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Massive star cluster formation
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ABSTRACT

Two main mechanisms have classically been proposed for the formation of runaway stars. In the binary supernova scenario (BSS), a
massive star in a binary explodes as a supernova, ejecting its companion. In the dynamical ejection scenario, a star is ejected during a
strong dynamical encounter between multiple stars. We propose a third mechanism for the formation of runaway stars: the subcluster
ejection scenario (SCES), where a subset of stars from an infalling subcluster is ejected out of the cluster via a tidal interaction with the
contracting gravitational potential of the assembling cluster. We demonstrate the SCES in a star-by-star simulation of the formation
of a young massive cluster from a 106 M� gas cloud using the torch framework. This star cluster forms hierarchically through a
sequence of subcluster mergers determined by the initial turbulent, spherical conditions of the gas. We find that these mergers drive
the formation of runaway stars in our model. Late-forming subclusters fall into the central potential, where they are tidally disrupted,
forming tidal tails of runaway stars that are distributed highly anisotropically. Runaways formed in the same SCES have similar
ages, velocities, and ejection directions. Surveying observations, we identify several SCES candidate groups with anisotropic ejection
directions. The SCES is capable of producing runaway binaries: two wide dynamical binaries in infalling subclusters were tightened
through ejection. This allows for another velocity kick via subsequent via a subsequent BSS ejection. An SCES-BSS ejection is
a possible avenue for the creation of hypervelocity stars unbound to the Galaxy. The SCES occurs when subcluster formation is
resolved. We expect nonspherical initial gas distributions to increase the number of calculated runaway stars, bringing it closer to
observed values. The observation of groups of runaway stars formed via the SCES can thus reveal the assembly history of their natal
clusters.
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1. Introduction

Young stars displaced from their birthplace in the star-forming
spiral arms of the Galaxy and moving away from the Galac-
tic disk were first observed by Blaauw & Morgan (1954). Since
then, many more stars moving rapidly away from their formation
sites have been observed throughout the Galaxy. These stars are
typically classified as runaways when their velocity relative to
their associated nebula or cluster is � 30 km s�1 (Gies & Bolton
1986).

Despite their ubiquity, the ejection mechanism remains un-
known for most runaway stars. Currently, there are two popu-
lar proposed mechanisms for producing runaway stars: the bi-
nary supernova scenario (BSS; sometimes referred to as Blaauw
kicks; Blaauw 1961) and the dynamical ejection scenario (DES;
Poveda et al. 1967; Hoogerwerf et al. 2000; Fujii & Portegies
Zwart 2011). According to the BSS, when two massive stars are
? Fellow of the International Max Planck Research School for
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in a binary system and one explodes as a supernova (SN), loss of
the ejecta from the system reduces the gravity on the companion,
which begins moving through space at a velocity comparable
to its orbital velocity. According to the DES, runaway stars are
ejected during a strong dynamical encounter involving at least
one binary, in which orbital binding energy is converted to ki-
netic energy. In some cases, a runaway system is formed mov-
ing in the opposite direction of the system that ejected it (in the
center-of-mass frame of the encounter; Poveda et al. 1967; Fujii
& Portegies Zwart 2011). BSS and DES runaways can be dis-
tinguished by their rotational and linear velocities: the BSS pro-
duces slow-moving, rapidly rotating stars, while the DES pro-
duces fast-moving, slowly rotating stars (Sana et al. 2022).

In this work we propose a third mechanism for producing
runaway stars: the subcluster ejection scenario (SCES), in which
part of a subcluster is ejected from the cluster after it is tidally
disrupted by the contracting potential of the assembling cluster.
Star clusters form hierarchically, with giant molecular clouds
(GMCs) fragmenting into dense clumps that form subclusters
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of stars. These subclusters merge, forming a single central clus-
ter. The combined feedback eventually blows away the unused
gas, leaving a gas-free star cluster (see, e.g., Rahner et al. 2017;
Grudić et al. 2018; Rahner et al. 2019; Wall et al. 2019, 2020;
Cournoyer-Cloutier et al. 2021; Lewis et al. 2023; Wilhelm et al.
2023; Cournoyer-Cloutier et al. 2023). Lucas et al. (2018) shows
through N-body simulations that merging groups of stars can
produce a tidal tail of unbound stars. The SCES describes when
this mechanism occurs between young subclusters during ini-
tial cluster assembly. To thoroughly investigate the origin of
SCES runaway stars, the entire complex dynamical history of
young star clusters must be modeled consistently. This necessi-
tates modeling the entire star cluster formation process from the
birth of stars within subclusters.

We present a star-by-star simulation of cluster formation per-
formed with the torch1 framework (Wall et al. 2019, 2020).
torch follows gas dynamics, the N-body dynamics of stars, sub-
grid star formation via sink particles, stellar evolution, and stel-
lar feedback in the form of winds, radiation, and SNe. With this
simulation, we can determine the origin of runaway stars formed
self-consistently in the cluster environment.

