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ABSTRACT
The majority of massive stars are born in binaries, and most unbind upon the first supernova. With precise proper motion
surveys such as Gaia, it is possible to trace back the motion of stars in the vicinity of young remnants to search for ejected
companions. Establishing the fraction of remnants with an ejected companion, and the photometric and kinematic properties
of these stars, offers unique insight into supernova progenitor systems. In this paper, we employ binary population synthesis
to produce kinematic and photometric predictions for ejected secondary stars. We demonstrate that the unbound neutron star
velocity distribution from supernovae in binaries closely traces the input kicks. Therefore, the observed distribution of neutron
star velocities should be representative of their natal kicks. We evaluate the probability for any given filter, magnitude limit,
minimum measurable proper motion (as a function of magnitude), temporal baseline, distance and extinction that an unbound
companion can be associated with a remnant. We compare our predictions with results from previous companion searches, and
demonstrate that the current sample of stars ejected by the supernova of their companion can be increased by a factor of ∼5–10
with Gaia data release 3. Further progress in this area is achievable by leveraging the absolute astrometric precision of Gaia,
and by obtaining multiple epochs of deep, high resolution near-infrared imaging with the Hubble Space Telescope, JWST and
next-generation wide-field near-infrared observatories such as Euclid or the Nancy Grace Roman Space Telescope.

Key words: supernovae: general – stars: kinematics and dynamics – stars: neutron stars – proper motions – techniques: radial
velocities

1 INTRODUCTION

Most massive stars are born in binaries or higher order systems.
The binary fraction is a strong function of mass, rising from ∼0.4
at a Solar mass to ∼1 above 10M⊙ (Sana et al. 2012, 2014; Moe
& Di Stefano 2017; Stanway et al. 2020). At the highest masses,
triple, quadruple and higher order systems are also common (Offner
et al. 2022, and reference therein). Based on the observed distribution
of stellar and binary parameters, such as the initial mass function,
mass ratio distribution and orbital periods, and binary interaction
modelling, up to a third of massive star binaries - in which at least
one component undergoes core-collapse - are expected to merge
before the first supernova1 (Sana et al. 2012; Renzo et al. 2019). Of
the remainder, a large majority are expected to unbind upon the first

★ E-mail: a.chrimes@astro.ru.nl
1 Throughout, we refer exclusively to core-collapse supernovae

supernova (e.g. 86+11−22 per cent, Renzo et al. 2019). Throughout, we
only consider single stars and binaries (not triples or higher-order
systems).
The velocity distribution of field OB stars has a tail which extends

to high velocities in excess of 30 km s−1; these stars are referred to as
‘runaways’ (Blaauw 1961; Tetzlaff et al. 2011; Maíz Apellániz et al.
2018). Stars ejected by the supernova of a companion, but moving
slower than 30 km s−1, have been termed ‘walkaways’ (deMink et al.
2012). In addition to ejection by companion supernovae, dynamical
interactions in clusters and dense star forming regions can also eject
stars (Poveda et al. 1967; Lennon et al. 2018; Kalari et al. 2019;
Renzo et al. 2019).
Uncertainties in velocity distribution and ejectionmechanism arise

from the local reference frame being hard to define, which is crucial
to determine the peculiar velocity in the local standard of rest, and
the fraction of dynamically ejected stars possibly constituting a larger
fraction of the OB star population than expected (Renzo et al. 2019).
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There also exists a class of ‘hypervelocity’ stars travelling at up
to ∼1000 km s−1, some of which are likely ejected by dynamical
interactions in the Galactic centre (e.g. Boubert et al. 2017a; Oey
et al. 2018; Evans et al. 2020; Marchetti et al. 2022). In this paper, we
focus exclusively on walkaways and runaways ejected by supernovae
(SNe) in binaries.
Most massive star binaries interact at some stage of their evolution

