditions on this number. The two main initial conditions which are likely to
influence the number of singletons are the initial radial positions in the cluster and the
initial distances of the nearest neighbour for each star. Hence one needs to know the
distributions of these distances for stars which are singletons and those which are non-
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5.1 Dry clusters (without gas)

singletons at the end of the first 10 Myr. To do so, I produced a FORTRAN program
to determine if a star is a singleton at the end of the first 10 Myr. The NBODY®6 code
automatically produce an output file with the initial coordinates of the stars. I wrote
two programs to calculate the distribution of the initial radial and nearest neighbour
distances from this output file for singletons and non-singletons. Finally, I computed
the average value from the 25 realizations.

The results are presented in figures [15) and [16] for the initially virial cluster. As one
can see in these figures, singletons tend to be initially further from the centre of the
cluster and to have further neighbours than the non-singletons. These initial conditions
prevent them from experiencing a fly-by or an exchange encounter in the first 10 Myr.
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Figure 15: Cumulative fraction of stars as a function of their initial radial position in
the initially virial cluster. The fraction is calculated for stars which are singletons and
those which are non-singletons at the end of the first 10 Myr.
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Figure 16: Cumulative fraction of stars in the initially virial cluster as a function of the
initial distance of their nearest neighbour. The fraction is calculated for stars which are
singletons and those which are non-singletons at the end of the first 10 Myr.

5.2 Embedded clusters (with gas)

5.2.1 Clusters evolution

In this section, the evolution of the clusters is studied for the three initial ratios of
the mass of the gas to the mass of the stars a and the two removal timescales for «
= 9. The main parameters are the mass of the gas in the cluster, the half-mass radius
and the virial ratio of the stars i.e. the ratio of the kinetic energy of the stars to their
potential energy. The FORTRAN programs that I wrote to obtain the evolution of
these parameters are very similar to those used for dry clusters. The average is com-
puted from the 20 and 10 realizations carried out for &« = 1 and 3 and a = 9 respectively.

I plot in figure |17 the evolution of the mass of the gas. It evolves according to equa-
tion 38| where the gas removal begins at te, = 5 Myr. For o = 1 and 3, the gas removal
timescale 7oy, is taken to be 5 Myr. For a@ = 9, two values of the gas removal timescale
were used : 5 Myr and 1 Myr. The latter will be called rapid in the following.
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Figure 17: Evolution of the mass of the gas in the cluster with time for different values
of the initial ratio of the mass of the gas to the mass of the stars a : 1, 3 and 9. The
value of the mass of the gas is the average from the 20 realizations ran for « = 1 and 3
and the 10 realizations ran for @ = 9.

I plot the half-mass radius and the virial ratio of the stars in figures[18 and [19] All
the clusters shrink in the first ~ 1 Myr. This shrinking is more substantial for higher
a. Because of the presence of the gas, the initial velocity dispersion is too low for the
stars to resist the central attraction of the cluster. Hence, the velocities of the stars
increase. It induces an rise of the virial ratio of the stars as can be seen in figure [19|
Afterwards, the half-mass radius reaches a constant value for every cluster. The equi-
librium half-mass radius is greater for lower a because the central attraction of the gas
is lower. Similarly, the virial ratio of the stars reaches a constant value which is greater
for higher . Indeed, the higher the mass of the gas is, the higher the velocities of the
stars are when the virial equilibrium is achieved for the whole cluster. When the gas is
expelled at 5 Myr, the cluster expands because the potential of the gas decreases. This
expansion is faster for a rapid gas removal as can be seen in figure [18 In this period,
the velocities of the star decrease because the gravitational potential is lower. Therefore
their virial ratios decrease as can be seen in figure [19|

The number of stars ejected from the clusters is not significant in the first 10 Myr.
Indeed, they did not expand enough at that time to be tidally disrupted. For technical
reasons, the evolution of these clusters cannot be modelled sufficiently long to see their
disruption.