In this paper we analyze the runaway stars formed in the
M6 star cluster presented in Polak et al. (2023, hereafter Paper
I), which forms from a molecular cloud with an initial mass of
Mcloud = 106 M� and an initial radius of Rcloud = 11.7 pc. We
briefly describe our model and the initial conditions in Sect. 2.
In Sect. 3 we present the properties of the runaway stars formed
in M6, as well as our evidence that the SCES mechanism pro-
duces runaway stars. We discuss the implications of our results
in Sect. 4 and present some observational candidates for run-
aways formed via the SCES. We conclude in Sect. 5.

2. Methods

We used torch (Wall et al. 2019, 2020) to model the formation of
a star cluster from a turbulent spherical cloud of gas. The torch
star cluster formation framework is built with the Astrophysical
MUltpurpose Software Environment (AMUSE; Portegies Zwart
et al. 2009, 2013; Pelupessy et al. 2013; Portegies Zwart &
McMillan 2018) framework, linking several physics codes ad-
dressing hydrodynamics, stellar evolution, stellar dynamics, star
formation via sink particles, and stellar feedback in the form of
winds, radiation, and SNe. In this section we provide a brief
overview of the numerical methods used for these simulations.
A more detailed description of the applied methods is provided
in Paper I.

The adaptive mesh refinement (AMR) magnetohydrodynam-
ics code flash (Fryxell et al. 2000) handles the gas dynamics.
The gas dynamics are evolved with an HLLD Riemann solver
(Miyoshi & Kusano 2005) and third-order piecewise parabolic
method reconstruction (Colella & Woodward 1984). The self-
gravity of the gas is evolved with a multi-grid Poisson solver
(Ricker 2008), and the gravitational interaction between the stars
and gas is modeled using a leapfrog gravity bridge scheme (Fujii
et al. 2007; Wall et al. 2019).
torch uses a sub-grid star formation model via sink particles

in flash. Sink particles form when the local gas density exceeds
a threshold value ⇢sink based on the Jeans density at the maxi-
mum refinement level, and when several other criteria are met
(see Federrath et al. 2010). When a sink particle forms, the gas

1 Version used for this work: https://bitbucket.org/torch-
sf/torch/commits/tag/massive-cluster-1.0

Table 1. Simulation parameters.

Parameter Value Units
Mcloud 106 M�
⇢c 280 M� pc�3

⇢̄ 150 M� pc�3

⌃ 2325 M� pc�2

B0,z 18.5 µG
�J 1.0 pc
t↵ 0.67 Myr
Rcloud 11.7 pc
Rbox 20.0 pc
↵v = Ekin/|Epot| 0.15 -
v̄gas 8.15 km s�1

�v ,gas 3.25 km s�1

�xmin 0.3125 pc
�xmax 1.25 pc
rsink 0.78125 pc
⇢sink 8 ⇥ 10�21 g cm�3

Msink 246 M�
Mfeedback 20 M�
Mn�body 4 M�
MIMF 0.08–100 M�

Notes. Rows: initial cloud mass, central density, average density, sur-
face density, peak initial vertical magnetic field (see Eq. 1), initial cen-
tral Jean’s length, initial free-fall time, cloud radius, half-width of box,
virial parameter, average velocity and velocity dispersion of the gas
within Rcloud, minimum cell width, maximum cell width, sink radius,
sink threshold density, approximate initial sink mass, minimum feed-
back star mass, agglomeration mass of low-mass stars, mass sampling
range of Kroupa IMF.

within the sink accretion radius rsink and above the threshold den-
sity is added to the sink’s mass. For each sink, the Kroupa initial
mass function (IMF; Kroupa 2002) is randomly sampled to cre-
ate a list of stellar masses for the sink to form sequentially. From
this list, the sink forms star particles until it runs out of mass. The
sink continues to form stars whenever it accretes enough mass to
form the next star on the list. When stars form, they are placed
randomly in a uniform spherical distribution within the sink ac-
cretion radius and given a velocity equal to the sink’s velocity
plus an additional velocity component with the direction sam-
pled isotropically and the magnitude sampled from a Gaussian
distribution with a standard deviation equal to the local sound
speed. The local sound speed is taken to be the average sound
speed of gas with temperature T  100 K in cells  2rsink from
the sink. If no gas fulfills this criterion within the region, the sink
is blocked from forming stars. Sink momentum is set by adding
the current sink momentum to the momentum of the gas it ac-
cretes.

Stellar feedback in the form of stellar winds, radiation, and
SNe, are also implemented as additional physics in flash (Wall
et al. 2020). Radiative transport is modeled in Flash using the
ray-tracing routine Fervent (Baczynski et al. 2015). Stars are
evolved from the zero-age main sequence until their death via
SeBa (Portegies Zwart & Verbunt 1996), which informs the stel-
lar feedback properties in flash. petar (Wang et al. 2020) evolves
the N-body dynamics of the star particles.

To reduce the computational expense caused by the large
number of stars formed in a 106 M� cloud, we applied three
modifications to the standard torch model:
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1. Star particles forming below Magg = 4 M� are agglomerated
until their summed mass is above Magg and then are assigned
to a single super-star particle. This reduces the number of
stars from ⇠ 106 to ⇠ 105 to make the N-body calculations
feasible.