(Abt & Levy 1976; Podsiadlowski et al. 1992; Eldridge et al. 2017;
Renzo et al. 2019), for example through mass transfer or tidal inter-
actions. This can influence the properties of both the primary and
secondary star. For example, stripping by a companion is thought to
be, at least in part, responsible for removing the envelopes of mas-
sive stars which explode as type Ibc supernovae (Nomoto et al. 1995;
Filippenko 1997; Fang et al. 2019; Sun et al. 2023). Meanwhile, the
secondary accretes mass and can be spun up (e.g. Pols et al. 1991),
in extreme cases this could lead to unusual evolution (such as homo-
geneous or quasi-homogeneous evolution, e.g. Eldridge et al. 2011;
Mandel & deMink 2016; Ghodla et al. 2022), or they can be polluted
by winds from a stripped-envelope companion (Clark et al. 2014). It
has also been suggested that secondaries might appear inflated and
red for a short time (∼1000 yr) after the supernova of a companion,
as a result of the impact of the primary ejecta (Liu et al. 2015; Hirai
et al. 2018; Ogata et al. 2021). For these reasons, identifying sec-
ondary stars ejected by the supernovae of primary stars promises to
reveal much about the binary progenitors of supernovae and their
interactions. By tracing the proper motions of stars backwards in
time, and searching for paths which intersect supernova remnants,
it is possible to search for unbound companions (e.g. Dinçel et al.
2015; Boubert et al. 2017b; Fraser & Boubert 2019; Neuhäuser et al.
2020; Lux et al. 2021). Such searches are now being carried out, with
the groundbreaking capability of Gaia (most recently data release 3,
Gaia Collaboration et al. 2022) to measure proper motions at the
millarcsecond level for the vast majority of stars down to ∼21st mag-
nitude. A combination of dynamical and supernova ejection may
result in a small fraction of massive stars which cannot be traced
back to a young stellar cluster or association (Pflamm-Altenburg &
Kroupa 2010; Gvaramadze et al. 2012), but associating runaways
with a supernova remnant may still be possible in these cases (even
if it is located outside the progenitor’s birth cluster).
Establishing the observed kinematic properties of ejected secon-

daries may also offer new insight into neutron star natal kicks. Thus
far, these constraints have arisen from measurement of the velocity
distribution of isolated neutron stars (Hobbs et al. 2005; Verbunt
et al. 2017; Igoshev 2020), or from the systemic velocities, orbital
periods and eccentricities of bound systems, either after one super-
nova (living-degenerate binaries, Igoshev & Perets 2019; Fortin et al.
2022), or two (double degenerate binaries, Tauris et al. 2017). The
velocity distribution of stars ejected by supernovae in binaries is
dominated by the pre-supernova orbital velocity of the system (Tau-
ris & Takens 1998), so measuring this distribution gives insight into
the pre-supernova binary parameters.
Going forwards, there are great opportunities to make advances in

these areas. With the absolute reference provided by Gaia, we can
accurately compare proper motions measured by multiple observato-
ries. This facilitates searches for runaways not only from supernova
remnants, but also young isolated neutron stars with proper mo-
tions, for instance by tying multiple epochs of deep Hubble Space
Telescope (HST) imaging and data from other observatories to the
same Gaia reference frame (del Pino et al. 2022). This allows us
to probe much deeper than Gaia alone, revealing fainter, more dust
obscured companions, as well as the remnants themselves (Lyman
et al. 2022), while retaining both the accuracy and precision of Gaia

astrometry. The advent of JWST provides another opportunity in this
respect, allowing searches even deeper into the Galaxy. This raises
the prospect of statistically significant samples of unbound compan-
ions. Upcoming multi-object spectrographs and integral field units
such as WEAVE (WHT Enhanced Area Velocity Explorer, Dalton
et al. 2014) and 4MOST (4-metre Multi-Object Spectrograph Tele-
scope, de Jong et al. 2014) also offer newopportunities to characterise
candidates in the vicinity of supernova remnants and young neutron
stars, through the identification of stars with high radial velocities,
high rotational velocities or unusual chemical abundances, which
may be indicative of past binary interactions (e.g. Clark et al. 2014;
Ghodla et al. 2022).
In this paper, we investigate the scope for expanding the sample of

unbound supernova companions in theMilkyWay to a size capable of
testing population synthesis predictions for the binary progenitors of
supernovae and neutron star natal kicks. Using the Binary Population
and Spectral Synthesis (BPASS Eldridge et al. 2017; Stanway &
Eldridge 2018) stellar evolutionmodels, we produce photometric and
kinematic predictions for the outcomes of supernovae in binaries, and
compare with current observational constraints and the capabilities
of contemporary and upcoming facilities. Throughout, uncertainties
are at the 1𝜎 level. Magnitudes are quoted in the AB system (Oke
& Gunn 1983), with the exception of Gaia magnitudes, which are
given in the Vega system for ease of comparison with Gaia results
quoted elsewhere in the literature.

