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Resumen

Las estrellas fugitivas o "Runaway Stars" son estrellas que se cree, han sido
expulsadas de sus respectivos cumulos estelares con altas velocidades relativas
al movimiento del centro de masa del cimulo. Existen dos mecanismos para
su produccion: expulsiones basadas en supernovas en sistemas binarios, donde
la estrella companera explota sin dejar un remanente y lanza a la otra a una
velocidad orbital instanténea, y la desintegracion de sistemas triples (o sistemas
multiples de orden superior) que produce una estrella binaria fugitiva, Runaway

Binary (RB) y una estrella fugitiva solitaria, Runaway Star (RS).

Después de discutir las expectativas tedricas para ambos mecanismos, buscamos
candidatos a estrellas fugitivas utilizando datos del telescopio espacial Gaia
DR3, con enfoque en la desintegracion triple en el antiguo ciimulo abierto M67.
Creamos una metodologia sistematica para buscar pares candidatos de
RS/RB producidos por la desintegraciéon de sistemas de tres cuerpos
ligados, formados a partir de interacciones entre sistema binario y una estrella
solitaria, basada en la conservaciéon del momentum y la causalidad. El método es
generalizado y puede ser aplicado a cualquier cimulo que tenga un conjunto de
datos cinemaéticos 5D. Utilizamos diversos criterios para buscar estos pares en un
campo de vision circular de 150 pc alrededor del ciimulo abierto M67, el cual es
utilizado como ctmulo de referencia para probar la robustez de nuestro método.
Nuestros resultados revelan solo un par de RS/RB que es consistente
con todos nuestros criterios de selecciéon, de un tamano de muestra inicial

de 10® pares (es decir, 10? objetos).

Keywords — estrellas: cinematica — mecénica celeste, Dinamica estellar — Medio

interestelar: cinematica y dinamica
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Abstract

Runaway stars are thought to have been ejected from star clusters with high
velocities relative to the cluster centre-of-mass motion. There are two competing
mechanisms for their production: supernova-based ejections in binaries, where one
companion explodes leaving no remnant and launching the other companion at
the instantaneous orbital velocity, and the disintegration of triples (or higher-order
multiples) producing a recoiled runaway binary (RB) and a runaway star (RS).
After discussing the theoretical expectations for both mechanisms, we search for
runaway star candidates using data from the Gaia DR3 survey, with a focus on
triple disintegration in the old open cluster M67. We create a systematic
methodology to look for candidate RS/RB runaway pairs produced
from the disintegration of bound three-body systems formed from
single-binary interactions, based on momentum conservation and causality.
The method is general, and can be applied to any cluster having a 5D kinematic
data set. We use our criteria to search for these pairs in a 150 pc circular field of
view surrounding the open cluster M67, which we use as a benchmark cluster to
test the robustness of our method. Our results reveal only one RS/RB pair
that is consistent with all of our selection criteria, out of an initial sample

size of ~ 10® pairs (i.e., ~ 10* objects).

Keywords — stars: kinematics — celestial mechanics, stellar dynamics — ISM:

kinematics and dynamics
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Chapter 1
Introduction

Star clusters with large stellar densities > 100 Mg pc—? create very active dynamical
environments, where binary and single stars interact on short timescales of order
a few Myrs (e.g. , ; , ). Such star clusters
evolve due to the intracluster dynamics ( , ), ejecting stars into
the Galactic field via a combination of two-body relaxation and the disintegration
of higher-order multiples (usually binaries) interacting (often chaotically) due to
single-binary and binary-binary interactions. This binding and then subsequent
dissociation of temporary groupings of three or more stars occurs in all types of
star clusters, including nuclear star clusters, globular clusters (GCs) and open
clusters (OCs). Analogously, it is also possible for stable triple systems to become
unstable, ejecting a binary and single star. We expect these events to be relatively
rare in dense clusters since here the requirement for dynamical stability favours
wide triples which are prone to disruption due to interactions with direct singles

and binaries on short timescales.

For especially young clusters, stars can also be ejected from clusters due to
supernovae (SN) explosions in binaries, which act to destroy the SN progenitor

and launch its binary companion at the instantaneous orbital velocity.

Stars ejected from a cluster due to either of the above mechanisms (i.e., excluding
two-body relaxation and other mechanisms that may be operating more rarely) are
known as runaway stars (RSs). Observationally, RSs are typically defined as stars

1

with velocities above 30 km s ~! (e.g. , : , ) relative to

the host cluster centre-of-mass velocity. But they can have lower velocities as well,



in which case they are typically referred to as walkaway stars ( ,

). Typical velocities of RSs escaping from young OCs must be sufficiently
high to identify them as RSs, but also sufficiently low that they remain sufficiently
close to their host cluster to have a non-negligible probability of being observed
and associated with a cluster. For the purposes of this investigation, we call any
object ejected from a cluster due to either the disintegration of triples (formed
primarily from single-binary interactions but also including stable multiples that

become unstable and disrupt) or the SN-induced ejection scenario as an RS object.

Fast-moving stars have been the subject of extensive studies through both
observations and simulations. There have been many studies on dynamically
ejected massive stars from young star clusters using numerical integrations (

; ) ) 5 5 5

, , ). In most cases, the studies were performed using
few-body scattering experiments (e.g., , ,

, , , , , ), and focused on young star
clusters. Interestingly, however, the contribution of RSs coming from old star
clusters relative to the total population of observed fast-moving stars in our Galaxy
has been argued to be non-negligible, mostly due to the ejection of singles during
three-body interactions (e.g. , , , ,

, ). Observationally, studies of RSs were initially limited to
bright massive stars. However, this changed with the launch of the Gaia mission
( , ), which has provided precise measurements of
positions and velocities for more than 1.5 billion stars in the Milky Way. As a
result, numerous new RSs have been discovered (e.g. ,

, , , , , , ), including ones at the

low-mass end, highlighting the fact that they exist across all stellar masses.

The first scenario for producing RSs involves the explosion of a SN in a binary
system (see appendix A2)( , ). If one binary companion reaches the
end of its life first and detonates, leaving behind no remnant, then the secondary
will be launched at the instantaneous orbital velocity (e.g. , ). The
maximum possible velocities of such late-type B-star RSs and G/K dwarfs thought
to be produced from binaries disrupted via asymmetric SN explosion are observed

to be up to ~ 770 and ~ 1280 km s~! in the galactic rest frame ( : ).



Such high velocities are expected to be rare, however. Simulations show that
massive RSs resulting from the SN-induced disruption of binaries rarely exceed
velocities of 60 km s~!. About 99.8% of the simulated unbound companions are
slower than this threshold ( ) ). Most would only barely exceed
velocities of 1 km/s ( , ). Simulations of low-mass disrupted
binaries have shown that, in some rare cases, higher ejection velocities < 400

! can be reached. In old star clusters, we expect the dominant mechanism

km s~
for producing SN explosions to involve the accretion-induced collapse of white
dwarfs (WDs), implying that the progenitor binaries should contain as least one
WD companion. The reason for this lack of purely stellar evolution-driven SN
is that the cluster turn-off mass tends to be sufficiently low that supernovae are
not expected to be occurring anymore. Such compact WD-star binaries should
produce high ejection velocities for MS stars, since here the binaries need to be
in a near contact state in order to transfer mass to the WD and the WD radius
is very small. See the A2 for the maximum ejection velocities possible for the

SN-based mechanism for producing RSs when WDs are involved.

