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Abstract. We perform N-body simulations of star clusters in time-dependant galactic po-
tentials. Since the Milky Way (MW) was built-up through mergers with dwarf galaxies, its
globular cluster population is made up of clusters formed both during the initial collapse of the
Galaxy and in dwarf galaxies that were later accreted. Throughout a dwarf-MW merger, dwarf
galaxy clusters are subject to a changing galactic potential. Building on our previous work, we
investigate how this changing galactic potential affects the evolution of a cluster’s half mass
radius. In particular, we simulate clusters on circular orbits around a dwarf galaxy that either
falls into the MW or evaporates as it orbits the MW. We find that the dynamical evolution of a
star cluster is determined by whichever galaxy has the strongest tidal field at the position of the
cluster. Thus, clusters entering the MW undergo changes in size as the MW tidal field becomes
stronger and that of the dwarf diminishes. We find that ultimately accreted clusters quickly
become the same size as a cluster born in the MW on the same orbit. Assuming their initial
sizes are similar, clusters born in the Galaxy and those that are accreted cannot be separated
based on their current size alone.

1. Introduction

Almost all types of galaxies in our Universe are
known to host a population of globular clus-
ters (GCs). Since galaxies are formed through
hierarchal merging (White & Rees 1978), the
GC population of any given galaxy is com-
prised of GCs formed in its smaller constituent
galaxies (Searle & Zinn 1978). Many exam-
ples of GC accretion exist in the present day
Universe, including approximately 5 GCs be-
ing accreted onto the MW with the Sagitarrius
dwarf galaxy (e.g. Da Costa & Armandroff
1995; Palma et al. 2002; Bellazzini et al. 2003;
Law & Majewski 2010). Consequently, GCs
are an excellent means for tracing some aspects
of their host galaxy’s evolution. For example,
properties such as age, metallicity and horizon-

tal branch morphology have been used to esti-
mate what fraction of the MW GCs have been
accreted and subsequently estimate how many
dwarf galaxies have merged with the MW in
the past (e.g Mackey & Gilmore 2004; Marı́n-
Franch et al. 2009; Forbes & Bridges 2010;
Leaman et al. 2013).

Since the dynamics of GCs can be sig-
nificantly affected by the tidal field of their
host galaxy (e.g. Baumgardt & Makino 2003;
Webb et al. 2014a,b), it may be possible to
also use the structural properties of GCs, such
as mass and size, to identify accreted clusters
from in situ. To apply this idea, we must first
know how the dynamical evolution and sub-
sequently the observed properties of GCs are
effected by the merging process. The aim of
the work presented here is to quantify the ef-
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fect of the changing gravitational potential of
a galaxy merger on the dynamics of accreted
clusters. This work was done in the specific
context of a cluster born in a dwarf galaxy be-
ing accreted onto the MW, however, the re-
sults may be applied to any cluster experienc-
ing a changing tidal field. Please note the re-
sults presented here have been published pre-
viously in the Monthly Notices of the Royal
Astronomical Society as Miholics et al. (2016).
Some exerpts of that work are included in the
text here.

2. Methods

To simulate clusters in time dependent
tidal fields, we utlize the code NBODY6TT
(Renaud et al. 2011; Renaud & Gieles 2015),
an extension of NBODY6 (Aarseth 1999,
2003; Nitadori & Aarseth 2012) designed to
evolve star clusters in arbitrary time dependant
galactic potentials. The use of NBODY6TT re-
quires the user to specify a time series of tidal
tensors which the code uses to calculate the
tidal forces on the cluster stars. This method
allows the user to completely specify the time
and space variation of the galactic potential as
well as the orbit of the cluster in the potential.

In a dwarf-MW merger there are two key
processes that will affect the evolution of a
star cluster. The first relevant process is the in-
crease of the MW tidal field strength on the
cluster as the dwarf falls closer to the centre
of the MW. The second process is the decrease
in the dwarf’s tidal field strength as the MW
strips material away from the dwarf and the
dwarf becomes less massive. We study the ef-
fect of each of these processes seperately by
simulating clusters in two different scenarios,
which we will call “dwarf falls” and “dwarf
evaporates”, described in the next section. In
this contribution, we present one simulation in
each of the scenarios using our fiducial clus-
ter and galaxy parameters. The cluster is ini-
tialized with 50,000 stars in a Plummer den-
sity profile (Plummer 1911) with a half mass
radius, rm = 3.2 pc. The initial stellar masses
are assigned using a Kroupa (2001) IMF and
velocities are assigned such that cluster is ini-
tially viriliazed. For more information about
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Fig. 1. Half mass radius for the cluster in three po-
tentials: dwarf only (red) at 4 kpc, MW at 15 kpc
only (blue) and in the combined potential of the
dwarf falling into the MW (black). The magenta line
gives 0.25 x the distance between the cluster and the
MW in kpc.

 0

 20

 40

 60

 80

 100

 120

 140

 0  1000  2000  3000  4000  5000  6000  7000  8000  9000 10000

R
ad

ii 
(p

c)

Time (Myr)

Jacobi Radius in Dwarf
Jacobi Radius in Milky Way

99% Lagrange Radius

Fig. 2. The Jacobi radius of the cluster in the dwarf
(red) and in the MW (blue) as defined by Equation
1. We also plot the cluster’s 99 per cent Lagrange
radius, r99 in black.

the method and the full suite of simulations,
please refer to Miholics et al. (2016).