2 SUPERNOVAE IN BINARIES

2.1 Binary population synthesis models

Weuse the stellar evolutionmodels of BPASS v2.2.1 (Binary Popula-
tion and Spectral Synthesis, Eldridge et al. 2017; Stanway&Eldridge
2018). These consist of binary and single star models, weighted in
proportion according to the observed distribution of stellar and bi-
nary parameters including the binary fraction, initial mass function,
orbital periods and mass ratios (Moe & Di Stefano 2017). Through-
out, we use a metal mass fraction of 𝑍 = 0.020, which corresponds
to approximately Solar metallicity.
For each model, we first determine whether the star will go su-

pernova. Our supernova selection criteria are as follows (and fol-
low standard BPASS criteria, see e.g. Eldridge et al. 2017, 2019;
Chrimes et al. 2020; Briel et al. 2022). We require a final total mass
of >1.5M⊙ , a carbon-oxygen core mass of >1.38M⊙ , and at least
0.1M⊙ of oxygen and neon in the core, to ensure that burning has
progressed past the point of white dwarf formation. Finally, we re-
quire a neutron star remnant, rather than a black hole. This is because
we are interested in companions associated with successful, rather
than failed, supernovae, and the number of successful supernova
producing black holes is thought to be small (Ertl et al. 2020). The
remnant mass is calculated by assuming a typical supernova energy
of 1051 erg. Thin layers are removed from the surface of the star
repeatedly, with the binding energy required to remove each layer
subtracted from the supernova energy budget each time, until none
is left. The total mass removed at the end of this process is con-
sidered the ejecta mass, the remainder is the remnant mass (for full
details, see Eldridge & Tout 2004). The upper mass limit for neutron
star versus black hole formation is at present unclear; the most mas-
sive neutron stars observed may have masses as high as 2.4–2.7M⊙
(Clark et al. 2002; Freire et al. 2008) with theoretical predictions up
to ∼3M⊙ (Lattimer 2012). We adopt 1.4 < 𝑀/𝑀⊙ < 3.0 as the
neutron star mass range for consistency with other BPASS outputs
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(Eldridge et al. 2017), and note that the BPASS remnant mass distri-
bution is strongly biased towards the lower masses in this range, so
the precise choice of upper mass cut will not be a dominant factor
influencing our results.
We next split the exploding models by the spectral type of super-

nova they are predicted to produce, to see if our predictions vary sig-
nificantly between hydrogen-rich type II and stripped envelope type
Ibc supernovae. For type II supernovae, we require a minimum total
hydrogen mass of 10−3M⊙ (at the lower end of literature estimates,
Dessart et al. 2011; Gilkis & Arcavi 2022), and type Ibc supernovae
occur when there is less hydrogen remaining. We find, by summing
the weights of models which go SN, that approximately 25 per cent
of SNe arise from single stars (initially single or merged binaries),
25 percent from secondary stars (bound and unbound), 5 per cent
from primaries which remain bound post-SN and the remaining 45
per cent from primaries which unbind the binary. These numbers are
obtained from the publicly available BPASS v2.2.1 models (Stanway
& Eldridge 2018)2, assuming the fiducial broken power-law initial
mass function (IMF) with masses in Solar units as follows,

