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The ∼60 000 solar-mass (M⊙) star cluster R136 (NGC 2070) in the Tarantula Nebula in the Large
Magellanic Cloud is the host of at least 55 massive stars (M ≳ 10M⊙) which move away from the cluster at
projected velocities≥ 27.5 km=s. The origin of the high velocities of such runaway stars have been debated
since the 1960s, resulting either from dynamical ejections or from supernova explosions. Because of the
Gaia satellite’s outstanding precision, we can now retrace the most recently ejected binary star, Mel 34,
back to the center of R136 and reconstruct the events that 52 000 years ago led to its removal from R136;
i.e., we establish its dynamical interaction and ejection history. We find that this ejection requires the
participation of five stars in a strong interaction between a triple composed of the tight massive binary Mel
39, orbited by the star VFTS 590, and the binary star Mel 34. The participation of five stars is unexpected
because runaway stars were not expected to result from triple interactions. The deterministic nature of the
Newtonian dynamics in the scattering enables us to reconstruct the encounter that ejected Mel 34. We then
predict that Mel 39 is a binary star with an 80M⊙ companion star that orbits within ∼1° in the same plane as
Mel 34 and escapes the cluster with a velocity of ∼64 km=s. The five stars will undergo supernova
explosions in the coming 5 Myr at a distance of ∼180–332 pc from their birth location (R136). The
resulting black hole binaries, however, are not expected to merge within a Hubble time.
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Introduction—The young (≲1 Myr) and massive
(∼60 000M⊙) star cluster NGC2070 (also known as
R136) in the Large Magellanic cloud is one of the most
dynamically active regions in the local group [1]. It is host
to the largest known population of stars more massive than
100M⊙ and several even in excess of 150M⊙ [2,3].
With a core density of n ≃ 4.2 × 105 stars=pc3 and a

mean stellar mass of hmi ∼ 3.6M⊙ in the segregated core of
R136, stellar encounters are common and violent, leading
to frequent stellar collisions [4] and high-velocity ejections
[5]. Stoop et al. [6] reported on 20 stars of ≳10M⊙
escaping the cluster with a velocity of > 27.5 km=s in
the last 0.84 Myr, leading to a mean ejection rate
of Γ≳ 24 Myr−1.
These runaways cannot have been produced in the

supernova explosion in close binary systems [7,8] because

with an age of 1.5–2 Myr [6] the cluster is too young for the
first supernova to occur. These observed runaway stars
must then have been violently ejected in multibody
encounters [9–11] or in the kinematically cold collapse
in a multiclump cluster merger [12]. The latter process
explains about half the runaways ejected in the recent wave,
particularly those in a preferred direction and with veloc-
ities around 40 km=s, as discussed in [6,12].
Themost recently ejected runawaybinaryMel 34 ismoving

too fast to be ejected through amulticlump cluster merger and
must have been ejected in a strong encounter with other stars.
Here, we present a forensic analysis of the last encounter that
led to the dynamical ejection of Mel 34. We reconstruct the
details of this encounter and identify the participating other
stars, which were ejected in the same event.
The last massive runaway star Mel 34—The most

recently ejected object is the binary Mel 34AB composed
of two stars of 139þ21

−18M⊙ and 127� 17M⊙ in an eccentric
(e ¼ 0.68� 0.02) 154.55� 0.05 day (a ≃ 3.63 A:U:)
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orbit. Mel 34 was ejected 52� 8 kyr ago with a projected
velocity of ∼46.3� 6.4 km=s [13].
The characteristics of Mel 34 are surprisingly consistent

with a dynamically formed binary [14]: the system exhibits
a tight orbit with high eccentricity, and both stars are among
the most massive in the cluster. In addition, tracing back
Mel 34’s trajectory, it passed 0.046–0.060 Myr ago to
within the projected position of ð−0.058� 0.65; 0.42�
0.28Þ pc from the estimated center of R136 [6], as depicted
in Fig. 1.
The ballistics of the last runaways—Ejecting a massive

binarywith such a high velocity requires an unusually strong
encounter with other stars. The binary itself can deliver
enough energy for such an ejection if the encountering star is
of comparable mass, but can we identify this other star?
Mel 34 may have formed as a wide binary system, over