30



5.2 Embedded clusters (with gas)

0.5 T T T T T ‘

Half-mass radius (pc)

- o =9 (rapid) -

| I | I | I
0 2 4 6 8 10
Time (Myr)

Figure 18: Evolution of the half-mass radius of the cluster with time for different values
of the initial ratio of the mass of the gas to the mass of the stars a : 1, 3 and 9. The
value of the half-mass radius is the average from the 20 realizations ran for a« = 1 and
3 and the 10 realizations ran for a = 9.
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Figure 19: Evolution of the virial ratio of the stars with time for different values of the
initial ratio of the mass of the gas to the mass of the stars a : 1, 3 and 9. The value of
the virial ratio is the average from the 20 realizations ran for a = 1 and 3 and the 10

realizations ran for o = 9.
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5.2 Embedded clusters (with gas)

5.2.2 Rate and closest approaches of fly-bys

As seen before, the clusters shrink in the first ~ 1 Myr and keep a constant half-mass
radius before the gas expulsion. The shrinking is more important for higher o and the
equilibrium half-mass radius is lower. As for dry clusters, it is interesting to study how
this evolution affect the rate of fly-bys involving initially single stars and to evaluate the
periastron distribution of these fly-bys in the first 10 Myr. The FORTRAN programs
realized are similar to those used for dry clusters in the corresponding section.

I plot in figure 20| the number of fly-bys experienced by initially single stars in the
first 10 Myr with time for different values of a. According to equation[22] the encounter
timescale is proportional to 7,%/2. Hence the encounter rate is roughly constant and
greater for higher o due to the constant half-mass radius before the gas expulsion. The
gas removal at 5 Myr causes an expansion of the cluster. Therefore it involves a decrease
of the encounter rate which is is more important for the fast gas removal.
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Figure 20: Evolution of the cumulative number of fly-bys experienced by initially single
stars in the first 10 Myr with time for different values of the initial ratio of the mass
of the gas to the mass of the stars o : 1, 3 and 9. The value of the virial ratio is the
average from the 20 realizations ran for a« = 1 and 3 and the 10 realizations ran for «
=9

In figure I plot the number of fly-bys experienced by initially single stars in the
first 10 Myr as a function of their periastron for different values of a. One can see that
this number evolves more steeply for clusters with high « than for dry clusters. This
effect can be accounted for as follows. The potential of the gas is higher for clusters
with greater a. Therefore the velocity dispersion in these clusters is higher. As a conse-
quence, equation (19| can not be used to evaluate the probability of encounters as it was
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5.2 Embedded clusters (with gas)

the case for dry clusters. In clusters with high «, there are fly-bys which are not dom-
inated by gravitational focussing. During these fly-bys, the relative velocity of the two
stars at closest approach is lower than the velocity dispersion. Hence, the cross-section
for two stars to experience these fly-bys is given by equation 20l These fly-bys are likely
to happen between low-mass stars and within a high minimum distance (equation .
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Figure 21: Cumulative number of fly-bys experienced by initially single stars in the first
10 Myr as a function of their periastron for different values of the initial ratio of the
mass of the gas to the mass of the stars a : 1, 3 and 9. The value of the virial ratio is
the average from the 20 realizations ran for & = 1 and 3 and the 10 realizations ran for
a=9.

I plot in figures [22] and [23] the number and fraction of initially single stars which
experience fly-bys in the first 10 Myr with the minimum closest distance of these fly-bys
for the five values of a. Among all the fly-bys experienced by an initially single star,
only the tight ones (with rp;,, < 100 AU) are likely to lead to an ejection of planet from
its planetary system. The fraction of initially single stars which experience at least one
of these fly-bys is 0.14 for a = 1, 0.18 for a = 3, 0.27 for « = 9 and 0.23 for o = 9 with
a rapid gas removal. This result will be used in sections |6.1 and |6.2| where the effects of
fly-bys on different sorts of planetary systems and planets are described.
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Figure 22: Cumulative number of initially single stars which experience fly-bys in the
first 10 Myr with the minimum closest distance of these fly-bys for different values of
the initial ratio of the mass of the gas to the mass of the stars a : 1, 3 and 9. The
number of stars is the average from the 20 realizations ran for = 1 and 3 and the 10
realizations ran for a = 9.
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Figure 23: Fraction of initially single stars which experience fly-bys in the first 10 Myr
with the minimum closest distance of these fly-bys for different values of the initial ratio
of the mass of the gas to the mass of the stars a : 1, 3 and 9. The fraction of stars is
the average from the 20 realizations ran for & = 1 and 3 and the 10 realizations ran for
a=9.
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5.2 Embedded clusters (with gas)

5.2.3 Binaries properties

The exchange encounters are now considered. As for fly-bys, the embedded clusters
evolution affects their rate. The FORTRAN programs that I wrote to study this effect
are similar to those used for fly-bys.