𝑁 (𝑀 < 𝑀max) ∝
∫ 0.5

0.1
𝑀−1.30𝑑𝑀 + 0.5−1.30

∫ 𝑀max

0.5
𝑀−2.35𝑑𝑀

(1)

and the Moe & Di Stefano (2017) binary parameter distributions
(see also the following analysis, which reproduces these numbers).
Investigations of the effect of varying the input binary parameter
distributions in BPASS were carried out by Stanway et al. (2020) and
Chrimes et al. (2022).
The results of any population synthesis, in addition to the input ini-

tial binary parameter distributions, are determined by the subsequent
modelling assumptions. BPASS assumes, if interactions occur, that
the accretion rate of the secondary is limited by the thermal timescale.
Any mass accreted above this limit is instead lost from the system;
to calculate the angular momentum lost (and hence the orbital evolu-
tion) this mass removal is assumed to occur in spherically symmetric
shells around the donor. The treatment of the binary angular momen-
tum then closely follows Nelemans et al. (2000) and Nelemans &
Tout (2005, the 𝛾 formalism). If common envelope evolution (CEE)
occurs, BPASS has the benefit of modelling the detailed internal
structure of the primary. However, CEE timescales are artificially
long since a maximum mass-loss rate of 0.1M⊙ yr−1 is imposed -
during CEE only - due to numerical constraints (i.e. the total mass
loss is the same, but the time taken to lose this mass is lengthened).
Since the 0.1M⊙ yr−1 limit only applies during CEE, it does not
change the number of systems entering this phase. When expressed
in terms of the 𝛼-𝜆 formulation, BPASS CEE gives 𝛼𝜆 values in the
range 2 − 30 (Eldridge et al. 2017; Briel et al. 2023).
Stellar rotation is tracked, but has no impact on the models other

than for deciding whether a star undergoes quasi-homogeneous evo-
lution, and tidal interactions are not implemented in current releases
(although synchronisation is assumed to occur once Roche lobe over-
flow occurs). Wind-driven mass loss rates follow de Jager et al.
(1988), except for OB stars which use the rates of Vink et al. (2001),
and Wolf-Rayet winds which are based on Nugis & Lamers (2000).
These processes (and more) are described in full by Eldridge et al.
(2017).

2 https://bpass.auckland.ac.nz/

2.2 Natal kicks for supernovae in binaries

BPASS makes use of the Tauris & Takens (1998) and Tauris et al.
(1999) model for calculating the outcomes of supernovae in binaries.
Given the pre-supernovamasses of the two components, their separa-
tion, the ejecta mass of the exploding star and the mass/kick velocity
of the remnant, we can determine (i) whether the system is unbound
and (ii) the resulting velocity vectors of either the bound secondary-
remnant system, or the unbound neutron star and secondary. The
inputs to the calculations are taken from the final lines of standard
BPASS binary models where the primary goes supernova. The sum
of 𝑀ejecta and 𝑀remnant is the final primary mass pre-supernova, and
circular orbits are assumed. Another parameter in the model is the ra-
dius of the secondary, but this does not come into play, as we assume
that the impact of the ejected mass on the secondary is negligible
(measurable effects are expected to be rare, Liu et al. 2015; Hirai
et al. 2018; Ogata et al. 2021).
A final input is the kick velocity distribution of natal neutron stars.

These kicks are expected to arise due to asymmetries in the core-
collapse process (Janka 2017), and we consider four possible kick
distributions as follows:

(i) The BPASS fiducial model is a Maxwell-Boltzmann distribu-
tion with 𝜎 = 265 km s−1 (Hobbs et al. 2005). For each primary star,
we draw 1000 remnant velocities from this distribution and select a
random kick direction for each, in 𝜃 (azimuthal direction in the orbital
plane) and 𝜙 (angle out of the orbital plane). We draw 𝜃 values from
the range 0 < 𝜃 < 𝜋, weighted by 𝑠𝑖𝑛(𝜃), and 𝜙 from −𝜋 < 𝜙 < 𝜋,
to ensure kick direction isotropy. From a remnant velocity, the other
parameters provided above, and momentum conservation, the fate of
the binary and the velocity of the components can be determined.
(ii) In addition to the Hobbs et al. (2005) pulsar velocity distribu-

tion, we also run the code across all binary models using the Verbunt
et al. (2017) bimodal velocity distribution of young pulsars, to inves-
tigate the effect of assuming different kick velocity distributions.
(iii) We also explore the kick model of Bray & Eldridge (2016),