The second mechanism for RS production thought to operate in old star clusters
is the decay of gravitationally-bound systems of three or four stars. There are
two ways to create an RS star via a three-(or four-) body disintegration. In the
first scenario, a hierarchical triple (or quadruple) is born stable, but later becomes
unstable due to stellar or binary evolution, or even internal secular dynamical
processes (e.g., Lidov-Kozai cycles) (e.g. , : , : ,

). In the second scenario, three (or four) bodies meet and become temporarily

gravitationally bound via a single-binary (or binary-binary) interaction.

In both scenarios, the triple disintegrates, launching one RS and leaving behind a
RB with a recoil velocity decided by linear momentum conservation (

, ; , ). Hence, given an observed RS,
using the available observational data, it should be possible to compute exactly
where the RB is if it formed from the disintegration of a triple (e.g.

, ). It is then possible to search for the RB in large stellar catalogues.

This exercise works well for four-body interactions as well (e.g. ,
: , : , : , ) albeit this requires
the identification of both ejected singles when the interaction decays into a RB

and two RSs. In general, much higher velocities can be produced from triple



disintegrations involving more massive objects, especially if an intermediate-mass

black hole is involved (e.g. : , ; , ).

We propose a novel methodology for the identification of RS/RB pairs formed
from the decay of three-body systems formed from single-binary interactions in
a star cluster. As we will show, despite producing similar ejection velocities as
the SN-based mechanism, it is these RSs that should be identifiable as being
associated with a progenitor cluster with the highest confidence. We leverage the
extensive Gaia database to identify the most probable RS/RB pairs. We focus
in this investigation on the old open cluster (OC) M67 as a case study, given
its close distance to the Sun, moderate age and dynamically active environment.
Located at about 860 pc ( ) ) the old OC M67 (NGC
2682) is made up of stars of solar age and composition, with an isochronal age of
~ 4.0 Gyr ( , ; , ;
, 2017).

Proper motion and radial velocity surveys of M67 ( ) ;

, ; , ) have confirmed kinematic cluster memberships
and estimate a population size of order 1000. Studies have shown that close
stellar encounters involving binary stars may be frequent in M67 ( , ;

, ; , ), and that the formation of these

dynamically-sourced populations can also lead to the creation of RSs (e.g.
, ).

In Section 2, we present and discuss the relevant physical concepts needed to
understand how and why our selectia criteria are constructed. In Section 3, we
present our methodology for identifying our most probable RS/RB pairs. In
Section 4, we present the results of applying our method to the old OC M67 using
the Gaia data, and identify the most probable pairs of RSs/RBs for further study
(e.g., radial-velocity observations). Finally, in Section 5 we conclude and discuss
improvements on the present analysis that can be implemented when applying our
method to other clusters, as well as the significance of our results for confirming

the expected dynamical behaviour involving binary stars in clusters by searching
for RSs.
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Chapter 2

Theoretical Framework

2.1 Theoretical expectations for three-body

disintegrations

In this section, we discuss in more detail the observed properties of RSs/RBs
ejected from clusters due to single-binary interactions and the underlying
physical mechanisms that produce their properties. We show that for the triple
disintegration scenario, a larger number of typically robust selection criteria can
be applied to the data to constrain the origins of RS/RB pairs, relative to the

SN-based mechanism.

In order to quantify what we expect for typical velocities of RSs formed from the
triple disintegration scenario, we can compute a theoretically expected distribution
of escaper velocities. Let the velocity of the escaper in the centre-of-mass coordinate
system be vs. Then, a typical escape velocity distribution for the single star in three-

body disintegrations can be described by the formula ( ,

E

(3.5 Eo|*ms M /mp)vsdus

f(vs)dvs = (|E0| + %(msM/mB)USQ)Q/Qu

(2.1.1)
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which is suitable to the isotropic case. Here, the total energy of the three-body

system 1is

1 1
Ey = omil + M = G

maMmy, msmnp

ye : (2.1.2)

r Ts

where the separation between the components of the binary system is r and ry is
the separation between the escaper and the binary center of mass. For the masses
of the bodies we have: m, and m,, are the masses of the stars in the binary system,
mg is the total binary mass (m, + my,), ms is the mass of the escaper and M is
the sum of all masses in the three-body system. We also have M = "7 and
m = =2 the reduced masses of the relative motions of the binary and the third

body, respectively. The peak of this distribution is obtained by:

2(M — my)
s)peak — T Ey|. 2.1.
(U )p k 5mSM | 0‘ ( 3)
The most likely escape velocity assuming an initial binary separation of 100
AU, for example, (which is getting close to the expected hard-soft boundary)

is of order a few km s~ 1.

Deriving a predicted velocity distribution requires
assuming an underlying distribution of binary orbital parameters, both for the
triple disintegration scenario as well as for the SN-based mechanism (but see
the appendix A2 for more details about the expected ejection velocities for the

SN-based mechanism).

Given an assumed ejection velocity for a RS candidate coming from the triple
disintegration mechanism, both timescale as well as momentum conservation-based
arguments can be used to predict the exact position and velocity of the associated
RB candidate. In particular, since momentum conservation should be upheld
during the decay of triple systems, the ratio of the RS and RB velocities should

be equal to the inverse of the ratio of their masses, or:

MRS

URB — VRS, (214)

MRB

where vgrs/vgrp and mgs/mgp are, respectively, the RS/RB velocities and masses.

Given a mass-luminosity ratio, the masses can be converted to observable
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luminosities (or magnitudes). Additionally, the candidate RS and its associated
candidate RB should have equal travel times from the position where the velocity
vectors intersect. We call this position the cross-point, and it should lie within
the tidal radius of the host cluster. Finally, using energy conservation, it is in
principle possible to also constrain the initial binary orbital separation of the
putative single-binary interaction, given observational constraints on the final
binary orbital separation as well as all three stellar masses. We emphasize that
none of the preceding constraints can be applied to RSs coming from the SN-based
mechanism (see the appendix A2 for more details), which should in principle
translate into an ability to more confidently associate an identified RS candidate

with a host (old) star cluster for the triple disintegration mechanism.

Such dynamical interactions inside clusters can be crucial to deciding the final
state of the cluster itself ( , ). But few constraints on the
orbital properties of the underlying binary population are available, particularly
in old, massive clusters like GCs with crowded fields of view. We will argue in this
investigation that, by looking observationally for the products of single-binary
interactions, limits can be placed on the distribution of binary orbital separations.
It is possible to obtain these constraints because the mean timescale between
single-binary interactions in star cluster cores (where most ejection events are

thought to occur) is given by ( , E

71+2:3.4><107(1—fb)1fb1<1pc>3(103p03>2< Urms )( m )(1AU)yr,

Te no 5kms~t/\ 1M, a

(2.1.5)
where f, is the binary fraction, r. is the core radius in parsecs, ng is the number
density in the core in pc™3, v, is the root-mean-square velocity in km/s, m is the
average mass (in My ) and a is the mean binary semi-major axis (in AU). Note that
Equation 2.1.5 suggests that the rate of single-binary interactions scales linearly
with binary semi-major axis, which is the most difficult quantity in this equation
to measure observationally. It follows that, by constraining the frequency of RSs
formed from single-binary interactions, limits can be placed on the underlying
binary orbital separation distribution. Based purely on Equation 2.1.5; it is

specifically the mean semi-major axis that is constrained.