time decreasing its orbital separation (a process called
hardening) through interactions with its cluster siblings
and ambient gas. At orbital separations less than
a ∼ 1400 A:U:, its binding energy would exceed Ebin ≳
10 kT (see Supplemental Material [15], Sec. B, on the use
of kT as a unit of energy). At ∼60 A:U: (∼600 kT),
interactions become sufficiently energetic for ejecting other
stars. From that moment, such a binary is referred to as a
bully binary. These bully binaries play a prominent role in
the dynamical evolution of stellar clusters [5]. Although not
currently a cluster member, Mel 34 today has an equivalent
binding energy of Ebin ∼ 4300 kT, making it a bully binary.
The typical energy release in an encounter between a

target bully binary (with mass mt) and a projectile star with
mass mp is [16]

dEbin ¼ ξqEbin: ð1Þ

Here q≡mp=mt, and ξ ¼ Oð0.2Þ [a dimensionless scaling
factor depending on equipartition—see Eqs. (4.29) and
(5.40) in the Supplemental Material [15]—although the
precise value depends on the details of the encounter]. A
bully binary leads to roughly eight escapers of comparable
mass before it is sufficiently hard to eject itself [17]. When
Mel 34 ejected itself in a dynamical interaction in R136’s
core, the encountering object being lower in mass was also
ejected because linear momentum in such interactions is
conserved.
The 46.8þ6.5

−6.1M⊙ star VFTS 590 was ejected 62þ5
−4 kyr

ago from ð−0.47; 0.31Þ pc relative to the cluster center with
a velocity of 83.4� 6.2 km=s (∼324 kT, see also Fig. 1)
[6]. Both stars, Mel 34 and VFTS 590, are then ejected at
the same time within 1.1 standard deviations. VFTS 590
was launched in a direction almost perpendicular to the
bulk of the other recently ejected stars, suggesting that it
does not belong to the population of runaways accelerated
in the kinematically cold subcluster merger. However, the
amount of kinetic energy required to eject Mel 34 and
VFTS 590 exceeds ∼891 kT; more than 8 times the
expected dEbin ∼ 107 kT generated in such an encounter
[see Eq. (1)].
The alternative exchange interaction in which, for

example, VFTS 590 is the original secondary in a binary
with Mel 34B, can deliver the appropriate amount of
energy, but to account for the kinetic energy of the two
runaways and Mel 34’s binding energy, the preencounter
orbital separation of the binary should be between 0.8 and
3 A.U. Such an interaction typically has a 17 times higher
probability to result in a collision between two or more stars
rather than a clean exchange. The latter cross section is only
σ ∼ 11 A:U:2, or equivalently expressed in the encounter
rate Γ ∼ 83 Myr−1, and the typical velocity with which
VFTS 590 would be ejected is much too high (up to
∼140 km=s). VFTS 590, however, cannot have been
responsible for the ejection of Mel 34 because the inter-
action does not conserve angular momentum (see
Supplemental Material [15], Sec. C).
The other stars participating in the encounter—Angular

momentum can only be conserved if at least one other star
participated in the encounter, which would also have been
ejected from the cluster (Fig. 1). We performed four-body
(binary-binary and triple-single) scattering experiments to
determine the most favorable mass of the unknown run-
away (see Supplemental Material [15], Sec. E). The largest
cross section and consistent postencounter parameters are
achieved for a 90� 3M⊙ star: which would be VFTS 590’s
binary companion before the encounter (see Sec. D in the
Supplemental Material). This mystery runaway star would
now be at a distance of about 8.5� 0.3 pc from R136’s
center. In Fig. 1, we show the escaping star’s trajectory
that conserves linear momentum. There is no prominent