Bray & Eldridge (2018), and Richards et al. (2022), which relates
the kick velocity 𝑉𝑘 to the ejecta mass via,

𝑉k = 𝛼
( 𝑀ejecta
𝑀remnant

)
+ 𝛽

( 1.4
𝑀remnant

)
(2)

where masses are in Solar units. The current best-fit parameter values
are 𝛼 = 115±35 km s−1 and 𝛽 = 10±10 km s−1, we adopt the central
values of 115 km s−1 and 10 km s−1 (Richards et al. 2022).
(iv) Finally, we produce predictions for the case where core-

collapse is perfectly symmetric, and the natal neutron star does not
receive a kick. The recoil velocity of the binary due to symmet-
ric mass loss alone is known as the Blaauw kick (Blaauw 1961;
Boersma 1961), or mass-loss kick, and is included in the Tauris &
Takens (1998) model. Velocities arising from Blaauw kicks alone
are given by,

𝑉Blaauw =
𝑀ejecta
𝑀 ′

𝑀2
𝑀

×
√︂
𝐺𝑀

𝑎
(3)

whereM is the totalmass of the binary before the supernova, andM
′
is

the total binarymass after the supernova, such that𝑀
′
= 𝑀−𝑀ejecta.

The secondary mass is 𝑀2, while 𝑎 is the semi-major axis of the
pre-supernova orbit. We verified that setting natal kick magnitudes
to 0 in the Tauris & Takens (1998) model reproduces the Blaauw
distribution, as expected when only a mass-loss recoil occurs in the
system.

MNRAS 000, 1–17 (2023)
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3 RESULTS: KINEMATICS

Sections 3.1, 3.2 and 3.3 describe results for the Hobbs and Blaauw
kicks, results for the Verbunt (Verbunt et al. 2017) and Bray (Bray
& Eldridge 2016) kicks are discussed in Section 3.4 and shown in
Appendix A.

3.1 Unbound secondaries

Figure 1 shows the kinematic results for the case where the secondary
is ejected. The velocities are calculated according to equations 54–
56 of Tauris & Takens (1998). The three panels show the total 3D
velocity, projected 2D velocities (observable as proper motions) and
projected 1D (radial) velocities. For the 2D and 1D projections, ran-
dom viewing angles are assumed - each primary model is exploded
1000 times, and each time a random kick magnitude, kick direction
and viewing angle are chosen. An indicative minimum measurable
radial velocity of 15 km s−1 is shown on the 1D panel, corresponding
to a spectral resolution of 𝑅 = 20000, comparable to the capabili-
ties of upcoming multi-object spectrographs 4MOST (de Jong et al.
2014) and WEAVE (Dalton et al. 2014). Velocity distributions for
secondaries ejected by a type II, type Ibc, and any type of supernova
are shown. Secondaries ejected by stripped envelope supernovae
are typically faster moving. We find that binaries producing type
Ibc events have mean pre-supernova orbital separations of 174R⊙ ,
compared with ∼1000R⊙ for type II events. Therefore, the higher
velocities of ejected Ibc companions is due to tighter pre-supernova
orbits. This is symptomatic of envelope stripping playing an impor-
tant role in producing Ibc events - tighter orbits are more likely to
produce stripped envelope primary supernova and higher secondary
velocities, if unbound. This correlation exists because ∼75 per cent
of the high-mass BPASS primaries which undergo Roche lobe over-
flow progress to common envelope evolution (see e.g. Figure 1 of
Eldridge et al. 2017), tightening the orbits. Consequently, ∼15 per
cent of BPASS binaries with a primary ZAMS mass greater than
8M⊙ eventually merge.
The stability of mass transfer (dependent on how the radius varies

with mass loss) is not approximated in BPASS (e.g. with a 𝜁 factor,
Belczynski et al. 2008), but is instead determined by re-solving the
stellar structure equations with the newmass at eachmodel time-step.
Combined with the Moe &Di Stefano (2017) input binary parameter
distributions, this results in a high proportion of systems undergoing
CEE, despite recent demonstrations that detailed models typically
have more stable mass transfer than rapid codes (e.g. Pavlovskii et al.
2017; Marchant et al. 2021; Temmink et al. 2023). Although the
fraction of systems progressing from RLOF to CEE or merger is
high, it is broadly in line with the observed value of ∼80 per cent for
O-stars (e.g. Sana et al. 2012). In any case, the fraction of massive
binaries progressing to CEE is critical to our results, as it determines
the final orbital periods and hence secondary velocities if unbound.
Also shown on the first panel is the velocity distribution assuming

