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Planetary systems orbiting stars in young stellar clusters are vulnerable to the effects of fly-bys. We here consider fly-bys involving planetary systems with gas giants
on orbits similar to those of the gas giants in the Solar System. In wider fly-bys the effect is most often to only perturb the orbits of the planets, which can however
lead to planet-planet scatterings in the system. This may result in the ejection of one or more planets, leaving those remaining on tighter and more eccentric orbits,
similar to those of the observed extrasolar planets on tight orbits (Malmberg, Davies & Heggie, in prep.). During the planet-planet scattering phase, the orbits of planets that ultimately are ejected become progressively wider, producing planets on very wide orbits (see also Scharf & Menou 2009; Veras, Crepp & Ford 2009). Thus,
planetary systems resembling the Solar System, which are stable if left alone, may contribute to the population of planets on tight and eccentric orbits, as well as to
the population of planets detected on very wide orbits.

Capturing planets

Planets in clusters
Most stars form in some sort of cluster or association. Such clusters have lifetimes varying from a few million years up to several billion years. As planet formation is believed to
take place in the first few million years after a
star has formed, most planets will thus spend
some time in a stellar cluster.
A singleton is defined by us as:
1) a star which has not formed in a
binary system,
2) a star which has not later spent 		
time within a binary system, and
3) a star which has never had a close
encounter with another star.
We have performed a large set of numerical simulations of young stellar clusters, representative of the clusters found in the solar
neighborhood (Malmberg et al. 2007), and
studied how common singletons are. In Fig. 1
we show the results for one particular cluster
in our simulations.
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In a binary or
triple system
at some point

Single at the end

Underwent
a flyby within
1000 au

In close fly-bys, the effect of a fly-by may
be to immediately unbind one or more
planets. However, a capture may also
occur, in which one or more planets become bound to the intruder star immediately after the fly-by (Malmberg, Davies
& Heggie, in prep.).

Planets which are captured in a fly-by
are often left on rather wide and moderately eccentric orbits (see Fig. 4). These
captured planets have similar orbital elements to those of the planets detected
in recent imaging surveys (e.g. Kalas et
al. 2008).

Figure 2. The probability that no planets are
ejected (dashed line) and that one planet is
captured by the intruder star (solid line) immediately after the fly-by as a function of rmin for
encounters involving the four gas giants.

Figure 3. The semi-major axis vs. eccentricity
of planets that have been captured in encounters between the four gas giants of the solar
system and a 0.6 Msun intruder star.

Figure 1. The results from 10 simulations of a
young stellar cluster with initially 700 stars and a
half mass radius of 0.38 pc. Only the stars which
were initially single and had 0.8<m<1.2 Msun are
included. The numbers have been normalized
to 1. As can be seen only about 15 per cent of
the initially single stars remained as singletons
throughout the lifetime of the cluster.

We find that at least 10% of the solar-mass
stars in the solar neighborhood that are single
today are not singletons and hence have either
spent time within a binary or underwent a flyby with rmin < 1000 au. In some of these cases
planetary systems with gas giants on initially
wider and circular orbits will have been turned
into systems with planets on tight and eccentric orbits, similar to those of the observed extrasolar planets.

Fly-bys

The bigger picture
ing on the mass of the intruder. We will present
the details of all our simulations in the forthcoming paper Malmberg, Davies & Heggie, in
prep.
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To illustrate the effect of close to moderately
wide fly-bys on a planetary system which is
stable on its own, we show in Fig. 4 the distribution of teject (the time to the ejection of one
planet) from our simulations of fly-bys involving the four gas giants in the solar system for
three different intruder star masses; 0.6, 1.0
and 1.5 Msun. As can be seen between 40%
and 70% of the fly-bys lead to the ejection of
at least one planet within 108 years, depend-
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Figure 4. The effect of flybys with rmin up to 100 au,
and intruder star mass mInt = 0.6, 1.0 and 1.5 Msun
respectively, involving the four gas giants of the solar system. This system is stable if left on its own,
but the fly-by can perturb the orbits of the planets
enough to trigger planet-planet scatterings.
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The effect of a fly-by on a planetary system
depends crucially on the minimum separation
to the intruding star, rmin, during the fly-by. We
have performed a large set of simulations of
fly-bys on an ensemble of dynamically evolved
and long-term stable planetary systems, with
gas giants on wider and circular orbits. We
vary rmin linearly up to 100 au, which agrees
well with the distribution of rmin we find from our
simulations of young stellar clusters. The evolution of the planetary systems is simulated
for 108 years after the fly-by.
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Malmberg, Davies & Heggie, in prep.
Figure 5: Overview of the evolution of planetary systems. Grey arrows identify interactions
with other stars, most of which occur in young stellar clusters. Examples of such are fly-bys
and exchange encounters involving binary systems. Planetary systems similar to our own
Solar System belong to the box labelled “Planets on wider orbits”.
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