3. Results

3.1. Dwarf falls into MW

In our first simulation, we evolve the cluster
on a circular orbit around a point mass dwarf
(MD = 109M� and R = 4.0kpc) which is lo-
cated 50 kpc from the centre of the MW (repre-
sented by a bulge+disk+halo potential). After
3 Gyr, we allow the distance between the dwarf
and MW to decrease until the separation be-
tween the two galaxies is 15 kpc. In Figure 1,
we plot the half mass radius for a cluster in
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such a potential. For comparison, we also show
clusters in the dwarf only and in the MW only
(orbiting on a circular orbit of R = 15 kpc).

We can understand the cluster’s size evolu-
tion in the combined potential by considering
Figure 2, where we plot the Jacobi radius of
the cluster in each of the individual galaxies as
a function of time. The Jacobi radius is calcu-
lated in each galaxy using the following:

r j = RG

(
Mc

3MG

)1/3

(1)

where RG is the radius of the circular orbit, Mc
is the cluster’s mass and MG is the mass of
the galaxy enclosed by the cluster’s orbit (von
Hoerner 1957). From this point in the text, the
two values of Jacobi radius in the dwarf and
Jacobi radius in the MW will be abbreviated as
rD

j and rMW
j respectively.

The evolution of the cluster’s half mass ra-
dius in the combined potential is almost iden-
tical to its evolution in only the dwarf galaxy
over the first several Gyr of the cluster’s life-
time. This similarity indicates that when the
dwarf is far from the MW centre, the dwarf
tides dominate the cluster. This idea is rein-
forced by Figure 2 which shows that rD

j is
much smaller than rMW

j during the first stage
of the cluster’s life. However, as the dwarf falls
into the MW, the rMW

j shrinks (the tides be-
come stronger) and the MW becomes the dom-
inant galaxy in terms of tidal field strength. At
about 5.5 Gyr (2.5 Gyr after the dwarf starts
to fall into the MW) the cluster’s half mass
radius suddenly starts to decrease. By exam-
ining Figure 2, we see that this sudden de-
crease corresponds to the time when rMW

j has
decreased to a value such that r99 (the cluster’s
99% Lagrange radius) becomes roughly equal
to it. At this point, the cluster completely fills
its Jacobi radius in the MW and becomes very
susceptible to tidal stripping. A short time af-
ter the dwarf reaches its final position in the
MW, at a separation of 15 kpc, the cluster’s half
mass radius completely overlaps with the half
mass radius of the cluster that has evolved in
the MW only.
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Fig. 3. Half mass radius over time in the three po-
tentials as well as 0.25 x the Galactocentric distance
in the MW. Colours are the same as in Figure 1.
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Fig. 4. Mass normalized size (rm/M(1/3)) of the clus-
ter over time in the three potentials: dwarf only
(red), MW(blue), combined potential (black).

3.2. Dwarf evaporates

In our second scenario, we evolve a cluster on a
circular orbit around a point mass dwarf galaxy
(MD = 1010M�, R = 4.0kpc) that in turn exe-
cutes a circular orbit (R = 20.0kpc) around the
centre of the MW. After 3 Gyr of evolution in
this system, we decrease the mass of the dwarf
and radius of the cluster’s orbit in the dwarf
smoothly to zero, eventually leaving the clus-
ter on a circular orbit in the MW at 20.0 kpc.

In Figure 4, we show the cluster’s half mass
radius over time in this potential. Initially, the
cluster follows an evolution similar to its evo-
lution in the dwarf galaxy only, showing that
the dwarf’s tides dominate over the MW tides
in this configuration. When the mass of the
dwarf begins to decrease, the tides weaken and
we see an immediate increase in the cluster’s
half mass radius. By 6 Gyr, the dwarf’s mass
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is effectively zero and the cluster is orbiting
in the MW only. The half mass radius of the
cluster continues to expand and becomes very
close to the half mass radius of the cluster liv-
ing in the MW its whole life. To remove the
effect of varying mass loss rates in different po-
tentials, in Figure 4, we have shown the mass
normalized radius (rm/M1/3) in the three poten-
tials. After the dwarf evaporates, we see that
mass normalized radius overlaps completely
with the mass normalized radius for the cluster
in the MW potential only. Hence, the remain-
ing difference in the clusters’ half mass radii
in these two potentials can be attributed to dif-
ferences in cluster mass. For further discussion
of the effect of varying mass loss rates on the
cluster size, see Miholics et al. (2016).

4. Summary

Taking all the results from the above simula-
tions together, we can construct the full picture
of a star cluster’s evolution inside a dwarf-MW
merger. The two scenarios used represent the
key processes affecting a cluster in this type of
galaxy merger. These processes have the same
net effect, to increase the MW’s tidal field with
respect to that of the dwarf. The simulations
we performed show that a cluster will have a
size determined by whichever tidal field is the
strongest at any one point. Whenever the MW’s
tides take over, the cluster will respond quickly
to the new potential and ultimately become the
same size as a cluster that has evolved solely
in the MW. Thus, the main conclusions of this
work are that it should be impossible to distin-
guish between clusters born inside and outside
the MW based on size alone and the distribu-
tions of tidally filling and underfilling clusters
in the MW should not be affected by the pres-
ence of clusters accreted from dwarf galaxies
(assuming initial cluster sizes for accreted and
in situ clusters are the same).
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