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Abstract. We present a model for hydrodynamic + N-body simulations of star cluster formation
and evolution using AMUSE. Our model includes gas dynamics, star formation in regions of dense
gas, stellar evolution and a galactic tidal spiral potential, thus incorporating most of the processes
that play a role in the evolution of star clusters.

We test our model on initial conditions of two colliding molecular clouds as well as a section
of a spiral arm from a previous galaxy simulation.
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1. Introduction

Spiral arms are the birth places of star clusters in disc galaxies. The strength of these
may affect how the stars are distributed over time.

Where previous work on this topic has focused on either isolated clusters or the large
scale structure, we intend to create a model that includes all of the most relevant physics.
We use this model to study the formation and longevity of groups of stars in a galactic
environment.

2. Method

The simulations in this project involve distance scales ranging from a few hundred par-
sec to several hundreds of au, while the physics involved includes gravity, hydrodynamics
and stellar evolution. Since most simulation programmes are designed to work on only
one specific scale and usually are not designed to handle multiple physical processes, we
employ AMUSET (Portegies Zwart et al. 2009; Pelupessy et al. 2013; Portegies Zwart &
McMillan 2018) for our simulations. We combine a state-of-the-art SPH code with a direct
N-body code, a stellar evolution code, and a galactic tidal field, creating a self-consistent
simulation method that follows the early evolution of stellar regions. We resolve stellar
masses down to 0.08 Mg.

3. Simulation model

We base our model on the simulation method used in Sills et al. (2018), which we
expand to include more realistic treatment of gas, star formation, and a background
potential for the galaxy. Each of these components can be run separately or in combi-
nation with the other components, to create the desired simulation environment (Rieder
2019).
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3.1. Gas component

For the gas dynamics, we use the modern SPH code Phantom (Price et al. 2018), which
we integrate in AMUSE. Phantom natively supports the gas and sink particles needed for our
method, and is parallellised using OpenMP and MPI. We let AMUSE handle the creation
of sinks, by stopping the code when a gas particle reaches a critical density. We then
create a sink particle which absorbs gas within a specified radius. This particle is then
added to Phantom, which handles further accretion of gas onto the sinks.

Since the mass resolution of gas in our simulation is ~ 1Mg, sinks do not represent
individual stars, but rather collapsing parts of the cloud. We let sinks form stars, sampled
from a Kroupa (2001) IMF, until not enough mass remains to form the next mass from
the sample (similar to Wall et al. 2019). To make sure we have a well-sampled IMF, we
set the parameters for sink creation such that each sink will have 150 to 200M¢ at the
time of formation.

3.2. Stellar component

Stars are dynamically integrated with a direct N-body code. Here, we use the Hermite
(Hut et al. 1995) integrator. However, since we expect several groups of stars to form
which will have little interaction with each other, we plan to use an approach that
combines a direct N-body method with a tree method (such as in Iwasawa et al. 2017).

We combine this with the SeBa (Portegies Zwart & Verbunt 1996; Toonen et al. 2012)
stellar evolution code, which sets the maximum allowed timestep for stellar dynamics
to a fraction of the stellar evolution timescale. We use SeBa to primarily to update the
stellar masses, though it also informs us of the current phase in the stars’ lifetimes.

3.3. Coupling with a tidal field

We use the Bridge module in AMUSE (based on Fujii et al. 2007) to couple the
gravitational dynamics from gas and sinks in the gas component with the stellar com-
ponent. Bridge also supports coupling these with other external potentials, such as a
(time-dependent) tidal field. These potentials may be analytic, but they can also be in
the form of tidal tensors (e.g. Rieder et al. 2013).

4. Tests

We test our model with both a colliding clouds test and using a spiral arm section of
a galaxy simulation.

4.1. Colliding clouds

We generate initial conditions consisting of a turbulent molecular gas cloud
(150,000 Mg, 80 x 28 x 28 parsec) which is duplicated and shifted along the x-axis. The
two resulting clouds then receive a relative velocity of 48 km/s. In Figure 1 we show
snapshots of this simulation at 0.5, 1.0 and 1.5 Myr. Since our model currently does not
have a source of feedback to prevent star formation, a too large fraction of the gas will
be converted into stars.

4.2. Spiral arm test

As initial conditions we take a 500 x 500 x 500 parsec region from Dobbs & Pringle
(2013), which we re-sample to a resolution of 1M, per particle (Bending et al. submitted).
For this simulation we include the same tidal field as in the original galaxy simulation
(Dobbs & Pringle 2013), which consists of a logarithmic disk potential for the galactic
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Figure 1. Colliding clouds simulation at 0.5, 1.0 and 1.5 Myr. White dots represent stars,
while red dots represent sink particles.
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Figure 2. Spiral arm simulation at 0.5, 1.0 and 2.0 Myr, as in Figure 1. In this simulation, we
stop the formation of individual stars after 0.8 Myr, while sink particles still continue to form.

-1586

—1820 -1819 -1818 -1817 -1816 -1877 -1876 -1875 -1874 -1873
X (parsec) X (parsec)

-1982 -1981 -1980 -1979 -1978 -1977
X (parsec)

Figure 3. Zoom in on one of the star forming regions of Figure 2, at 0.5, 1.0 and 2.0 Myr.

Visualisation is done with Fresco (Rieder & Pelupessy 2019), and includes extinction by dust
using a fixed gas-to-dust ratio.

disk (Binney & Tremaine 2008) and an additional component for the spiral arms (Cox
& Gomez 2002).

After 0.8 Myr, we turn off the formation of stars from sinks, both to trace only the evo-
lution of the first batch of stars and to prevent the N2-scaling stellar gravity calculations
from dominating the simulation runtime.

In Figure 2 we show snapshots of this simulation at 0.5, 1.0 and 2.0 Myr. Star formation
happens predominantly in the spiral arm. In Figure 3, we zoom in on one of the star

forming regions. During this time, the cluster starts to collapse from individual cores to
a more spherical star cluster.
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5. Conclusions

We present a model for simulating star-forming regions in a self-consistent manner,
including gas dynamics, the formation of stars, stellar evolution and a large-scale envi-
ronment. While our model succeeds in simulating such regions, we currently lack a source
of feedback to prevent overly dense regions and too much star formation from occurring.
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