I figure [24] I plot the evolution of the number of exchange encounters experienced
by initially single stars in the first 10 Myr with time for different values of . One can
see that the rate of exchange encounters is lower for greater a. It can be explained as
follows. Due to the higher gravitational potential, the velocity dispersion is higher in
the clusters with larger . Hence, binaries are more likely to be broken up due to a
fly-by according to equation In other words, binaries are softer in clusters with large
a.
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Figure 24: Evolution of the number of exchange encounters experienced by initially
single stars in the first 10 Myr with time for different values of the initial ratio of the
mass of the gas to the mass of the stars o : 1, 3 and 9. The fraction of stars is the
average from the 20 realizations ran for & = 1 and 3 and the 10 realizations ran for «
=09.

The number and fraction of initially single stars which experience at least one ex-
change encounter during the first 10 Myr are shown in table 3 for different values of «.
One can notice that they are low for all a (less than 7 %). Given the large fraction (77
%) of binaries involving single stars in which Kozai mechanism occurs, these exchange
encounters can however account for a significant number of perturbed planetary systems.
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5.2 Embedded clusters (with gas)

Mass Number of stars which Fraction of stars which

ratio exchange in a binary exchange in a binary
1 31 0.07
3 19 0.04
9 8 0.02
9 (rapid) 7 0.02

Table 3: Number and fraction of initially single stars which experience at least one
exchange encounter during the first 10 Myr for different values of the initial ratio of the
mass of the gas to the mass of the stars o : 1, 3 and 9. The number and fraction of
stars are the average values from the 20 realizations ran for « = 1 and 3 and the 10
realizations ran for o = 9.

5.2.4 Impact on planetary systems

As for dry clusters, it is interesting to evaluate the effect of encounters on planetary
systems. To do so, Venn diagrams are built, showing the encounter histories in the first
10 Myr of all the stars which are initially single. The categories of these diagrams are
the same as for dry clusters : the upper circle contains the percentage of stars which
are single at the end of the first 10 Myr (S), the lower left circle the percentage of stars
which experience an exchange encounter in a binary in the first 10 Myr (B) and the
lower right circle the percentage of the stars which have a close encounter during the
first 10 Myr (F). The evolution of the number of singletons is also studied during the
first 10 Myr. The FORTRAN programs written are similar to those used for dry clusters.

Venn diagrams are shown in figure 25/ for a = 1, 3 and 9 and o« = 9 with a rapid
gas removal. As predicted in the previous section, the percentage of initially single stars
which experience a fly-by in the first 10 Myr (FS) increases when « increases : 78.4 %
for « = 1 and 96.3 % for a = 9. Hence the percentage of singletons at the end of the
first 10 Myr is lower for higher o : 14.9 % for a = 1 and 2.0 % for « = 9. However,
the percentage of initially single stars which experience an exchange encounter in this
period (FSB and FB) decreases when « is larger : 1.1 % and 0.6 % for « = 9 and 5.0
% and 1.7 % for o = 9. However, the large percentage of fly-bys compared to exchange
encounters does not mean that the effect on planetary systems of fly-bys are more im-
portant than that of exchange encounters. Indeed, the probability for a given fly-by to
perturb a planetary system is lower than for an exchange encounter. This effect will be
studied in further detail in section

The evolution of the number of singletons is given in figure for a = 1, 3 and
9 and o = 9 with a rapid gas removal. The number of singletons drops more steeply
for cluster with higher o because of the higher encounter rate. Moreover, as for dry
subvirial clusters, this number appears to reach a constant value at the end of the first
10 Myr meaning that the majority of non-singletons are created in this period.
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5.2 Embedded clusters (with gas)
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Figure 25: Venn diagrams of the stars which are initially single in the cluster at the end
of the first 10 Myr for different values of the ratio of the mass of the gas to the mass of
the stars : @ =1, 3 and 9 and o = 9 with a rapid gas removal. The percentages are the
averaged values for 20 (o = 1, 3) and 10 (o = 9) realizations.

a 1 3 9 9 (rapid)
S 149+23 71+12 20+£05 28+£04
FS 784 4+26 8894+13 963+06 956 =+0.7
FSB 50+12 29+£09 11£05 09+£04
FB 1.74+£06 114+06 06+04 07+03
F 0.0£00 00£00 00x£00 0.0=x0.0
B 0.0£00 00£00 00%£00 0.0=x0.0
SB 00+£00 00x00 0.0x00 0.0%0.0