8 2.1. Theoretical expectations for three-body disintegrations

As an example, consider how many RSs we expect to observe around M67 at a
given time due to triple disintegrations coming from single-binary interactions in
the cluster core. Specifically, consider a circular field of view of radius 150 pc at

1 a star will

the distance of M67. Moving at a tangential velocity of 30 km s~
cross this field-of-view in roughly 10 Myr. But the time between single-binary
interactions in M67 is < 5 Myr (using the same parameters as adopted in Section
3.1 of ( ) but assuming a mean orbital separation of 100
AU instead, which is approaching the hard-soft boundary). Assuming all of these
interactions resulted in the ejection of the decay products (i.e., binary and star for
a single-binary interaction) at 30 km s™! the cluster (which is roughly an order
of magnitude higher than expected for the typical recoil velocity), we therefore
expect an order of 2 RS/RB pairs from the cluster in this field of view at the
present time due solely to single-binary interactions. If we observe more/less than
this, this could imply that some of our assumptions are incorrect such as, for
example, the mean binary orbital separation and/or the binary fraction. With
that said, however, we expect few RS/RB pairs coming from individual clusters,
but this lack of statistics can be somewhat mitigated by looking to other clusters

as well.

To summarize this section, given the additional constraints available when
searching for RS candidates coming from the triple disintegration scenario, the
confidence level with which the RS candidate can be associated with a host cluster
should be much higher than for the SN-induced mechanism. This is especially
true when working without radial velocities and hence only five dimensions in
phase space (i.e., three position parameters and two in velocity). In addition, it
should be possible to distinguish RSs coming from each mechanism, given the
discussed differences in their predicted properties, despite overlap in the predicted

velocity distributions.
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Chapter 3

Methodology

We develop a methodology to identify RS candidates from clusters coming from
the disintegration of three-body systems formed from single-binary interactions,
which we apply to the old OC M67 as a case study. To this end, we present our
methodology for identifying not only interesting RSs, but also candidate RBs that
are consistent with having interacted with them. The methodology results in a

(short) list of RS/RB pair candidates and their corresponding observed properties.

3.1 Data acquisition

In this section, we introduce the data used to search for RS/RB pairs in the
vicinity of M67, as well as our preliminary cuts in distance and position on the

sky (but defer more in-depth calculations to an appendix Al).

3.1.1 Gaia DR3 Data

Ideally, we must build a 6-D phase space, requiring right ascension, declination,
proper motions, radial velocity and parallax (i.e. distance). In our case, we
are able to construct a nearly complete 5-D phase space using the Gaia DR3
catalog, but lack reliable radial velocities (see Section 5 for more of a discussion
on the difficulties, or lack thereof, imposed on our analysis by lacking the
sixth dimension). This data release represents a major advance with respect
to Gaia DR2 and Gaia EDR3 because of the unprecedented quantity, quality,

and variety of source astrophysical data. To date this is the largest collection
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of all-sky spectrophotometry, radial velocities, variables, and astrophysical
parameters derived from both low- and high-resolution spectra and includes
a spectrophotometric and dynamical survey of SSOs of the highest accuracy (

, ). The photometry also features increased precision,
but above all much better homogeneity across colour, magnitude, and celestial
position. ( , : , : ,

). Even though Gaia DR3 includes the sixth data release from the Radial
Velocity Experiment (RAVE) survey ( : ), we do not include
these data in our analysis. Excluding radial velocities quantifies how constraining
are the data without the third dimension in velocity, which can be exceedingly
difficult to obtain in many clusters (e.g., crowded fields). It is also important to
note that the Gaia data require care when estimating distances from parallaxes
that are either large (2 1 kpc) or have large uncertainties ( ) ).
Hence, we adopt a course-grained cut on distance for our candidates, as described

in the subsequent section.

3.1.2 Preliminary sample selection

In order to identify our initial sample of candidate RSs, we extract from the Gaia
data ( ) ) a complete 5-D kinematic data set (i.e.,
proper motions, parallax and position on the sky) that covers our chosen field of
view of ~ 10 degrees radius on the sky or 150 pc radius from the centre-of-mass
of M67 (i.e., forming a circular field of view in 2-D). This limit and hence our
first cut in the data is decided, as calculated in Section 2, based on the calculated
time between single-binary interactions and the expected ejection velocity from
the cluster, such that of order unity RS/RB pairs are expected to be observed

within our chosen field of view at any given time.

First, we apply a cut in distance. For this, we adopt a cylindrical volume with a
radius of 150 pc and a length of 300 pc (in the direction of the cluster), centered
on M67. We select all sources that lie within this 3-D cylinder. We do not use
the uncertainties in parallax for this preliminary cut, which can be substantial in

some cases (but see below).

Within this cylinder, we identify in total 203,190 objects not factoring in the
uncertainties in parallax, whereas including objects with parallax uncertainties

that make them consistent with lying within the domain of our cylinder to within
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1-0 increases this number by about a factor of two. We do not include these
additional objects in our initial sample since most of them are dim with large
uncertainties in most of our 5-D parameter space. Hence, the inclusion of these
additional objects will most likely not result in a significant change in our final
sample of high probability or "best" candidate pairs. We note as well that the
change in sample size we obtain upon performing a similar cut in the 2-D position
on the sky (i.e., including all sources that lie within 1-0 of falling inside our
circular field of view) is negligible given the small uncertainties. Hence, we also

do not include these additional objects in our initial sample.

For our second cut in the data, we do not consider objects located within the cluster

in projection on the plane of the sky. Using for the cluster center o = 851™23%.3,

g = +11°49'02” (J2000) ( ) ), we identify those RSs located
outside the cluster tidal radius. In previous studies, the tidal radius was found to
be either 14 + 2.5 pc ( , ), 16.8 pc ( ,

) or 17.98 pc ( , ). For simplicity and to choose a balance

between these values, we adopt a tidal radius of 17 pc. For all of our calculations,
we assume the following additional parameters for M67. We assume a total mass
of the cluster M, = 2100 4+ 600 Mg, core radius r. = 1 pc (

) ) and a half light radius r, = 2.6 pc ( : ).

Finally, we remove from our sample all objects with 2-D velocities smaller than
the escape velocity from M67 relative to the cluster centre of mass. For this,
we adopt an escape velocity of 2.6 km/s, calculated using the method adopted
in ( ) by assuming a correction factor of f.;(1.2) = 0.09154
(corresponding to the velocity once the object reaches the tidal radius). We also
consider only sources that the velocity vector points opposite to the tidal radius.