FIG. 1. Reconstruction of the historic trajectory for the massive
binary Mel 34 (red), VFTS 590 (black), and the mystery runaway
star that would conserve angular momentum in a binary-binary
encounter (magenta). The arrows are proportional to the veloc-
ities (except the magenta one, which is mass dependent). The
cyan-colored circles indicate the cluster’s core and half-mass
radii. The contours give the probability density distribution for
the encounter site at 0.01, 0.2, 0.4, etc. confidence levels. The
blue dot to the right indicates where Mel 39 is observed; the arrow
shows our predicted velocity vector.
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candidate star with a measured proper motion along this
trajectory up to a distance of ∼600 pc [6], although it could
be obscured or below the detection limit (of ∼10M⊙ for a
main-sequence star). We consider the possibility that Mel
34 was ejected through the interaction with an intermedi-
ate-mass black hole exotic because the cluster is insuffi-
ciently dense and too young to have formed such an
object [18].
Almost directly opposite Mel 34 at the other side of the

core of R136, at an angle of ∼179.8°, another binary called
Mel 39 runs away from R136. The Wolf-Rayet primary star
in Mel 39 is ∼140M⊙. An orbital period of about 92 days is
reported, but the companion star is not yet identified [19].
Mel 39 is about 20% further away (in projection) from

the center of R136 than Mel 34 (see Fig. A.1 in
Supplemental Material [15]). If both objects ejected each
other from the cluster center, the projected velocity for Mel
39 would be about 64 km=s. With the conservation of
linear momentum, we estimate the total mass of Mel
39 ∼ 220M⊙; that leaves about 80M⊙ for its companion
star. Interestingly, this is consistent with the spectroscopi-
cally determined mass of 80� 11M⊙, derived by [20]. It is
conceivable that such a secondary was not observed in
optical surveys because the primary apparently outshines it.
With these parameters, its orbital separation will be about
2.48 A.U., somewhat tighter than Mel 34, but with a
binding energy of ∼4000 kT, it is softer.
A single star (VFTS 590) that simultaneously engaged

two binaries in a strong encounter is improbable and leads
to too high runaway speeds, except if the relative encounter
velocity ≳15 km=s (see Sec. A in Supplemental Material
[15]). The latter exceeds the cluster’s escape speed, making
such an encounter highly unlikely. The star VFTS 590 then
must have orbited one of the interacting binaries.
Reconstructing the interaction—Exploring the entire

parameter space of a five-body encounter is hindered by
its large volume. We can limit the available parameter space
enormously by requirements that energy and momentum
(linear and angular) are conserved throughout the
interaction.
The two binaries, currently with binding energies of

∼4300 and ∼4000 kT for Mel 34 and Mel 39, respectively,
have to generate enough energy to accelerate VFTS 590
(324 kT), Mel 34 (567 kT), and Mel 39 (896 kT) to their
present-day velocities. This total of 1787 kT has to come
from the binding energies of the binary and the triple. Note
that, for an equal-mass encounter, the delivery of 1787 kT
can satisfactorily be achieved by two binaries with a total
binding energy of ∼8935 kT, which is only slightly higher
than the total binding energy in today’s two binaries,
leaving roughly 635 kT for the orbit of the tertiary. We
then argue that the binding energies of the two binaries are
rather well constrained, and we only have to identify the
various components. Note that the minimal stable orbit for

VFTS 590 as tertiary component around Mel 34 or Mel 39
has a semimajor axis of ∼25.1 or 36.6 A.U., respectively
[21]. The binding energy of these orbits corresponds to 300
and 362 kT, respectively.
To simplify the discussion, we parametrize the inter-

action as a target triple t with inner components t11 and t12
and outer component t2. The projectile binary comprises
two stars, p1 and p2. We then write the preencounter
topology as hððt11; t12Þ; t2Þ; ðp1; p2Þi. Here, the angle
brackets indicate a hard dynamical encounter and paren-
theses the bound pairs.
The various stars can be divided into a triple and a binary

in 5! combinations. We reduce parameter space by adopting
the masses of VFTS 590 (50M⊙) and Mel 39B (80M⊙)
unique and assuming 130M⊙ for Mel 34A, Mel 34B, and
Mel 39A. We further adopted circular orbits for the
projectile binary and the inner binary of the target triple.
Relaxing this assumption does not affect the energetics of
the encounter. Although we cannot exclude that Mel 34 has
some residual eccentricity from a previous encounter, the
tidal circularization timescale for Mel 39 is smaller than its
lifetime [see Eq. (4.13) in Supplemental Material [15] ],
and it was probably circularized before the encounter. The
eccentricity of the tertiary was taken randomly from the
thermal distribution with the requirement of a stable triple
(see Table I).
We then constrain the preencounter parameters by