Table 4: Percentage of the stars for each category of the Venn diagram 10 Myr after the
beginning of the run for different values of the ratio of the mass of the gas to the mass
of the stars : @ = 1, 3 and 9 and o = 9 with a rapid gas removal. The percentages are
the averaged values for 20 (o = 1, 3) and 10 (« = 9) realizations. The error bars are
the standard deviations.
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6. DISCUSSION
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Figure 26: Evolution of the number of singletons with time for different values of the
initial ratio of the mass of the gas to the mass of the stars a : 1, 3 and 9. The value of
the virial ratio is the average from the 20 realizations ran for = 1 and 3 and the 10
realizations ran for &« = 9. The error bars are the standard deviations.

6 Discussion

6.1 Post-encounters evolution of planetary systems

When a host star undergoes a fly-by, one or more of its planets can be ejected. Such
ejections can happen immediately but can also occur later after a phase of planet-planet
interactions. Hence it is interesting to evaluate the number of planetary systems whose
planets are ejected either early or late after a fly-by. Furthermore, this number has
to be compared to the number of planetary systems which are affected by the Kozai
mechanism during an exchange encounter.

Malmberg et al. (2011) found the probabilities for a planetary system to undergo
a planet ejection immediately, in the first 10 Myr, 30 Myr and 100 Myr after a fly-by
with a minimum distance r,;, < 100 AU. These probabilities are calculated for three
different sorts of planetary systems. The first one is composed of the four gas giants
of the solar system (4G) and the second of four Jupiter-mass planets (4J). In the third
one, the masses of the gas giants m; are defined as

m;k = \/Mjmi (41)

where M is the mass of Jupiter and m; is the mass of the i'" gas giant in the normal
solar system.
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6.1 Post-encounters evolution of planetary systems

On the other hand, figures [10| and [22] give the number of initially single stars which
experience at least one fly-by with a minimum distance of 100 AU in the first 10 Myr
for dry and embedded clusters respectively. Hence it is possible to calculate the number
of planetary systems which experience an ejection immediately, in the first 10 Myr, 30
Myr and 100 Myr after a fly-by with r;, < 100 AU. To do so, it is considered that all
the stars of the clusters have a mass of 0.6 M. This assumption is reasonable given
that 0.6 Mg, is roughly the mean mass of the stars in the modelled clusters. The results
are presented in tables[5] [6] and [7] where the planetary systems are respectively assumed
to be all 4G, 4J and GM. The number of initially single stars which experience at least
one fly-by with ry;, < 100 AU is deduced from the N-body simulations performed and
can bee seen in figure |10 for dry clusters and in figure |22| for embedded clusters. For
these clusters, the number of initially single stars is 466.

When an exchange encounter occurs, the orientation of the orbital plane of the binary
with respect to the orbital plane of the planets is expected to be uniformly distributed.
Making this assumption, it is possible to compute the percentage of exchange encounters
where the inclination between the planets and the companion star is high enough for
the Kozai mechanism to happen. Malmberg et al. (2007a) found that 77 % of binaries
containing initially single stars, the Kozai mechanism occurs. The number of initially
single stars which undergo an exchange encounter in the first 10 Myr is given in table
for dry clusters and table 3| for embedded clusters. It allows to compute the number of
initially single stars whose planetary system is affected during an exchange encounter.
The results are presented in table [§]

For dry clusters, a significant percentage of initially single stars have their planetary
system which undergo an ejection of planet either immediately or later after a period
of planet-planet interactions (within 100 Myr after the fly-by). For 4G, the values are :
4 % for Q = 0.5 and 12 % for Q = 0.001. One can see that this percentage is similar
for initially single stars affected by the Kozai mechanism. For 4G, the values are : 5
% for Q = 0.5 and 10 % for Q = 0.001. For embedded clusters, the percentage of
initially single stars which have their planetary system affected by a fly-by is similar.
For 4G, the values are : 6 % for a = 1 and 12 % for a« = 9. The percentage of initially
single stars affected by the Kozai mechanism is smaller. For 4G, the values are : 5 %
for « =1 and 1 % for @« = 9. For dry and embedded clusters, the effect of exchange
encounters on planetary systems is therefore similar to that of fly-bys even if a given
star undergoes more fly-bys than exchange encounters. This is due to the large fraction
of the exchange encounters which lead to the Kozai mechanism and therefore perturb
the planetary systems.