This cut reduces our sample size from 203,190 to 15,346 sources.
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3.2 Final sample selection

In this section, we apply the cuts to our data described in Section 2, which are
applied to identify the most likely candidate RS/RB pairs that were ejected from
M67 due to single-binary interactions. We begin, as described in the previous
section, with a total of 15,346 objects, yielding in total 235,499,716 possible
pairs. If we then eliminate all duplicate pairs, this leaves us with a sample size of
117,864,981.

3.2.1 Traceback position and time

First, we identify every pair of objects whose 2-D velocity vectors trace back to
intersect within the tidal radius of M67. This is done as follows. Using equation
A1, we first transform to a coordinate system in velocity-space that is centered
on the centre-of-mass motion of M67. We then calculate in this frame the 2-D
proper motion vector for every object in both magnitude and direction using the
Gaia proper motions in both RA and Dec ( , ,

, , , , and , , see eq. A2, A3 and A4),

along with the corresponding uncertainties.

Using the proper motions and their uncertainties in RA and Dec, we calculate
three vectors for each object, yielding three limiting angles of intersection given by
equations A1.10; Al.11 and A1.12. We then calculate three points of intersection,

called cross-points, by applying the equations in Section A1.3

We keep in our sample all pairs with at least one of these three limiting cross-points

lying within the tidal radius of M67, and discard the rest.

Next, all pairs of candidate objects with cross-points located within the domain of
M67 must coincide in not only space but also time. Hence, we calculate for both
objects in every pair the traceback time (TBT) to the location of the cross-point,
defined as the time taken to travel from the cross-point to the presently observed
object position. This is done using the measured values in both distance traveled
and velocity, assuming the presently observed velocity is constant and has not
changed over the extent of its travel across the field of view. We then calculate
an uncertainty by propagating the provided uncertainties in both position and

velocity. Hence, the time it will take object a (and it is the same for object b) to
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reach the cross-point is given by:

2 2
P 7 X —rx ) (r) — 1
TBTa B |’T‘a _ Tcp| _ ( a cp)2 ( , P) (321)
|l (vx)” + (vd)
— — X X 2 2
TBT;, = A I G kY M i ) (3.2.2)
| 0] (0F)* + (v)?

where 7, is the distance separating the object’s current position from the centre-
of-mass of M67 and v, is the velocity relative to the centre-of-mass motion of M67.
Similarly, 7%, is the vector from the centre-of-mass of M67 to the cross-point with
rep and 77 being the corresponding values for each coordinate. If the difference
in TBT values for a given pair of objects is consistent with zero to within 1-o, we

keep the pair in our sample and discard it otherwise.

3.2.2 Angle of intersection between velocity vectors

We further require that, in the plane of the sky, the angle between their velocity
vectors (to the hypothetical cross-point) of a given pair must be consistent with
180°, as illustrated in Figure 3.2.1. To evaluate this consistency, we use the two
limiting vectors described above when evaluating the possible range of cross-points
for each pair, which yield a minimum (lower) and maximum (upper) possible angle
(using the 1o uncertainties in both directions). We calculate the angle between
the intersection of each pair of vectors using eqs. A1.10, Al.11 and A1.12. If a
given pair has an angle of intersection consistent with 180° to within these upper

and lower bounds, we keep it in our sample and discard it otherwise.

3.2.3 Velocity ratio

We also require that both objects should have velocities consistent with linear
momentum conservation. This means that, assuming that the slower moving
object is a binary at least twice as massive as its single star counterpart (and hence

that it was the lowest mass star that was ejected from the three-body interaction
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as a single), the ratio of object velocities should exceed two. We apply this cut to
our data using the provided proper motions in RA and Dec by calculating a total
magnitude for each object velocity in 2-D (relative to the centre-of-mass motion
of M67), and then use these values to compute a ratio. We propagate the 1-o
uncertainties in proper motions to compute an uncertainty for each velocity ratio.
We then keep in our sample all pairs that have a velocity ratio greater than two
by 1-0 or more and discard them otherwise (but see below for including with this
velocity ratio cut the requirement that the slower moving object should likely be

more massive and hence brighter).

3.2.4 Position in the colour-magnitude diagram of the

progenitor cluster

Finally, we assess whether or not both objects in each pair have a location in
the CMD that is consistent with having originated from M67 using the g, and
grp filters. Specifically, we require than one object (the candidate single star)
should lie within 1-0 of an isochrone for M67 in both colour and brightness
simultaneously (but note that our results do not change significantly if we instead
use both magnitudes instead of a colour), while the other object (the candidate
binary) should lie within 1-o (in both colour and brightness) of the area in colour-
brightness-space defined as the region between the isochrone and an identical track
shifted upward by 0.75 mag (corresponding to the equal-mass binary sequence).
Additionally, it is the slower object that should be the brighter one from linear
momentum conservation (assuming the brighter object is more massive). To
evaluate this, we use the PARSEC isochrone fit provided in ( ).
We consider that the pair is a valid candidate if the dimmest object is the fastest
and it simultaneously lies within 1-0 of the isochrone in both magnitude and
colour. At the same time, the slower object must be consistent with lying between
the isochrone and the equal-mass binary sequence to within 1-¢ in both magnitude
and colour. If both objects in a given pair satisfy this criterion then we keep it in

our sample and discard it otherwise.
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Figure 3.2.1: Diagram illustrating the key criteria used to identify sources that
have interacted in a three-body system, including the cross-point, angle, and
traceback time. Direction and velocity vectors for both single runaway (v,) and
binary runaway (v,) sources are indicated. The centre-of-mass of the binary
system (indicated with an "CoM") is given as a reference point. The time it takes
for the single source to reach the crosspoint (¢,) and for the binary source (¢,) are
also indicated.
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Chapter 4

Results

In this chapter, we first describe the results of our analysis, focusing on the fraction
or number of pairs that simultaneously satisfy all of the criteria described in the
previous section. Our initial preliminary sample size, described in Section 3.1.2, is
117,742,185. We present our most probable candidate RS/RB pairs, indicating

for each how well they satisfy each criterion.

4.1 Final sample

In this section we describe in brief to what degree our initial sample satisfies each
of our adopted selection criteria. We quantify how strict is each of the criteria

adopted to filter the initial number of pairs.

4.1.1 Traceback position and time distributions

The first cut applied to the data is one that ensures that the velocity vectors of a
given pair of objects, rewound back in time, intersect in 2-D space at some point
that is consistent with lying within the tidal radius of M67. Second, we require
that these traceback vectors intersect not only in space but also time. These cuts
reduce our initial sample size by, respectively, 56% and 90%. The distributions
in both the ratio and difference in traceback times for each pair are shown in

Figure 4.1.1.

The reason for the fact that these cuts only reduce our sample size by roughly

an order of magnitude is that most objects have velocities that follow an overall
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Galactic flow, and hence tend to point in similar directions with comparable
magnitudes. Additionally, all objects lie a roughly similar distance away from the
centre-of-mass of M67 (i.e., to within a factor of a few given our field of view and
the limiting tidal radius of M67). Given these limitations, it is not so surprising
that a relatively large fraction of pairs are consistent with having originated from

M67 while also having similar traceback times.