2. The mass-loading of stellar winds is artificially raised to limit
the temperature of wind-blown bubbles to Tw = 3 ⇥ 105 K
thereby alleviating the timestep constraint set by the Courant
condition. Although this causes wind bubbles to be smaller
and cooler, the primary e↵ect of winds is to clear out dense
gas, allowing ionizing radiation to escape and form H ii re-
gions. The clearing of dense gas still occurs with the mass-
loaded winds. At the densities in our simulation, hot stellar
winds rapidly cool regardless of mass-loading.

3. Ray-tracing on the AMR grid quickly becomes expensive for
a large number of sources. To reduce the cost of the ray-
tracing calculations, we only include feedback (radiation,
winds, and SNe) from stars with Mfeedback � 20 M�. Most of
the mechanical wind energy and ionizing radiation in a star
cluster comes from massive stars, so with this limit < 20%
of the total feedback energy is lost (see Paper I). SNe of stars
below this mass limit take � 10 Myr, which is much longer
than the scope of these simulations.

A detailed discussion of the e↵ect of these modifications is pro-
vided in Paper I.

We used the M6 simulation introduced in Paper I of initial
mass Mcloud = 106 M�, with properties listed in Table 1. The
initial density profile is a Gaussian (Bate et al. 1995; Goodwin
et al. 2004) with ⇢edge/⇢c = 1/3. We used outflow boundary con-
ditions that allow inflow from ghost zones. The turbulence was
set by imposing a Kolmogorov (1941) velocity spectrum on the
gas. The initial magnetic field, B = Bzẑ, is uniform in z and de-
creases radially with the mid-plane density ⇢(x, y, z = 0) in the
x-y plane:

Bz(x, y) = B0,z exp
h
�(x2 + y2) ln(3)/R2

cloud

i
, (1)

where B0,z = 18.5 µG.

3. Results

In our analysis, we made an initial selection for runaway stars by
filtering for unbound stars,2 with Etotal,i = Ek,i +U?,i j +Ugas > 0,
where Ek,i is the kinetic energy, U?,i j is the gravitational poten-
tial of other star particles, and Ugas is the gravitational potential
of the gas. Our analysis only covers the early runaways ejected
during the hierarchical assembly of the cluster. The free-fall time
of the M6 cloud is t↵ = 0.67 Myr, and the final simulation time is
1.36t↵ = 0.91 Myr. The cluster is fully assembled by the end of
the simulation, and the SCES only occurs during active subclus-
ter formation. This run time is therefore su�cient for analysis
of the SCES. At the final time, the fraction of runaway stars is
0.51%. We cannot yet determine the final runaway star fraction
due to the short run time of the simulation. Simulating the total
runaway fraction requires integration times of & 2 Myr, which is
outside the scope of this paper introducing a production mecha-
nism for early-forming runaway stars in young clusters.

Figure 1 shows a histogram of the runaway star count binned
by the angular direction of the runaway velocities in the center-
of-mass frame. There are two distinct groupings of runaway stars
2 Canonically, runaway stars are defined as stars leaving their birth-
place at velocities � 30 km s�1. Unbound stars with lower velocities are
typically referred to as walkaways. All unbound stars we consider in
this work have velocities � 30 km s�1 criterion.

Fig. 1. Ejection velocity angular directions of M6 runaway stars with ✓u
and �u binned in 9� and 18� angle bins, respectively. There are two dis-
tinctly peaked angular regions, which are labeled as group 1 and group
2. The rectangles indicate the angular bins of runaways we selected for
trajectory analysis.

ejected in the same directions, and the overall directional distri-
bution of runaways is highly anisotropic. This is caused by the
tidal disruption of two infalling subclusters by the cluster center
of mass, which then form two groups of runaway stars as tidal
tails. White boxes in Fig. 1 indicate the selection regions used to
investigate the origin of these two groups of runaways. These re-
gions were chosen by eye with the intent of performing a broad
initial analysis.

The properties of the runaway stars are depicted in Fig. 2,
which shows a Mollweide spherical projection of the runaway
stars colored according to radial velocity from the center-of-
mass, mass, and age. The group 2 population is moving faster
than group 1. The average velocity and standard deviation for
group 1 and 2 are v̄1 = 38.6 km s�1, �1 = 8.2 km s�1, v̄2 =
87.1 km s�1, �2 = 20.7 km s�1. Both groups are composed
mostly of low-mass stars with a few high-mass stars scattered
within. The stars in a given group were formed at similar ages.