However, the calculated number of stars whose planetary system is affected is only
a lower bound. Indeed, it is assumed that the stars undergo only one fly-by with
rmin < 100 AU each. In reality, the stars are likely to undergo several of these fly-bys.
Hence, the combined effect of these fly-bys would induce a higher number of affected
planetary systems than calculated in this section with an upper limit given by the num-
ber of stars having at least one fly-by with r;, < 100 AU.
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6.1 Post-encounters evolution of planetary systems

Virial ~ Number of stars ~ Immediate  tgjecty (Myr) No ejection
Ratio with 7, < 100AU ejection 10 30 100 after 100 Myr
0.5 36 5 7T 2 3 19
0.25 67 10 12 4 5 36
0.1 97 15 16 6 8 52
0.01 117 18 20 7 10 62
0.001 120 18 21 7 10 64
Mass of gas Number of stars Immediate  tejeet (Myr) No ejection
ratio with 7y, < 100 AU ejection 10 30 100 after 100 Myr
1 64 10 11 4 5 34
3 84 13 15 5 7 44
9 124 19 22 7 10 66
9 (rapid) 110 16 19 6 9 60

Table 5: Number of stars whose planetary system 4G undergoes at least one planet
ejection immediately, in the first 10, 30 and 100 Myr after a fly-bys with r,;, < 100 AU
for dry clusters (upper table) with different values of the initial virial ratio and for
embedded clusters (lower table) with different values of the initial ratio of the mass of
the gas to the mass of the stars. For these clusters, the number of initially single stars is
466. The second column contains the number of initially single stars which experience
at least one fly-by with r;, < 100 AU. It is the average value from the realizations ran
for each cluster.
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6.1 Post-encounters evolution of planetary systems

Virial ~ Number of stars ~ Immediate  tgjecty (Myr) No ejection
ratio  with 7, < 100 AU ejection 10 30 100 after 100 Myr
0.5 36 6 17 2 2 9
0.25 67 10 32 3 4 18
0.1 97 15 46 4 6 26
0.01 117 18 55 5 8 31
0.001 120 18 57 b 8 32
Mass of gas Number of stars Immediate  tejeet (Myr) No ejection
ratio with rpm < 100 AU ejection 10 30 100 after 100 Myr
1 64 10 30 3 4 17
3 84 13 40 4 6 21
9 124 19 58 6 8 33
9 (rapid) 110 17 52 5 7 29

Table 6: Number of stars whose planetary system 4J undergoes at least one planet
ejection immediately, in the first 10, 30 and 100 Myr after a fly-bys with r,;, < 100 AU
for dry clusters (upper table) with different values of the initial virial ratio and for
embedded clusters (lower table) with different values of the initial ratio of the mass of
the gas to the mass of the stars. For these clusters, the number of initially single stars is
466. The second column contains the number of initially single stars which experience
at least one fly-by with r;, < 100 AU. It is the average value from the realizations ran
for each cluster.
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6.1 Post-encounters evolution of planetary systems

Virial ~ Number of stars ~ Immediate  tgjecty (Myr) No ejection
ratio  with ry;, < 100AU  ejection 10 30 100 after 100 Myr
0.5 36 5 10 3 2 16
0.25 67 10 19 6 3 29
0.1 97 15 27 8 4 43
0.01 117 18 33 10 5 51
0.001 120 18 34 10 5 53
Mass of gas Number of stars Immediate  tejeet (Myr) No ejection
ratio with 7y, < 100 AU ejection 10 30 100 after 100 Myr
1 64 10 18 5 3 28
3 84 13 23 7 4 37
9 124 19 35 10 5 55
9 (rapid) 110 17 31 9 5 48

Table 7: Number of stars whose planetary system GM undergoes at least one planet
ejection immediately, in the first 10, 30 and 100 Myr after a fly-bys with r,;, < 100 AU
for dry clusters (upper table) with different values of the initial virial ratio and for
embedded clusters (lower table) with different values of the initial ratio of the mass of
the gas to the mass of the stars. For these clusters, the number of initially single stars is
466. The second column contains the number of initially single stars which experience
at least one fly-by with r;, < 100 AU. It is the average value from the realizations ran
for each cluster.
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6.2 Impact of fly-bys on wide planets