4.1.2 Distribution of angles of intersection between velocity

vectors

We further require that a given pair have an angle at the cross-point between
the two velocity vectors that is consistent with 180°, as predicted from linear
momentum conservation. To this end, we compute the angle of intersection
for every pair of objects in our sample. The resulting distribution is shown in
Figure 4.1.2.

As is clear, the least probable angle to obtain is 180°, making this cut especially
constraining. The typical uncertainty in this angle is highly dependent on how
dim the two objects in a given pair are, but is around a degree for pairs having
both members brighter than Gy, < 20. Hence, most sources do not fall within 1-o

of 180°. Specifically, this cut reduces our initial sample size by 99%.

It is however worth noting that part of the reason for the low probability associated
with an angle of 180° is that, as already described, most stars follow an overall
"Galactic flow", such that their velocity vectors tend to be more aligned than not,

and with similar magnitudes.
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4.1.3 Velocity ratio distribution

In order to keep a given pair in our sample, we require that the velocity ratio of a
given pair exceed two by at least 1-o. The distribution of velocity ratios for every
pair in our sample is shown in Figure 4.1.3, where the velocities are computed with
respect to the cluster centre-of-mass motion. The vertical dashed line indicates
the critical velocity ratio of two. As is clear, this cut is not especially constraining
for the same reasons discussed in the previous sections (i.e., most objects seem to

follow an overall Galactic flow). It reduces our initial sample size by 67%.

Finally, since we have assumed that it is always the least massive object ejected
from a three-body interaction, we also require that for each pair the slower moving
object should be the brighter one. If we apply this simple cut after the one
made previously in this section, we further reduce our sample size by one order of

magnitude in total from the initial sample.

4.1.4 Position in the colour-magnitude diagram

Both objects should lie within 1-¢ (simultaneously in both colour and brightness)
of the area in colour-brightness-space defined by the region between the isochrone
and an identical track shifted upward by 0.75 mag (corresponding to the equal-
mass binary sequence). Finally, we require that for a given pair, the fastest source
(the candidate single) must lie within 1-o (in both colour and brightness) of an
isochrone for the progenitor cluster. By applying the criteria that the dimmest
object must be the fastest and the slowest object must be the brightest, we reduce
the total sample by 56%. Further, considering the fact that the fastest star lies
within the isochrone with 1o confidence, we eliminate approximately 98.5% of the

total sample.
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Figure 4.1.2: Histogram showing the distribution of intersection angles between
the velocity vectors for every pair in our sample. The x-axis shows the angle in
degrees.
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Figure 4.1.3: Histogram showing the distribution of velocity ratios for every
pair in our sample. The vertical dashed line shows a critical ratio of two, and it is
only above this line that we expect to associate binary runaways with their single
counterparts.
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4.2 How many candidates are left?

After applying all of the above criteria, we are left with only one pair that satisfies
them all simultaneously. This one pair is shown in Figure 4.2.1. The small dots
show cluster members obtained from ( ), whereas the two large
circles correspond to the two components of our one candidate pair. The lines
show an isochrone fit and the equal-mass binary sequence (obtained by shifting
the isochrone up in brightness by 0.75 mag). The colour-coding indicated in the
provided legend shows which of the two objects is the fastest, confirming that it

is indeed the brighter object that is moving slower.

Therefore, after applying all of the criteria available to us from momentum
conservation and causality, our total sample size is reduced by eight orders of

magnitude, from ~ 10% to 1.
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Figure 4.2.1: Colour-magnitude diagram of the old open cluster M67 plotted
using the Gaia data, selecting only those stars indicated as high-probability cluster
members in ( ), plotted as small blue dots (note that this catalog
excludes objects that do not fall on an isochrone, removing objects such as blue
stragglers). The solid red lines show the best-fitting isochrone (lower line) as well
as the equal-mass binary sequence shifted 0.75 mag above it (upper line). The
larger dots indicate the two components of our one candidate pair that passes all
of our criteria. The red and black dots correspond to, respectively, the faster and
slower moving objects. The cluster members do not include blue stragglers and
other binary evolution products because they are far from a standard isochrone
fit.
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4.3 Catalog

In this section, we present a catalog of our 10 most probable RS/RB pairs. That
is, we provide the properties of those pairs that satisfy the largest number of our
selection criteria. Although the choice is arbitrary, we chose 10 pairs since this
provides a basis for comparison, and a reasonable balance between length and a
rough "probability" of actually being a legitimate ejected RS/RB pair. We caution,
however, that there is no a priori reason why satisfying the largest number of our
criteria should indicate the highest probability pairs, and taking this approach
could exclude actual RS/RB pairs that were ejected from the cluster. With that
said, however, we do notice that beyond roughly 10 candidates those objects that

satisfy our criteria tend to do so because they have large uncertainties.

Our final catalog is provided in Table 4.3.1, which gives observed and calculated
quantities for each pair along with the corresponding 1-o uncertainties. Each row
corresponds to a different candidate pair. In the first two columns, we provide
the object IDs from the Gaia data for each component of a given pair, labeled
as object a and object b, where object a has the larger velocity. Columns 3
and 4 give for object a and b the magnitude corresponding to the blue Gaia
passband, respectively, whereas columns 5 and 6 show the same thing but for
the red passband. Columns 7 and 8 provide the velocity in km s~! and the
corresponding 1-o uncertainty. Column 9 answers the question: Is the brighter
object traveling slower. Column 10 is the velocity ratio between both sources
and the respective 1-o uncertainty. Column 11 provide the difference in TBTs
and the corresponding 1-o. Columns 12 give the angle of intersection along with,
respectively with 1-0. Columns 13 answers the question: Do the fastest objects in

the pair satisfy our CMD constraints derived from the isochrone fit?

Table 4.3.1 illustrates an important trend in the data. That is, we observe
a tendency for dim objects to have larger proper motion (and magnitude)
uncertainties, which translates into larger uncertainties for the calculated angles
of intersection, traceback times and velocity ratios. Hence, our selection criteria

become more constraining with increasing object brightness.