Figure 3 shows the age and velocity of the runaways in a
scatter plot colored according to stellar mass, with the selected
angle bins in Fig. 1 marked by symbol type. The runaways
are distinctly clustered in both radial velocity and stellar age.
Group 1 is distinguished from the rest of the runaways in the
upper left; stars in group 1 are older and have lower velocities
(vr ⇡ 30 km s�1). Group 2, however, consists of two popula-
tions of runaways seen as an age gap in the diamond points in
Fig. 3. This indicates stars from two subclusters or two gener-
ations of stars within one subcluster were ejected in the same
direction. The mass distributions of both groups are the same,
though, with both mostly containing low mass stars and a few
stars above 10 M�. Figure 4 shows the Kroupa IMF power law
with ↵ = �2.3 and the histograms of the stellar masses in each
runaway group as well as the entire cluster. The overpopulation
of low mass bins (< 8 M�) is a result of the mass agglomeration
of stars below < 4 M�. This suggests that each group consists of
a random sampling of the IMF, which makes sense for a subclus-
ter. Both runaway groups roughly resemble the IMF indicating
that the SCES mechanism is unbiased toward stellar mass. We
propose that this is because the stars in the subcluster closest to
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Fig. 2. Mollweide map projection of the ejection directions of the run-
away stars in M6. The colors correspond to the radial velocity from the
cluster center of mass (top), the star mass (middle), and the star age
(bottom). The highest values are plotted over lower values for visibility.

Table 2. Runaway group filters.

Parameter Group 1 Group 2
�u [�18�, 108�] [�108�, 18�]
✓u [�45�,�9�] [27�, 72�]
vr [30, 45] km/s [55, 105] km/s
⌧ [0.2, 0.5] Myr [0.1, 0.2] Myr

Notes. Selection ranges for runaway stars in groups 1 and 2. Rows: �
and ✓ directions of velocity, radial velocity from center of mass, and
stellar age.

the potential are tidally captured while the outer stars are ejected,
and the spatial distribution of stellar masses within a subcluster is
random by construction. Most of the runaway stars are agglom-
erated, which is expected from a sampling of the broader stellar
population. This is acceptable as there is no apparent mass pref-
erence or cuto↵ for ejection via the SCES.

We applied a second filter to select the runaways belong-
ing to the two groups using stellar age and radial velocity in-
dicated in Fig. 3. We selected the younger of the two popula-
tions in group 2 to focus on a specific subcluster. The three most
important characteristics for identifying groups of runaways are
ejection direction, velocity, and stellar age. The complete list of

Fig. 3. Scatter plot of the runaway stars, with the radial velocity and age
colored by mass. Squares are group 1, diamonds are group 2, and dots
are the rest of the runaways. These groups are the runaways selected by
ejection direction only. The two groups are distinctly separate in both
age and velocity. Group 2 contains two subgroups ejected in the same
direction but at slightly di↵erent times. For the purpose of demonstrat-
ing the SCES mechanism, we focus on the later forming subgroup in
group 2. The red rectangles indicate the additional filtering of the run-
away groups by age and velocity.

Fig. 4. Particle mass distributions of the entire star cluster (gray) and
the runaway groups along with the Kroupa IMF power law. Note that at
the low-mass end ( 8M�), the particle masses are skewed higher than
the sampled IMF due to the agglomeration of stars below < 4M�.

filters for groups 1 and 2 is listed in Table 2. We find that select-
ing groups based on direction, age, and radial velocity provides
a su�cient selection of runaways from a particular subcluster
merger.

Using these age, velocity, and direction filters, we traced the
stars in the two groups back through the evolution and formation
of the star cluster to determine their ejection mechanism. Fig-
ure 5 is a still from a movie (available in the online version of
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Fig. 5. Movie of the formation and ejection of runaway star group 1.
Left: Stars as they are forming in the cluster. Right: Gravitational po-
tential of both the stars and gas. The trajectories of the runaway stars
are shown as lines. Once each runaway star forms, it appears with a star
marker. This plot shows the same variables as shown in Figs. 6 and 7.

the paper) showing the formation and ejection of runaway group
1 as well as the formation of the star cluster. In addition to the
angular selection outlined in Table 2, we also imposed an age re-
striction to select stars that formed at the same time. In this way,
we selected only one of the two age groups in group 2.

Figures 5-8 reveal tidal interactions of the subcluster with
the main cluster as the physical mechanism for ejecting these
two groups, explaining their shared ejection direction, age, and
velocity as well as their uniformly sampled IMF mass compo-
sition. Group 1 and 2 stars form from distinct subclusters. The
subcluster merges with the assembled central massive cluster be-
coming tidally disrupted. Some stars are tidally captured while
others are slingshot around the central potential and escape as
tidal tails.

The timing of the contraction and expansion of the central
cluster potential is crucial for the SCES. In a static potential,
the stars falling in could not escape the cluster due to conserva-
tion of energy. In the SCES, a subcluster approaches the central
potential as the potential contracts due to the assembly of other
subclusters and gas infall. After the tidal interaction, as the SCES
stars are leaving the central cluster, the potential well expands as
star formation from the gas proceeds and the cluster virializes.
The timing of the subcluster formation and cluster potential evo-
lution determines whether the SCES stars become unbound.

Group 2 is more populous than group 1. This is not because
subcluster 2 formed more stars, but because the potential driving
the tidal force on group 2 is stronger than when group 1 fell in,
resulting in more stars being ejected. From Fig. 6 we see many
stars that do not become runaways forming in the vicinity of
group 1 stars, whereas the majority of stars forming near group
2 stars in Fig. 8 become runaways.

