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Table 1. Observational data and their transformation into Milky Way model
parameters for the Sun and M67. References are: (a) Bellini et al. (2010), (b)
Schönrich, Binney & Dehnen (2010), (c) Reed (2006), and (d) Brunthaler
et al. (2011).

Observational
parameter Value Reference

M67
µα cos(δ) −9.6 ± 1.1 (mas yr−1) a
µδ −3.7 ± 0.8 (mas yr−1) a
Radial velocity 33.78 ± 0.18 ( km s−1) a
Distance 815 ± 81.5 (pc) a

Sun
U" −11.1 ± 1.2 (km s−1) b
V" 12.24 ± 2.1 (km s−1) b
W" 7.25 ± 0.6 ( km s−1) b
z" 20 ± 5 (pc) c
δR 0.23 (kpc) d

Milky Way model

e |z|max Rg
(pc) (kpc)

Sun 0.10 ± 0.01 98.7 ± 9.2 8.4 ± 0.3
M67 0.12 ± 0.02 480 ± 56 7.9 ± 0.3

to classify orbits in the Milky Way model: the eccentricity e, the
maximum height above the Galactic plane |z|max, and the guiding
radius Rg. The eccentricity is calculated as e = (ra − rp)/(ra + rp),
where ra and rp are the apoapsis and periapsis of a single orbit,
which we define as a full rotation of 360◦ in the Milky Way disc.
|z|max is defined as the maximum |z| of a test particle during a full
orbit. The guiding radius is defined as Rg = Lz/vc, where Lz is the
z-component of the angular momentum and vc is the local circular
velocity at the test particle’s current position. To construct the orbit
we used the local standard of rest and the current z-position of
the Sun. We adopted the uncertainty of the Galactocentric distance
δR from Brunthaler et al. (2011) with a Galactocentric distance of
8 kpc as defined in our Milky Way model, the parameters of which
can be seen in Table 1. We integrated the orbit of the Sun 300 Myr
back in time to obtain e, |z|max and Rg. No GMCs were used for
the backwards integration since this could result in an unrealistic
higher spread of the three parameters. The backwards integration of
the Sun was done for 5000 test particles with initial values sampled
according to a Gaussian distribution of the values in Table 1. From
this we obtained e" = 0.1, |z|max, " = 98.7 pc, and Rg, " = 8.4 kpc. In
order for cluster escapers to end up on solar-like orbits, they need to
be dynamically colder than the current values of e" and |z|max, " and
not necessarily match these values. We do not require the guiding
radius to match the Solar value as a criterion for escapers to be
classified as solar-like. This is because Rg is mainly modified by
churning of orbits by the spiral arms and not scattering off GMCs.
The spiral arms are transient in the Milky Way but static in our
model, which means that the position in terms of guiding radius
of our escapers could be quite different depending on the spiral
arm evolution of the Milky Way during the last 4.6 Gyr. In regards
to how normal it is to be solar-like in our model we compare the
final position of our 25 000 test particles to our definition of what
we classify as a solar-like orbit. To the left in Fig. 3 the position
of all 25 000 particles at a time of 4.6 Gyr are shown, with the
red rectangle defining the area where test particles are solar-like.
To the right in Fig. 3 we only see the 8578 particles that have a
guiding radius between 7 and 9 kpc. The fractions of particles that

have solar-like orbits at the end of the simulations is quite high,
13 per cent in the full sample and 11 per cent in the subset with 7
≤Rg ≤ 9 kpc. We would therefore expect that a high fraction of
escapers, from clusters that are destroyed in their early life in the
Galactic disc, will be on solar-like orbits at a time of 4.6 Gyr.

3 C L U S T E R S U RV I VA L A N D M 6 7 - L I K E
ORBI TS

We define M67-like orbits in the same way as we define the orbital
parameters for the Sun. We constructed the orbit using the radial
velocity, proper motion and position of M67 seen in Table 1. With
the absence of GMCs we integrated the orbit of M67 300 Myr back
in time to get e, |z|max, and Rg. We found the orbital parameters
of M67 to be Rg = 7.89 ± 0.27 kpc, |zmax| = 480 ± 56 pc and
e = 0.12 ± 0.02. Out of the 25 000 test particles in our Milky Way
model, 37 of them had similar orbital parameters as M67 to within
one standard deviation and can be seen as green points in Fig. 4
where the location of the initial cluster test particles can be seen in
blue. The red points are the position of the cluster particles after
4600 Myr.

GMCs can help scatter clusters to high Galactic orbits, but they
can also destroy the clusters via tidal forces if the GMC comes too
close. We therefore had to evaluate which of our 37 cluster particles
would survive their journey to the location of M67 over a time-span
of 4.6 Gyr. We consider encounters between a GMC and a cluster
particle to be close when the closest separation rsep ≤ d where

d = 100 ×
(

Mi

106M"

)1/2

pc. (7)

Following equation (19) from Gustafsson et al. (2016), the fractional
change in kinetic energy in a cluster as it encounters a GMC can be
approximated as

δE = 8GM2r3
h

3mb4V 2
, (8)

where G is the gravitational constant, M is the mass of the GMC, rh

is the half-mass radius of the cluster, m is the mass of the cluster, V is
the relative speed between the GMC and cluster, and b is the impact
parameter. If the cumulative δE > 1 for all the GMC encounters,
the cluster is tidally destroyed. For the half-mass radius of M67 we
chose, in accordance with previous investigations of M67 in Hurley
et al. (2005) a value of 4 pc and 36 000 stars corresponding to a mass
of ∼2.2 × 104 M". The values of the half-mass radius and mass will
change as the cluster evolves but remained constant in equation (8)
as a conservative estimate of the cluster survivability. As the clusters
orbit the Milky Way they will lose stars to the Galactic tidal field
and disc shocks as they pass through the Galactic plane. We do
not take these effects into account when using equation (8), but
only the destruction from GMC encounters. Because of this, we
are overestimating the cluster survivability and this is why we are
only using it as a conservative estimate to pick out potential M67
candidates. Out of the 37 M67-like clusters we estimate that 16 will
survive their GMC encounters. We classify these 16 clusters as M67
candidates and further investigate their histories using simulations
that include both GMC encounters and the effects of the Galactic
potential such as tidal stripping and disc shocks.

4 N- B O DY SI M U L AT I O N S

In order to obtain realistic escape histories of our 16 M67 candidates
we carried out N-body simulations for each cluster. The GMC
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