Table 4.3.1: Best 10 resulting pairs

[ ID, (Gaia DR3) [ ID, (Gaia DR3) [ 8o | 8w | Bpa | 8rps | Va [km/s] [ vi [km/s] | Brighter = Slower? [ v,uio [ TBTais; [Myr] | 6.4 [degree] | Isochrone Fit? |
1 |599619181604349440 | 604856670884640384 | 18.36 | 16.95 | 16.57 | 15.46 | 66.9+ /-0.4 27.60+/-0.24 | YES 2.426+/-0.026 | 0.005+/-0.007 | 179.6+/-0.5 | YES
2 | 599610561605532928 | 604856670884640384 | 16.97 | 16.95 | 15.49 | 15.46 | 84.38+/-0.26 | 27.60+/-0.24 | YES 3.057+/-0.029 | 0.006+/-0.006 | 179.6+/-0.5 | NO
3 | 662118862798733824 | 591491424147901184 | 19.52 | 15.92 | 17.12 | 14.79 | 70.8+/-2.3 35.36+/-0.16 | YES 2.00+/-0.07 0.001+/-0.027 | 178.5+/-1.8 | NO
4 | 648620154247150080 | 604513730630053504 | 21.21 | 20.99 | 18.57 | 18.41 | 64.3+/-3.0 29.2+/-1.5 YES 2.20+/-0.15 0.00+/-0.06 179.1+/-2.8 | NO
5 | 648804081926315904 | 604207237468507264 | 21.34 | 20.64 | 18.71 | 18.16 | 50.1+ /-2.7 23.6+/-1.4 YES 2.13+/-0.17 0.05+/-0.08 1784 /-4 NO
6 | 3146483729561664000 | 606054623161267072 | 21.29 | 21.01 | 18.69 | 18.53 | 30.4+/-1.8 12.44/-1.8 YES 2.54/-0.4 0.18+/-0.23 173+ /-8 NO
7 | 3093040111468262400 | 608838414804007168 | 21.13 | 20.03 | 18.58 | 17.41 | 21.4+/-1.9 3.0+/-0.9 YES 7.0+ /-2.1 0.1+/-0.5 165+ /-21 NO
8 |601160838641459072 | 605806653225091840 | 17.85 | 18.28 | 16.04 | 16.43 | 57.6+/-0.5 27.9+/-0.4 NO 2.06+/-0.04 0.014+/-0.015 | 179.74/-0.9 | NO
9 |636701005819917440 | 596194237243454976 | 16.97 | 20.69 | 15.57 | 18.02 | 37.78+/-0.28 | 18.24/-1.1 NO 2.08+/-0.13 0.01+/-0.07 179+ /-4 NO
10 | 3097964789688276736 | 604221123098059776 | 19.92 | 20.54 | 17.64 | 18.14 | 40.3+ /-0.8 17.0+/-2.9 NO 2.4+ /-0.4 0.03+/-0.18 1754 /-9 NO

soreye) ¢y

* Although the choice is arbitrary, we chose 10 pairs since this provides a basis for comparison, and a reasonable balance between length and a rough "probability” of actually being
a legitimate ejected RS/RB pair. We caution, however, that there is no a priori reason why satisfying the largest number of our criteria should indicate the highest probability pairs,

and taking this approach could exclude actual RS/RB pairs that were ejected from the cluster.

qc
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Chapter 5
Discussion

In this chapter, we discuss possible caveats of our methodology as well as possible

improvements on it in future work.

5.1 False positives

How many false positives do we expect from our analysis? Said another way,
if we choose a random position on the sky, how many pairs in a field of view
comparable to the one assumed herein do we expect to simultaneously satisfy
all of our selection criteria? To address this, we choose a position on the sky
shifted in either RA or Dec by 150 pc and then repeat our analysis for all pairs
in this field of view. This generates four different tests corresponding to the
four different RA /Dec combinations (i.e., positive/negative shift in RA and/or
a positive/negative shift in Dec). In total, this generates an initial sample of
468,586,715 pairs that we apply our methodology to, which is four times greater
than the initial sample size we obtain. Out of all these pairs, zero objects satisfy

all of our criteria simultaneously (mostly due to the CMD location requirements).

In general, based on this analysis, we expect the frequency of false positive
detection to be lower than 1078, and hence lower than the detection frequency
found in this investigation (i.e., 1 out of 10%). The most likely false positives should

in general be associated with dimmer objects, due to the larger uncertainties.

With that said, the methodology presented exploits the causality and conservation

of momentum expected for triple disintegrations, making runaways produced from



5.2. The effects of the Galactic potential 27

this mechanism potentially more reliably identifiable than runaways produced from
other mechanisms, such as in young star clusters where runaways are expected
to be produced from supernovae explosions in binaries at a non-negligible rate.
Consider for comparison how many false positives we would have obtained had
we been looking for runaways produced from SN explosions in binaries. Here, our
primary constraints are checking to see if both the velocity vectors as well as the
location in the progenitor cluster CMD of a candidate runaway are consistent
with having originated from a progenitor cluster. Starting with the initial sample
derived in Section 3.1.2, these two cuts together reduce the sample size by 98%.
This reduction is still much smaller than the total reduction in sample size for
the triple disintegration mechanism. Specifically, we would end up with a final
sample three orders of magnitude larger than for the triple disruption scenario.
This makes for the SN scenario approach at looking for runaways untractable, at
least in old star clusters where associating the runaway with a SN remnant in the

progenitor cluster is highly unlikely.

5.2 The effects of the Galactic potential

Our method neglects the effects of the Galactic potential. This is because the
expectation is that any changes imparted to the velocity vectors of escapers from
M67 should be small over our chosen field of view. This assumption turns out to
be a good approximation when both objects in a given pair have high velocities
and are located close to the cluster, such that their travel times to their currently
observed locations is short. However, this assumption can fail substantially when
the object velocities are low and their positions are far from the host cluster. This

is illustrated in Figure 5.2.1.

Figure 5.2.1 shows the results of simulating 500 ejection events from M67. For
each, the trajectories of the ejected objects are integrated in the Galactic potential
using AMUSE (Astrophysical Multipurpose Software Environment,

, ) a component library for performing astrophysical simulations involving
different physical domains and scales and galpy: A Python Library for Galactic
Dynamics ( , ). We work with over a 50 pc distance (i.e., a distance
representative of that for our identified candidate pair) from the centre-of-mass of

the progenitor cluster (for the single star only), and the final angle between their
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Figure 5.2.1: The results of integrating the trajectories of escapers from M67
in the Galactic potential until the least massive object reaches 50 pc from the
cluster centre. Each inset is plotted with respect to the final angle between the
3-D velocity vectors of the escapers, 6,. (The initial angle between the velocity
vectors is 180°). The top panel shows a histogram of the distribution of 6, for all
pairs. The second panel from the top shows the total change in velocity magnitude
for each object in each pair. The third panel from the top shows the final distances
from the cluster center. In both the second and third panels from the top, blue
dots correspond to the binary, and orange dots correspond to the single star. In
the bottom inset, the y-axis shows the initial direction of ejection of the lighter
star, where ;¢ = 0 corresponds to ejection directly toward the Galactic Centre,
and 0oC = 90° corresponds to ejection along the plane perpendicular to the
galactic plane (the intersection of these planes includes the direction of motion of
the orbiting cluster). In this panel, the data points are colour-coded by the total
change in velocity of the lighter ejected object (i.e., the single star)
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velocity vectors as well as the change in magnitude of the velocities are calculated.
The initial velocity of the binary is set equal to the cluster escape velocity, and the
initial single star speed is then decided assuming linear momentum conservation.
Hence, we adopt the minimum possible ejection velocity, which maximizes the
effects of the Galactic potential in changing the object velocities over our chosen
field of view. We note that we work with 3-D velocities, but these results remain

unchanged using 2-D velocities.

As indicated by the colour-coding the bottom panel of Figure 5.2.1, most pairs
experience the most significant change in velocity when ejected parallel to the
orbital motion of the cluster and the smallest change in velocity when ejected
perpendicular to it. Note as well that objects tend to be decelerated in the former
case and accelerated in the latter. As is clear, for those objects leaving the cluster
with small escape speeds, it is indeed possible for the final angle of intersection
between their velocity vectors to deviate significantly from 180°. This becomes
even worse if a larger field of view is considered, and the orbits are integrated out

to 150 pc or more.