We find that SCES runaways from later interactions with a
deeper potential well result in a higher fraction of stars ejected
within a subcluster. The tidal interaction is highlighted further
by the figures showing trajectories with the evolving potential.
At the onset of infall for group 1, the potential is significantly
shallower than when group 2 forms. The peak of the potential
has just formed and is still migrating when group 1 forms, but
it is at its final destination when group 2 forms. However, the
potential reaches its peak by the time of slingshot (point of max-
imum stellar velocity) for both groups. The greater integrated
acceleration results in more stars in subcluster 2 being ejected
than in subcluster 1. This correlation allows us to probe the as-
sembly history of a star cluster from the ejection directions, ages,
and velocities of runaway stars.

4. Discussion

4.1. Persistence of runaway groups through projection
effects

In our simulated cluster, the anisotropy of runaway stars is di-
rectly linked to the subcluster merger history. To apply this to
observations, we must determine whether the anisotropy can
be clearly seen from any given observation angle, and the de-
gree to which the groups of runaways appear to be distinct. We
tested this by rotating the cluster about a randomly generated
unit vector by a randomly generated angle and then recalculating
the escape directions. Figure 9 shows a histogram of 1000 ran-
dom projections (top) and histograms of the average, maximum,
and minimum values of the projections as well as the cumula-
tive sum of runaway fractions per bin (bottom). The bins are
centered such that the central bin is the most prevalent escape
angle for each projection. The histograms are strongly peaked,
and in almost every projection (each row in the top panel) a
fainter secondary peak in the escape direction is still visible.
The secondary peak indicates a second SCES runaway group.
The strongly peaked histograms, paired with the steep cumula-
tive sum distribution, tells us that if there is a significant sub-
cluster merger history in a cluster resulting in a population of
SCES runaways, observers will see an anisotropic distribution
of runaway stars regardless of viewing angle.

4.2. Fossils of cluster assembly history

Groups of runaways ejected by the SCES are distinctly grouped
kinematically, temporally, and directionally. We can identify
clusters ejected by this mechanism by finding corresponding
grouping in age-velocity space and �u-✓u space. With well-
resolved velocities and ages of runaway stars from Gaia, this
technique can be applied to find runaways originating from the
same subcluster. If paired with other groups of SCES runaways,
one can unwind the dynamical assembly history of the natal clus-
ter. Furthermore, in the case of multiple runaway groups, the rel-
ative size and velocity of each group can indicate which subclus-
ter merger happened first. The groups with more stars at higher
velocities likely were ejected later. Since SCES groups can only
be ejected while the central potential is contracting, the kinetic
ages of multiple SCES groups can constrain the timescale of
their natal cluster’s assembly.

Observations typically only look for runaway O and B-type
stars because of their short lifetime. If an O or B star is far from
a star forming region, it must be a runaway whereas low-mass
stars could just be field stars. Furthermore, there is a bias toward
massive stars for ejection via BSS and DES : Massive stars have
a multiplicity fraction of > 90% (Sana et al. 2014), and because
of mass segregation massive stars are clustered in the stellar core
and are more likely to have close dynamical encounters (Oh &
Kroupa 2016). Therefore, the presence of many low-mass run-
away stars is a unique feature of the SCES. There are 3 O stars
(� 15 M�) in group 1 and 7 O stars in group 2, so these SCES
runaway groups would be detectable using just the O stars. In the
case of anisotropic runaways, we predict these high-mass run-
aways to be accompanied by many more low-mass stars with
similar velocities and ages. Depending on how many massive
stars are in a runaway grouping, one can estimate how many
low-mass stars accompany them using the IMF.
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Fig. 6. Trajectories of runaway star group 1 originating from a subcluster merging into the central cluster, with color indicating the stellar velocity
(light= vmax, dark= vmin). The dots are star particles at the given time, and the star markers indicate the runaway stars in the group as they form.
The total number of stars in the cluster is listed in each panel.

4.3. Observational examples

The most promising example of the SCES is a group of runaways
ejected to the north of R136 in the 30 Doradus star-forming re-
gion (Stoop et al. 2024a). Of the 18 runaways ejected < 1 Myr
ago, 16 are ejected in the same direction. Additionally, there is
an older group of runaways ejected more isotropically, which
suggests that they were ejected by DES or BSS. There is a dis-
tinct separation in age-velocity space between the SCES and
BSS/DES groups, just as we see in our model. This also con-

firms detectability of SCES runaways using age and velocity.
Stoop et al. (2024a) suggest that the anisotropic runaways were
ejected by an interaction with another cluster. Our results fur-
ther suggest that these ejected stars are the tidal tails produced
in the tidal disruption of a late-forming, infalling subcluster. Ob-
servations show that there is an ongoing merger between two
subclusters within R136 (Sabbi et al. 2012). This confirms that
R136 formed via hierarchical assembly and supports the case for
the SCES as the ejection mechanism of its northern runaway star
group.
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Fig. 7. Trajectories of runaway star group 1 originating from a subcluster merging into the central cluster, with color indicating the stellar velocity
(light= vmax, dark= vmin). The isosurfaces show four values of the gravitational potential of both the stars and gas, |Ug| = 1047,48,49,50erg, with dark
to light from lowest to highest. As the runaway stars form, they are plotted with star markers. The total number of stars in the cluster is listed in
each panel.