determining the most probable configuration, and in
addition to that, identify which of the five components
should be associated with VFTS 590 or Mel 39B. The
resulting eight combinations are listed in Table I as scenario
A–H (see also Sec. E in Supplemental Material [15] ).
The optimal parameters are determined by running five-

body simulations to reproduce the postencounter binaries,
Mel 34 and Mel 39, with their appropriate orbital separa-
tions of 3.63 and 2.48 A.U., respectively, and runaway
speeds (see Sec. E in Supplemental Material). With an
interaction rate of 34.9 Myr−1, we favor scenario G. VFTS
590 then identifies with t2, the tertiary orbiting a binary,
with Mel 39B as the secondary (t12). The presented
calculations assume an orbital separation of 4 A.U. for
the inner (target) binary of the triple (t11, t12), 40 A.U. (up
to 200 A.U.) for the outer orbit, and 6 A.U. for the
projectile binary (p1, p2).
To further identify the three remaining stars, t11, p1, and

p2, we calculate the relative frequency for each of the
various configurations for the interactions in scenarios G
(Table E.1 in Sec. E of Supplemental Material [15] lists all
relative probabilities for scenarios A–H).
The binary-preserving encounters for model G have the

largest probability with a rate of ∼27 Myr−1; conveniently
close to the observed 24 Myr−1. The most probable
interaction then is
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hððMel39A;Mel39BÞ;VFTS590Þ; ðMel34A;Mel34BÞi → ðMel34A;Mel34BÞ; ðMel39A;Mel39BÞ;VFTS590: ð2Þ

The interaction

hððMel34A;Mel39AÞ;VFTS590Þ; ðMel34B;Mel39BÞi → … ð3Þ

leading to the same final configuration is less probable by a
factor ∼5 (Γ ≃ 6 Myr−1).
Figure 2 presents an example encounter showing inter-

action G. The cross section is largest for orbital separations
of the inner target and projectile binaries of 4 and 6 A.U.,
respectively, and these reproduce the current observed
orbital separations and runaway velocities. The orbital
separation of VFTS 590 around Mel 39 (in the range of

40–200 A.U.) has a negligible effect on the interaction
cross section because the energetics of the interaction is
dominated by the binding energies of the two binaries (see
Sec. E in Supplemental Material).
Changing the incoming relative encounter velocity

affects the result as expected through gravitational focus-
ing. We prefer a relative encounter velocity of 7 km=s
because it is consistent with the cluster’s core velocity
dispersion and the resulting cross section is consistent with
the estimated encounter rate for the cluster center (see
Sec. E in Supplemental Material [15]).
Results—The last energetic encounter in R136 occurred

∼52 000 years ago between a hierarchical triple and a
binary. The triple was composed of ((Mel 39A, Mel 39B),
VFTS 590) with orbital separations of 4.0� 0.5 A:U: for
the inner target orbit and an outer orbit between 40 and
200 A.U. Before the encounter, the binary (Mel 34A, Mel
34B) had an orbital separation of 6.0� 0.5 A:U.
The interaction reproduces statistically the

observed orbital separations of Mel 34 and Mel 39, the
velocities of both binaries, and the observed velocity of
VFTS 590. Table II presents the pre- and postencounter
parameters. In Fig. 3 we present the distribution of
semimajor axis and eccentricity for the postencounter
binaries Mel 34 (shades) and Mel 39 (contours). The
orbital separations for both binaries are well constrained
by the simulations and match the observed values.
The relatively small dispersion in probability density
distribution for the eccentricities comes as a surprise,
as we naively would have expected a close-to-thermal
distribution.

FIG. 2. Interaction between the triple ((Mel 34A, Mel 39B),
VFTS 590) and the binary (Mel39A, Mel34B) for scenario B in a
strong dynamical interaction with a relative velocity of 7 km=s.
The interaction leads to the ejection of VFTS 590 as a single star
and the preservation of the two binaries. The two escaping
binaries are ejected in opposite directions, consistent with the
observations, including the ejection velocities, the relative orbital
separations, and the eccentricity of Mel 34.