Importantly, if we instead adopt for the initial binary velocity ten times the cluster
escape speed, then Figure 5.2.1 changes dramatically, and 100% of the pairs have
a final intersection angle within 5° of 180°. We note that this is roughly the
case for the one candidate pair identified in this investigation, since the observed
velocities are of order a factor of ten larger than the cluster escape speed, and both
objects are close to M67 in projection on the sky. Nevertheless, the results of this
preliminary analysis suggests that the effects of the Galactic potential should be
considered in future work when searching for ejected RS/RB pairs from clusters,

but should be minimized for faster objects located closer to the progenitor cluster.

5.3 The sixth dimension

In order to further validate our method and confirm or refute the pair of RS/RB
candidates identified here, radial-velocity follow-up observations can be used. This
can not only constrain whether or not a given pair is consistent with having
originated from the progenitor cluster along the line-of-sight, but also potentially
the binary nature of the RB candidate and even its orbital properties. Although

our candidate pair is relatively bright relative to most stars in the cluster, it
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should be regarded with caution given that our analysis lacks the sixth dimension.
This makes additional predictions based on momentum conservation and causality
that can be tested using radial velocity measurements (to confirm/reject that
it is consistent with having originated from M67 and confirm /reject that it is a

binary).
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Chapter 6
Conclusion

In this thesis, we present a systematic methodology to identify runaway stars
ejected from star clusters due to single-binary interactions. This is done by
exploiting the fact that we expect such disintegrations to produce a pair of objects,
namely a single star and a binary, with their relative velocity vectors, positions
on the sky and positions in the progenitor cluster CMD being consistent with
linear momentum conservation and causality (i.e., both objects are consistent
with having originated from within the cluster at the same time). Using the old
open cluster M67 as a benchmark test case, we confront our presented theoretical
expectations with a 5-D kinematic data set obtained from the Gaia EDRJ catalog,

using the provided parallaxes, proper motions and positions on the sky.

Our analysis yields, out of an initial sample size of roughly 10® candidate pairs,
only one single/binary pair that simultaneously satisfies all of our selection criteria.
We present the distributions of calculated quantities for our entire sample to
illustrate which of our criteria are the most constraining, as well as the calculated
properties of our 10 best candidate pairs (i.e., those that simultaneously satisfy
the largest number of our selection criteria). We find that a small fraction (< 1%)
of our initial sample of candidate pairs have an angle of intersection between their
velocity vectors that is consistent with 180° to within 1-0. Additionally, of order
10% of our initial sample simultaneously have a ratio of velocities that exceeds
two with the brighter of the two objects in the pair traveling the slowest. Both of
these criteria are expected from linear momentum conservation, and tend to be

more constraining than simple causality arguments related to the relative travel
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times and distances of both objects in a given pair being commensurate.

The discovery of RS/RB pairs coming from M67, if confirmed, can in turn constrain
both the progenitor cluster dynamical evolution and the underlying binary fraction
and distributions of binary orbital properties. For example, their numbers and
properties can be used to constrain the rate of single-binary interactions, as well
as the approximate energetics of the interactions, by constraining the orbital
separation of a typical binary in the cluster. This is because the mean rate of
single-binary interactions scales linearly with the mean binary orbital separation in
the limit that gravitational focusing dominates the overall collisional cross-section
(e.g. , ). For M67, we find that a mean orbital separation of
~ 100 AU is consistent with of order unity ejected RS/RB pairs being observed
within our chosen field of view, which is consistent with the number of RS/RB
pairs that satisfy all of our selection criteria. Additionally, if the current orbital
separation of a given RB can be measured then, assuming the kinetic energy of the
interaction was roughly consistent with what is expected from the observed cluster
velocity dispersion (i.e., again corresponding to a mean), energy conservation can
be used to constrain the initial binary orbital separation, and in turn constrain the
underlying distribution of binary orbital separations by, for example, addressing
whether or not the observed RS/RB properties are anomalous or expected for a

given assumed distribution of binary orbital separations.

While the results obtained in this study for M67 are promising, it is important
to bear in mind that our candidate pair is still highly preliminary and should be
further constrained using, for example, radial velocities and abundances. Also,
it is important to validate our method by applying it to other star clusters.
This would not only further test the effectiveness of our method but would also
potentially provide valuable insight into the dynamical evolution of other clusters.
Furthermore, by studying multiple clusters, we could potentially identify trends
in the properties of RS/RB pairs and test current theoretical predictions for the
internal dynamical evolution of the progenitor clusters. That is, our method
can reveal differences in runaway demographics between different clusters, which
would give valuable information on the dynamical evolution of different types
of clusters. In future work, we hope to apply our method to a large sample of

clusters to generate the required statistics to address these questions.
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Appendix A

Test

A1l Reference frame

In this section, we describe our chosen frame of reference and how we convert the

available positions and proper motions into this reference system.

A1.1 Positions

We begin with the positions for all the sources in the catalog, which we first consider
in a two dimensional frame. Using ji. = fiq cOs 0, the coordinate transformations

for the positions frame are:

x = cosdsin (o — ag) (ALD)

y = sin d cos dy — cos d sin dy cos (o — ayp)

The positions of the sources are denoted by a (RA) and 0 (Dec). The centre
of the cluster is identified by its RA and Dec, taking values ay = 8"51™23%.3,
dp = +11°49'02” (J2000) ( : )

A1.2 Proper motions

Our goal is to determine two components of stellar velocities based on the proper

motions i, and pg.
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The apparent motions of stars within stellar systems can be influenced by
perspective effects and the motion of the system’s centre-of-mass, as noted in
( ). In particular, the motion of a cluster in the radial direction can

" which has been observed in

produce an effect known as "perspective expansion,’
Gaia measurements of globular clusters, many of which have radial velocities (RVs)
reaching hundreds of kilometers per second ( ). A
first-order approximation of perspective expansion can be derived from Equation
13 in ( ). The equations for the additional shift in proper motion

of a star are:

. VyWo
Aoy per = Aoy (Mcs,o sindp — - Cos 50) )

Uy

(A1.2)

Apts per X — A flasx o Sin 09 — Ad; o
Here Aa; and Ad; are the difference in right ascension and declination between
the system centre-of-mass and an individual star. The proper motions in RA
and Dec are, respectively, uso = —10.97 mas yr~" and pso = —2.9396 mas/yr—'.
We assume v, = 33.64 £ 0.03 km s ( , ) for the radial velocity
of the centre-of-mass motion of M67 and wy = 860 pc for the cluster’s parallax
( : ). The conversion factor that converts mas yr—! to km
s7! at a distance of 1 kpc is K = 4.74. The first term in each equation accounts
for motion within a spherical coordinate system, while the second term accounts
for the perceived expansion or contraction of an object as its distance increases or

decreases.