Another example of possible SCES ejection is seen in the
runaway OB stars ejected from the young massive cluster NGC
6618, which seem to have a preferential direction. In Fig. 6 of
Stoop et al. (2024b), the directions of runaways are plotted show-
ing 7 of 13 stars ejected in a < 90� region of the sky. Further-
more, in Fig. 8 of Stoop et al. (2024b), there is a distinct grouping
of stars in velocity and stellar age. These stars are ejected from a
cluster  1 Myr old (Hanson et al. 1997; Ho↵meister et al. 2008;

Povich et al. 2009; Ramírez-Tannus et al. 2017), which indicates
a dynamical ejection, as no stars have exploded as SNe yet. We
argue that this group of runaway stars was ejected via subcluster
merger rather than individual dynamical interactions.

Figure 12 of Drew et al. (2021) shows the ejection directions
of runaway OB stars in NGC 360 and Westerlund 2, colored ac-
cording to the time of their ejection. The runaway populations
from both clusters display some anisotropy, with clusters of run-
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Fig. 8. Trajectories of runaway star group 2 originating from a subcluster merging into the central cluster, with color indicating the stellar velocity
(light= vmax, dark= vmin). The dots in the top row (analogous to Fig. 6) represent star particles, and the star markers indicate the runaway stars in
the group as they form. The bottom row (analogous to Fig. 7) shows the same runaway star trajectories, with the potential of gas and stars plotted
as isosurfaces. The isosurfaces show four values of the gravitational potential of both the stars and gas, |Ug| = 1047,48,49,50erg, with dark to light
from lowest to highest.

aways moving in roughly the same direction. While it is possible
these have all been ejected by the DES, we argue the anisotropy
indicates a subcluster merger as their origin.

4.4. Runaway binary stars

Two dynamical binaries3 were ejected via the SCES in our
model, both in group 1. We note that our model did not in-
clude any primordial binaries, a topic we will explore in future
work. The time evolution of their velocities and orbital separa-
tions from the system center of mass is shown in Fig. 10 along
with the velocity of all SCES runaways. Both systems formed
as extremely wide dynamical binaries. After passing through the
central potential, they became significantly harder as orbital en-
ergy is lost during the dynamical encounter(s) in the dense core.
This suggests that tight primordial binaries ejected via the SCES
are unlikely to be ionized. On the contrary, we show that ejec-
tion through the SCES can further harden binaries. This needs
to be confirmed by analyzing a similar model with primordial
binaries.

The hardening e↵ect occurred in both a circular and a slightly
eccentric binary. One binary transitioned into a circular (e =
0.089) orbit after passing through the central potential, gaining
orbital angular momentum through dynamical encounters in the

3 We refer to binaries as dynamical if they formed dynamically rather
than primordially—in the protostellar disk. All binaries in our model
are dynamical.

dense core. The other was irregular, settling into a steady eccen-
tric (e = 0.276) orbit roughly ⇡ 0.1 Myr after peak acceleration.

With the expectation that binaries are preserved and hard-
ened through this mechanism, the SCES has the potential to pro-
duce runaway binaries with a broad range of properties. This is
because runaways produced by the SCES are a mostly uniform
sampling of the stars formed in a subcluster.

Observations of runaway binaries are fairly rare. The binary
fraction of observed OB runaway stars is ⇡ 8% (Gies & Bolton
1986; Mason et al. 1998). Simulations of equal mass binary-
binary collisions also found that ' 10% of O type runaways
were binaries (Leonard & Duncan 1990). The ejection mech-
anism producing the observed runaway binaries is not always
certain.

The ejection mechanism is unknown for two confirmed run-
away O-star binaries HD 14633 and HD 151374(Gies & Bolton
1986). They both are in a tight (P ⇡ 15, 30), eccentric (e ⇡
0.7, 0.48) orbits with low mass companions (1-3 M�) (McSwain
et al. 2007). The low-mass companions could be neutron stars,
but neither pulsars nor X-ray emissions are detected, so ejection
via BSS cannot be demonstrated5. This leaves the case of a low-

4 HD 14633 and HD 15137 originated in the open cluster NGC 654,
approximately 2,400 pc away.
5 McSwain et al. (2007) explored the possibility of quiescent neutron
stars as the companions. Quiescent neutron stars emit X-rays at a com-
parable magnitude to O stars but are spectrally distinguishable. X-ray
observations with spectral resolution must be done to determine the
presence of a quiescent neutron star companion.
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Fig. 9. Histograms of runaway star directions from 1,000 di↵erent pro-
jections. Top: 2D histogram showing the 1,000 projections, sorted verti-
cally and centered horizontally by peak number of runaway stars, Nrun,
and wrapped around the x-axis. For every projection there is a strong
peak. Looking at each row individually, a fainter peak can be seen to
the right or left of the peak value. Bottom: Average value of the pro-
jections (black histogram) and the range from maximum to minimum
(gray area), with values given by the left axis. The dashed line shows
the cumulative sum of the runaway stars per bin, with values given by
the right axis.

mass star companion. Most primordial O star binaries with low-
mass companions6 have wide orbits (a > 100 AU) (Sana et al.
2014; Moe & Di Stefano 2017). Given our results, it is possible
that HD 14633 and HD 15137 originated as wide O-B pairs that
were hardened and ejected via the SCES.