TABLE I. The 8 initial configurations for a triple-binary encounter. The target triple has an inner separation ain ¼ 4 A:U:, and outer
separation aout ¼ 40 A:U: The projectile binary with ap ¼ 6 A:U:, encounters the target triple with a relative velocity of venc ¼ 7 km=s.
The last four columns give the interaction cross-section (σ), the fraction of cases in which VFTS 590 is ejected ðfesc;VFTS590Þ, with a
velocity of at least vej ≳ 27.6 km=s (frun), and the corresponding rate that VFTS 590 and the two surviving binaries are ejected with at
least vej ≳ 27.6 km=s calculated for the core collapsed cluster R136 (Γesc;VFTS590). The most likely scenario is G.

id Initial configuration σ [106 A:U:2] fesc;VFTS590 frun Γesc;VFTS590 Myr−1

A hððt11; t12Þ; t2Þ; ðMel39B;VFTS 590Þi 61.8 0.002 0.000 0.0
B hððt11; t12Þ;VFTS 590Þ; ðp1;Mel39BÞi 53.5 0.397 0.016 6.2
C hððt11; t12Þ;Mel39BÞ; ðp1;VFTS 590Þi 38.6 0.002 0.000 0.0
D hððt11;VFTS 590Þ; t2Þ; ðp1;Mel39BÞi 90.5 0.129 0.002 1.1
E hððt11;Mel39BÞ; t2Þ; ðp1;VFTS 590Þi 63.0 0.004 0.000 0.0
F hððt11;VFTS 590Þ;Mel39BÞ; ðp1; p2Þi 106 0.099 0.007 5.2
G hððt11;Mel39BÞ;VFTS 590Þ; ðp1; p2Þi 101 0.442 0.049 34.9
H hððMel39B;VFTS 590Þ; t2Þ; ðp1; p2Þi 109 0.109 0.006 4.6
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In our best solution Mel 39A is accompanied by an
80M⊙ star in a 2.48 A.U. orbit. The interaction between the
two binaries induced a high eccentricity (e ¼ 0.78� 0.09
but with a median of 0.73� 0.02) in Mel 39 and a mean
runaway velocity vrun ¼ 70.6� 8.6 (median is 60.7 km=s).
The two binaries are ejected in almost opposite directions
with a median angle of Θ ≃ 172° [hΘi ¼ ð152.9� 24.2Þ°].
The relative inclination between Mel 34 and Mel 39 is
δi ¼ ð−1.1� 56Þ°. Our derived inclination for Mel 39 is
consistent with the recent observed value of 90° [20] and
comparable to their observed eccentricity of 0.618� 0.014.
However, [20] arrive at a somewhat wider orbit. The
argument of pericenter and the line of the ascending node
do not show any systematic correlations in the simulation
results.
Discussion and conclusions—The two bully binaries can

deliver sufficient energy to eject all the 20 observed
runaways of ≳10M⊙ in the last 0.84 Myr. The asymmetry

in the direction of the recent runaways [6], however,
suggests that about half of them were ejected in a cold
subcluster merger, as discussed in [12]. Considering the
top-heavy mass function and the hardness of the two bullies
(2470 kT for Mel 39 and 2230 kT for Mel 34), we then
expect that ∼52 more runaways will be discovered with a
mass between 1M⊙ and the observational detection limit of
∼10M⊙; with early ejected runaways having systematically
lower velocities.
Both bully binaries ran into each other about 52 000 years

ago, leading to their mutual ejection; this epoch of bully
binaries has now temporarily ceased. Mel 34 and Mel 39
may have prevented the early hardening (from ∼10 to
1000 kT) of a new bully, and it may take a while before
another binary takes their place. The four binaries R136 38,
R136 39 (not to be confused with Mel 39), R136 42, and
R136 77 [22] have such short orbital periods that a strong
interaction is expected to lead to a collision rather than a
dynamical ejection.
In about 3 Myr, both binaries Mel 34 and Mel 39 will

circularize, experience mass transfer, and eventually, after
about 5 Myr, the stars will explode in supernovae. By that
time, Mel 34 will have traveled ∼184 pc and Mel 39–
258 pc. Mel 34 and Mel 39 are the prototypical example
binaries that eventually lead to black hole mergers [23],
though not in a Hubble time.
We demonstrated how observing the physical properties

of runaway stars provides the opportunity to reconstruct in
detail the dynamical history of young-massive stellar
clusters.

Data availability—The data that support the findings of
this Letter are openly available [24,25].
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