These contributions can be subtracted from the observed proper motions (relative
to the system centre-of-mass) to isolate the influence of internal kinematics (
). We calculate the components of the corrected velocities parallel to

)

lines of constant right ascension and declination:

~ A,uovk,obs — Aﬂa*,per
,ua,rest ~ —R )

()

p (AMJ*,obs - A:“/é*,per)

Wo

(A1.3)

M6, rest ~
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with Aflasobs = Hax — Hax,o a0d Allse obs = s — fts,0 are the differences in proper
motion in right ascension and declination, respectively, between an individual
star and the system centre-of-mass. We have as a result the fiq yest and fi5 est as
the proper motions in the rest of frame calculated for RA and DEC. We then
transform the velocities to a 2-D Cartesian coordinate system, v, and v,, using

the orthographic projection ( , ):

Vx = forest COS (0 — Q) — Mg rest SIN O sin (0 — )
Uy = flo rest SIN g 8in (v — )+ (A1.4)

[ rest (€OS 0 cos 0 + sin 0 sin dp cos (o — ay)) .

A1.3 Cross Point of the stars

We use the following equation to find the cross-point:

X =z + X, (A1.5)

with X equal to all the possible points on the line conneting each velocity vector to

the centre-of-mass motion of the cluster. The factor A determines the cross-point.

The unit vector n that we adopt satisfies 7 = % The vector equations of the line

for sources a and b are:

g N — Va
Xa - )\ana + 1. = )\a

+ 7 (AL.6)

Uy

Xp =My + 7 = Ap5
Ub|

+ T, (A1.7)
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where )Z'a need to be equal to )Z'b. We need to find the A, and A, values that

satisfy the following condition:

ny (ra —ry) —my (1 — 1)

Ao = 2

Al1.8
nany — nn; ( )
)\b _ ni (7”;( B T’E) B ng (TZ B 7’%) (Alg)

nang —niny,

It is important to note that these values must be negative since the normal

vectors go in the direction of the velocity.

A1l.4 Angle between the velocity vectors

Another fundamental parameter required for our method is the angle between
each candidate pair’s velocity vectors at teh cross-point. To calculate the angle

between the RSs/RBs we use the following equation:

(viv}(’ + v;‘v§’)

vayb

(A1.10)

0. = arccos

By propagating the errors, we obtain a value corresponding to 1o of 6;,. Then

the upper angle is obtained using:

(vf(‘v}z + U;vb)

0, = -+ 01, Al.11
A = arccos g + 0, ( )
and the lower angle using:
V3ol + V2P
0, = arccos M — 015 (A1.12)

vayb

The numerator of the fraction in the above equations, (vivP + U;U;’), represents

the dot product of the velocity vectors of objects a and b. The denominator, v*v®,

represents the product of the magnitudes of the velocity vectors of objects a and

a,,b a,,b
VLUK TV

b. Taking the fraction , we obtain the cosine of the angle between the

vayb

two velocity vectors.
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A2 Supernovae in binaries

In an star cluster, the binary SN mechanism is mainly possible via the accretion-
induced collapse or implosion of a WD. In order for this to happen, it must be in
a relatively compact binary such that its companion is able to overfill its Roche
lobe and transfer mass to the WD. Hence, if a cluster is older than ~ 100 Myr
(i.e., the lifetime of the most massive stars expected to end their lives as SN due
to stellar evolution alone, stars at the cluster turn-off mass are too low-mass to
end their lives as SN without the additional accretion of matter in a binary (or

triple).

If the binary companion that implodes is assumed to be a WD, then we can
compute a maximum ejection velocity for the binary SN scenario for different
companion masses and at different stages of stellar evolution (i.e., at different
stellar radii). To do this, we assume that the circular binary system is in a contact
state at the time of explosion, and adopt the following relation to calculate the
radius of the WD ( , ):

1/2
0.0225 1
rwn = — = ( 75— mfe/f) (A2.1)

rel

with the mean molecular mass p = 2 as a constant and mwp = 1.4 [Mg|. The

relative mass m. = = 0.24p2%. Then we calculate the semi-major axis,

MWD
5.8164.2
a = 1rwp + Tc, (A2.2)

where 7 is the radius of the companion that will be ejected. Finally, we calculate

the maximum ejection velocity:

US:\/G*(mC+mWD) (A23)

We use SeBa ( , : , :
, , ) to calculate the companion radius r. and the maximum velocity
vs. It is designed to work with the kira N-body integrator (

, ) but can also be used independently. The module computes the
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evolution of stars and binaries using a block time step scheme, which combines
fixed interval updates and adaptive time step size. Fixed interval updates ensure
a systematic progression of the integration and consistent updates of physical
properties. The adaptive time step size adjusts based on factors like binary
period, perturbations, and evolutionary state, optimizing efficiency and accuracy.
We study escape velocity during WD explosion assuming a contact state. We
calculate r. using a metallicity of Z = 0.02 (solar metallicity). While high-mass
stars (M > 20[M;)]) are significantly affected by metallicity due to stellar winds,
the explored mass range (M < 8[M)]) is expected to be minimally affected.

The results of this exercise are shown in Figure A2.1. The maximum velocity
for each stage of stellar evolution is: Main Sequence: 408.7 km s—!, Hertzsprung
Gap: 350.1 km s! |, Red Giant Branch: 98.3 km s~!, Horizontal Branch: 114.4
km s~! |, Asymptotic Giant Branch: 114.3 km s~!. These results highlight that
old star clusters having lots of low-mass stars and white dwarfs are, in principle,
capable of producing higher ejection velocities than young clusters. contribute
to the high-end tail of the observed Galactic RS velocity distribution. This is
because they are capable of producing the highest ejection velocities given that
the progenitor binaries require WD accretors and low-mass donors (~ 1 My), and
these can be much more compact than binaries with massive companions that

detonate instead by reaching the end of their lives.

In general, we expect RSs coming from old star clusters formed from the SN-
induced mechanism to have low probabilities of being associated with a host cluster,
due primarily to a lack of other metrics to establish them as RSs associated with
a progenitor cluster (a limitation that the triple disintegration scenario does not
suffer from). For the SN mechanism, the best case scenario for observationally
identifying RSs coming from old clusters is when 3D velocities are available, such
that the point of origin can be determined with confidence. Apart from this,
the chemical composition and location of RS candidates in a colour-magnitude
diagram are all that observers have to work with (assuming that no possibly
associated SN remnant is identifiable in the host cluster, which is generally the
case for old clusters), although several studies have had success using chemical
tagging, such as , , , , ,

and , . Relative to the SN-based mechanism, RSs formed

from the disintegration of three- and four-body systems should in principle be
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detectable with much higher confidence, due to additional constraints coming
from timescale as well as energy and momentum conservation-based arguments

that can be folded into the analysis by searching for a counterpart recoiled RB.
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Figure A2.1: Maximum ejection velocities after a supernova explosion in a
binary system. Both stars are assumed to be in a contact state at the time of
explosion. One of the stars is assumed to be a white dwarf with 1.4 M, and
the other star varies in mass (and hence radius), as shown on the x-axis. The
companion radius as a function of mass is computed using the SeBa code, as
described in the text. Note that the curve for the Horizontal Branch is plotted
underneath that for the Red Giant Branch and can be difficult to discern.
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