The SCES ejects binary systems while they are young, and
they most likely survive. This means binaries ejected via the
SCES can potentially undergo two velocity kicks, with a sec-
ond kick from the BSS following the SCES7. Furthermore, be-
cause the binaries are hardened during the SCES, the velocity
kick from the BSS will be even higher. This could be a chan-
nel for producing hypervelocity stars (HVSs). HVSs are stars
unbound from the Galaxy, which requires v & 400 km s�1

in the Galactic rest frame depending on location and direc-
6 The low-mass companions could also have been massive stars
stripped of their envelopes via mass-transfer (Sana et al. 2012).
7 A two step ejection method via DES-BSS was introduced first by
Pflamm-Altenburg & Kroupa (2010).

Fig. 10. Radial velocity, vr, relative to the center of mass over time and
the orbital properties of the SCES runaway singles and binaries. Top:
Time evolution of all the runaways in groups 1 and 2. Middle and bot-
tom: Velocity (solid) and semimajor axes, ai (dotted) of each member in
the two runaway binary stars formed in our simulation. Both are from
group 1. The dark lines are the primary stars, and the light lines are
the companion stars. Orbital properties for each system are listed in the
corresponding panel, calculated for the stable orbits after t = 0.85 Myr,
which is indicated by the vertical black line.

tion. Tauris (2015) found the BSS capable of producing HVSs.
For HVSs with masses M? = 0.9, 3.5, and 10 M� they
found kick velocities in the Galactic rest frame up to vmax

gr f =

1, 280, 770, and 550 km s�1, respectively. These maximum ve-
locities are only possible via the BSS for particularly favorable
binary parameters, such as closer orbits.

Binaries ejected via the SCES become more favorable HVS
progenitors via subsequent BSS: they are closer in orbit, further
from the galactic disk, and already locally unbound. Therefore,
SCES binaries are more likely to produce HVSs via a subsequent
BSS than if a binary undergoes the BSS while still bound to
its parent cluster. This two-step mechanism is a likely channel
for producing HVSs with trajectories not pointing toward the
supermassive black hole at the Galactic center8(Hills 1988).

The runaway binaries produced in our model could not be-
come HVSs, as their orbital velocities are too low. Rather, we
argue that a close primordial binary could become further hard-
ened by ejection through the SCES and thus acquire a fast

8 HVSs can be produced when a tight binary has a close encounter
with the supermassive black hole at the center of the Galaxy and its
companion is captured. A large number of late B-type HVSs originate
in this way (Brown et al. 2014).
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enough orbital velocity to become a HVS after the SN of its
companion.

4.5. Importance of initial conditions

Our initial conditions are simplified: a spherical cloud of al-
most uniform density with isotropic turbulence. In reality, GMCs
forming star clusters are filamentary (see Heyer & Dame 2015;
Klessen & Glover 2016; Hacar et al. 2023). Subclusters forming
from spherical clouds are closer to the center of mass and more
evenly distributed than those forming from filamentary clouds.
Accounting for filamentary initial conditions could dramatically
increase the e↵ectiveness of the SCES.

The two subclusters that formed furthest from the center of
the cluster in M6 were ejected. Subclusters that form late or
far enough away that they approach the assembling cluster af-
ter most of the other subclusters have already merged will be
most e↵ectively accelerated in the SCES. The subcluster must
approach during the period when the central potential is still con-
tracting. With more realistic filamentary initial conditions, there
will be more subclusters formed as the dense gas will be more
distributed. We therefore predict a much higher fraction of SCES
runaways from star cluster models with more realistic initial con-
ditions due to the increase in the number and infall distance of
subcluster merger events.

In future work, we plan to import GMCs formed in large-
scale galaxy simulations into torch to assess the extent to which
realistic initial GMCs a↵ect the fraction of runaway stars formed
via the SCES. This will give us a better idea of how many ob-
served runaways can be attributed to the SCES versus the BSS
or the DES. This issue highlights the necessity of using realistic
initial conditions, particularly for realistic subcluster dynamics
in star cluster formation models.