Virial Number of stars which Kozai

ratio  exchange in a binary = mechanism

0.5 33 25
0.25 43 33
0.1 43 33
0.01 55 42
0.001 62 48
Mass of gas  Number of stars which Kozai
ratio exchange in a binary = mechanism
1 31 24
3 19 15
9 8 6
9 (rapid) 7

Table 8: Number of initially single stars which undergo at least one exchange encounter
(column 2) and number of these stars that are affected by Kozai mechanism for dry
clusters (upper table) with different values of the initial virial ratio and for embedded
clusters (lower table) with different values of the initial ratio of the mass of the gas to
the mass of the stars. For these clusters, the number of initially single stars is 466. The
number of stars are is the average value from the realizations ran for each cluster.

6.2 Impact of fly-bys on wide planets

The effect of fly-bys on a planetary system depends on how the planets are bound
to their host star. Giant planets which form from gas only via the gravitational frag-
mentation of an unstable protoplanetary disk (without rocky core formation) are likely
to be on wide orbits of ~ 100 AU (Boley et al., 2010). These planets are more easily
unbound by fly-bys than usual planets because the latter have tighter orbits. For ex-
ample, Neptune has an orbit of 30 AU. Furthermore, as the number of fly-bys increases
with their minimum distance of approach, wide planets are likely to experience more
fly-bys than the tighter ones.

To quantify this difference, one can evaluate the number of initially single stars which
experience at least one fly-by with a minimum distance of 100 AU and 300 AU. From
figures [10] and 22 one can deduce the number of initially single stars which experience
at least one fly-by with these minimum distances. The results are presented in table
9l For dry and embedded clusters, one can see that the number of initially single stars
which experience at least one fly-by increases by a factor of about 3.
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6.3 Effect of mass segregation

Virial Number of stars Number of stars
ratio with 7, < 100AU  with 7, < 300 AU
0.5 36 106
0.25 67 200
0.1 97 235
0.01 117 262
0.001 120 266
Mass Number of stars Number of stars
ratio with 7 < 100AU  with rp, < 300 AU
1 64 205
3 84 267
9 124 346
9 (rapid) 110 325

Table 9: Number of initially single stars which experience at least one fly-by with a
minimum distance 7, lower than 100 AU and 300 AU for dry clusters (upper table)
with different values of the initial virial ratio and for embedded clusters (lower table)
with different values of the initial ratio of the mass of the gas to the mass of the stars.
For these clusters, the number of initially single stars is 466. The number of stars are is
the average value from the realizations ran for each cluster.

6.3 Effect of mass segregation

During the evolution of the cluster, energy is exchanged between stars via two-body
encounters. It leads to an equipartition of kinetic energy between stars. Hence the
lighter stars have higher velocities than the more massive ones. As a consequence, the
latter sink to the centre of the cluster. This process is called mass segregation.

In this section, mass segregation is studied for the dry cluster with Q = 0.5. To
bring to light the effect of mass segregation, one has to determine the radial distribu-
tions of the stars for different mass ranges and at different times. Therefore I computed
this distribution for three different mass ranges (0.8 M, - 1.25 My and 1.25 Mg, - 1.75
Me, 1.75 Mg - 2.5 Mg) initially and at the end of the first 10 Myr. The NBODY6
code produce a output file containing the masses of the stars at different times. I wrote
FORTRAN programs to calculate the distributions from this file. Furthermore, the ef-
fect of mass segregation on the encounter histories of the stars is studied. To do so,
Venn diagrams are built for different mass ranges where the categories are the same as
previously. To produce them, I modified the FORTRAN programs used to obtain the
previous diagrams in order to take only into account the stars whose masses are in the
three studied ranges. Then I calculated the average from the 25 realizations.

Radial distributions of stars are shown in figures [27| and [28| initially and at the end
of the first 10 Myr and for three mass ranges : 0.8 Mg - 1.25 Mg, 1.25 Mg - 1.75 Mg,
1.75 Mg - 2.5 M. These results are obtained for an initial virial ratio of 0.5. On can see
the effect of mass segregation. The initial radial distributions are similar for the three
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6.3 Effect of mass segregation

mass ranges . However, the more massive stars are further to the centre of the cluster
than the lighter ones at the end of the first 10 Myr.