symmetric supernovae (all supernova types, Blaauw kicks only). In
order to unbind through the Blaauwmechanism,more than half of the
pre-supernova binary mass has to be ejected (Blaauw 1961), making
unbinding events through this process rarer. The final velocities of
unbound secondaries are between 0.5-1.0 of their pre-SN orbital
velocitywith respect to the centre ofmass,where the reduction occurs
due to the climb out of the potential (Blaauw 1961; Boersma 1961).
Also shown are measurements of four strong supernova runaway
candidates, identified by Dinçel et al. (2015) and Boubert et al.
(2017b). These are part of a sample of 13 supernova remnants (SNRs)

which we use as a comparison dataset in Section 5.2, where these
candidates are discussed further.
As a point of comparison with other population synthesis predic-

tions, we find that the ratio of runaways exceeding 30 km s−1 to those
exceeding 60 km s−1 is ∼3 for high-mass (>7.5M⊙) stars. This com-
pares with the fiducial Renzo et al. (2019, binary_c models) value
of ∼25 for this ratio. We note that BPASS v2 predicts faster unbound
velocities in general - we find a median velocity for all unbound com-
panions of 35.6 km s−1 (compared with 10.4 km s−1), and that ∼40
per cent of OB stars meet the runaway 30 km s−1 threshold, com-
pared with a few per cent as previously predicted (De Donder et al.
1997; Eldridge et al. 2011; Renzo et al. 2019; Evans et al. 2020). The
observed fraction of runaways in the observed OB population, which
includes some dynamical contribution, is closer to 10–20 per cent
(Blaauw 1961; Gies 1987; Stone 1991; de Wit et al. 2005; Tetzlaff
et al. 2011; Maíz Apellániz et al. 2018).
The input binary parameters are likely driving much of this dif-

ference - for instance, Renzo et al. (2019) assumes a flat mass ratio
distribution, whereas BPASS v2 implements the results of Moe & Di
Stefano (2017) which can have mass ratio distributions with slopes
as a steep as -2 at some orbital separations, with a excess twin frac-
tion at short periods on top of this. We find different results with
respect to BPASS v1 (Eldridge et al. 2011, such as a much higher
OB runaway fraction in this work), which assumed a flat initial pe-
riod distribution. However, other factors such as different treatments
of the mass transfer efficiency, common envelope evolution and en-
velope stripping will also play a role in creating the discrepancy with
other codes (see Section 2.1 and above). In particular, the detailed
treatment of mass transfer stability and the common envelope phase
are critical in determining the final orbital period distribution, and
hence the velocities of unbound secondaries.

3.2 Unbound neutron stars

Figure 3 shows results for unbound neutron stars, when asymmetric
kicks and the Hobbs et al. (2005) distribution are assumed. Equations
51–53 of Tauris & Takens (1998) are used to derive these velocities.
The first and second panels are again the total velocities and projected
transverse velocities. The final neutron star velocities in the Blaauw
case are small, because in the case the binary unbinds, the remnant
carries on with the initial orbital velocity of the primary v1 (and at
infinity has a velocity 0.5-1.0 v1, Blaauw 1961; Boersma 1961).
When asymmetric kicks are implemented, the remnant velocities