4.6. High peak stellar density

The stellar encounter rate per unit volume � in a star cluster is
given by � / ⇢2/� where ⇢ is the stellar density and � is the ve-
locity dispersion (Verbunt & Hut 1987). Due to the high initial
density and low virial parameter of the initial cloud for our M6
model, the star cluster collapses to a high stellar density, result-
ing in a high stellar encounter rate. We compare the half-mass
density of our model to young (< 10 Myr) Milky Way and Local
Group star clusters in Fig. 11. We also indicate the time periods
of ejection (peak velocity) for the two runaway groups.

The stellar density of our model when the runaway groups
are ejected is higher than the observed values. However, we note
that this is the density just after core collapse. The cluster will
relax to a lower stellar density as it continues to evolve, and,
indeed, the stellar density has already begun to decrease at a
steady rate following the ejection of group 1. Considering their
ages (the youngest is 3 Myr old), the observed clusters used to
make Fig. 11 are most likely already further post-collapse than
our model. Also, aside from R136, none are as massive as our
M6 model, which is more characteristic of clusters in starburst
galaxies.

Regardless, the high stellar density in our model compared
to observations implies that the interaction rate could be inflated.
The fraction of stars ejected via the SCES in clusters that do not
reach as high stellar densities during core collapse would likely
be lower than in our model. Additional models with more self-
consistent initial conditions are needed to constrain the e�ciency

Fig. 11. Half-mass stellar density of our model over time. Regions of
observed ⇢hm values in young clusters (< 10 Myr) are indicated by hori-
zontal gray shaded regions. The dashed border lines show extragalactic
clusters, and the solid border lines show Milky Way clusters. The verti-
cal shaded regions show the time windows when runaways are dynam-
ically ejected at peak velocity in our M6 model. The observational data
were taken from Portegies Zwart et al. (2010).

and frequency of SCES runaways in clusters of varying mass and
density.

5. Conclusions

Using a star-by-star simulation of star cluster formation from a
gas cloud, we have identified the SCES as a new channel for the
origin of runaway stars. This scenario occurs when a subcluster
forms late, after the rest of the cluster is mostly assembled, and
the subcluster then falls into the contracting central potential,
becoming tidally disrupted and ejecting the majority of the stars
in the subcluster as runaways in tidal tails.

We believe the reason this phenomenon had not been iden-
tified earlier is the oversimplification of initial conditions in
many star cluster formation simulations. Using a smooth spher-
ical cloud instead of a cloud more realistically structured by su-
personic turbulence results in less energetic subcluster mergers
since star formation is more centrally concentrated in a spheri-
cal cloud. This emphasizes the need for linking scales and using
realistic clouds formed in galaxy formation simulations as initial
conditions for models of cluster formation.

To determine the fraction of runaways formed by the SCES,
BSS, and DES, we must import a self-consistently formed GMC
to model the hierarchical assembly correctly. We also need to
include primordial binaries, as they are essential for ejection via
the DES or BSS. Furthermore, the simulations must be run for
long enough to account for long-term dynamics and the timing of
SNe. The M6 simulation in this study was only run for 1.35 t↵ ,
equivalent to less than 1 Myr, and therefore no SNe occurred
during this time.

The runaways formed by the SCES are highly correlated
with respect to their velocities, ages, and ejection directions.
Finding groupings of runaway stars with similar values of these
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three properties is a straightforward method for detecting run-
aways formed from the same subcluster merger. If anisotropy
is observed in a group of runaway stars, this indicates a dis-
tinct subcluster merger history. Conversely, if the runaways are
isotropic, this indicates a mild cluster assembly history and ejec-
tion primarily via the DES or BSS channels. A multimodal spa-
tial or velocity distribution of runaway stars could indicate multi-
ple distinct subcluster mergers, as seen in our model. Depending
on the resolution of observations, these groups of runaways can
be used as fossils to trace the assembly history of a star cluster.

An important caveat for confirming an anisotropic distribu-
tion of runaway stars concerns the number of detectable run-
aways: if a cluster ejects a small number of runaway stars
isotropically, even fewer will be massive and detectable. This
could falsely imply anisotropy in runaway star ejection direc-
tions. A su�ciently large sample of massive runaway stars is
needed to exclude this possibility and confirm the anisotropy of
the ejection direction. On the other hand, if grouped runaways in
the small sampling have the same velocities and kinetic ages, it
is likely that they were ejected by the SCES.

We surveyed observational work and found several
anisotropic populations of runaway stars. Stoop et al. (2024a)
show that the group of runaways moving north of R136 has
properties consistent with ejection via the SCES. We also find
runaway groups in other clusters that could be produced by the
SCES, though more analysis needs to be done to confirm this.
Regardless, observations of runaway stars must be looked at
through an additional lens of possible SCES origins.

The SCES is capable of producing runaway binaries. Two
wide binaries in our model were ejected, and through ejection,
their orbits hardened significantly. This suggests that primordial
binaries can survive ejection and end up with harder orbits. The
SCES can thus explain observations of runaway binaries. This
scenario also allows for a subsequent BSS ejection, which will
be more energetic than a birthplace BSS as the binary progenitor
is already unbound and in a hardened orbit. A two-step SCES-
BSS ejection is therefore a potential production mechanism for
HVSs unbound from the Galaxy.
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