Venn diagrams are presented in figure 29 for the three different mass ranges. The
results are summarized in table The number of initially single stars which experience
a fly-by (FS) is higher for more massive stars than for lighter ones : it varies from 51.3
% to 56.4 % for the two extreme mass ranges. The same trend can be seen for exchange
encounters (FSB and FB) which varies from 6.6 % and 3.7 % to 18.4 % and 11.5 %.
The more massive stars are closer to the centre of the cluster which is denser than its
outskirts. Hence, they experience more fly-bys and exchange encounters than lighter
ones.

1 —
n 08 I —]
g
92}
kS
£ ool ]
5
£
)
Z 04 l
K
=]
=
S ool / 08My-125My —— |
' | 125M,-1.75 M,
’ 1.75 Mg - 25 Mg -
0 / | | | | |

0 0.5 1 1.5 2 2.5 3
Radial distance (pc)

Figure 27: Initial radial distribution of stars for an initial virial ratio of 0.5 and for three
mass ranges : 0.8 Mg - 1.25 Mg, 1.25 Mg - 1.75 Mg, 1.75 Mg - 2.5 Mg,
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6.3 Effect of mass segregation
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Figure 28: Radial distribution of stars at the end of the first 10 Myr for an initial virial
ratio of 0.5 and for three mass ranges : 0.8 Mg - 1.25 Mg, 1.25 Mg - 1.75 My, 1.75 Mg
- 2.5 Mg.
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Figure 29: Venn diagram of the stars which are initially single for different mass ranges.
The number in each categories represent the percentage of stars in this category at the
end of the first 10 Myr averaged over the 25 realizations.
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7. CONCLUSION

Mass range (Mg) 0.8-1.25 1.25-1.75 1.75-25

S 33.3 £6.0 27.8 £11.0 188 £9.5
FS 564 £6.0 549 £10.5 51.3 £ 10.0
FSB 6.6 £3.7 126+74 184+ 122
FB 3.7£20 47468 115 £ 7.7
F 0.0+£00 0.0+£0.0 0.0 £ 0.0
B 0.0£00 0.0=x0.0 0.0 £ 0.0
SB 0.0£0.0 0.0=x0.0 0.0 £ 0.0

Table 10: Percentage of the stars for each category of the Venn diagram 10 Myr after
the beginning of the run for different mass ranges. The percentages are the averaged
values for the 25 realizations. The error bars are the standard deviations.

7 Conclusion

In the previous study, N-body simulations were performed to model dry and embed-
ded young stellar clusters with several initial conditions. These simulations allowed to
bring to light the main features of these clusters’ evolution. It was seen that all of them
shrink in the first 1 Myr of their lives. Furthermore, they are still relatively dense in
the next 10 Myr.

The evolution of these clusters turned out to affect the encounter properties in differ-
ent ways for dry and embedded clusters. It was seen that the rate of fly-bys is enhanced
in both cases. However, the number of these fly-bys increases more rapidly with their
minimum distance for embedded clusters than for dry ones. Indeed, a fraction of these
fly-bys is not dominated by gravitational focussing in embedded clusters. The effect
on exchange encounters is also different. Their number is lower in embedded clusters
because binaries are more likely to be broken up.

Due to the high rate of fly-bys with a minimum distance of approach r;, < 1000 AU,
the number of singletons is low in these clusters at the end of the first 10 Myr : between
10 % and 20 % for dry clusters and between 5 % and 15 % for embedded ones. Moreover,
it was shown that the majority of non-singletons are produced in the first 10 Myr.

The number of stars whose planetary system is affected by close fly-bys (with a min-
imum distance of approach ry;, < 100 AU) or exchange encounters was also evaluated.
Assuming that all the stars in the cluster host the four gas giants of the solar system, it
was seen that the number of planetary systems affected ranges in dry clusters from 15 %
for Q = 0.25 to 25 % for Q = 0.001 and in embedded clusters from 10 % for « = 1 to 15
% for o = 9. Moreover, the impact of fly-bys and exchange encounters on these systems
are approximately of equal importance. The impact of fly-bys on wide planets was also
determined. Assuming that all the stars in the cluster host a wide planet, it was shown
that between 45 % and 70 % of these planets are ejected in dry and embedded clusters.
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