closely follow the input natal kick distributions. This implies that
asymmetric kicks dominate over the recoil (Blaauw) kick, which
is consistent with the small (tens of km s−1) Blaauw kicks shown.
Binaries are more likely to remain bound when the kick 𝑉kick is
small, the subset of input kicks which result in the binary becoming
unbound are denoted by 𝑉unbinds in Figure 3. This distribution is
preferentially missing lower velocities with respect to the input kicks
- the distribution of input kicks which result in the system remaining
bound peaks at∼200 km s−1 with a standard deviation of 130 km s−1.
However, the final unbound neutron star velocity distributions (all
SNe, SNe II, SNe Ibc) are slightly broader than 𝑉unbinds. This is
because these final velocities incorporate the pre-supernova orbital
velocity, which can be oriented in any direction with respect to the
isotropic kicks. For example, in some cases, the kick and orbital
velocity can act in opposite directions, pushing the lower end of
the distribution down (Tauris & Takens 1998). The mean primary
velocity pre-supernova is 8.4 km s−1, with a tail reaching velocities
of hundreds of km s−1.
In summary, because only ∼10 per cent of binaries remain bound,
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Figure 1. Cumulative distributions of predicted unbound secondary star velocities. Left: total velocities for secondaries ejected by type II, type Ibc and all
supernovae (thin red, cyan and black lines). The results from assuming only Blaauw kicks are shown by the thick blue line. Middle: transverse velocities,
assuming random viewing angles, observable as proper motions. Right: radial velocities, again assuming random orientations with respect to the line of sight.
The 𝑅 ∼ 20000 minimum velocity measurable with with WEAVE and 4MOST is indicated by a vertical dashed line. Four candidates for local ejected supernova
companions are shown in green (Boubert et al. 2017b; Fraser & Boubert 2019, see Sec. 5.2).
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Figure 2. Masses of the secondary stars ejected by the supernovae of primaries, versus their total 3D velocities, assuming Hobbs et al. (2005) natal kicks.
Left: secondaries ejected by all SNe. Middle: secondaries ejected by SNe type II. Right: secondaries ejected by SNe type Ibc. Secondaries ejected by stripped
envelope SNe are more massive and faster moving then those ejected by type II SNe. Ten contour levels are shown; the darkest shade encloses 10 per cent of the
population, one shade lighter encloses 20 per cent, and so forth. The lightest colour plotted encloses 90 per cent, the remaining 10 per cent of ejected secondaries
occur outside the shaded areas.
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Figure 3. Kinematic results for primary neutron star remnants, in the case where the binary unbinds. Left: the total 3D velocity distribution of ejected neutron
stars. The dashed line is the subset of input Hobbs et al. (2005) natal kicks 𝑉kick which result in the binary being unbound. The solid black, red and cyan lines
are the final unbound neutron star velocities from different classes of supernovae. The final velocity distributions are similar to the input kicks, demonstrating
that the Blaauw kick (thick blue line) is a small contribution. The final velocities move even closer to the input kicks than 𝑉unbinds due to the vectorial addition
of the pre-supernova orbital velocities. Middle: transverse neutron star velocities, assuming random orientations, measurable as proper motions. Right: the angle
between the neutron star and unbound secondary velocity vectors. This distribution is close to flat, again indicating that natal kicks dominate. Randomly drawn
isotropic kick directions, circular orbits and random viewing angles are assumed.

the difference between the input kicks 𝑉kick and the 𝑉unbinds dis-
tribution is small. The difference between the input kicks and the
final unbound velocities is made smaller still by adding the broad-
ening effect of the pre-supernova orbital velocities. The net result is
that the final unbound neutron star velocities closely match the input

kick distribution. This result has been noted before (e.g. Eldridge
et al. 2011; Igoshev et al. 2021) and justifies the assumption, made
widely in the literature (e.g. Hobbs et al. 2005; Bray & Eldridge
2016; Verbunt et al. 2017; Igoshev 2020; Kapil et al. 2023), that iso-

MNRAS 000, 1–17 (2023)



6 A. A. Chrimes et al.

101 102 103

Vbound [kms 1]
10 2

10 1

100
Cu

m
ul

at
iv

e 
fra

ct
io

n

All SNe
Blaauw
Blaauw, M > 10M
M > 10M
NS-HMXBs
SNe II
SNe Ibc

101 102 103

Vtransverse [kms 1]
10 2

10 1

100

Cu
m

ul
at

iv
e 

fra
ct

io
n

101 102 103

Radial Velocity [kms 1]
10 2

10 1

100

Cu
m

ul
at

iv
e 

fra
ct

io
n

Figure 4.As in Figure 1, but for bound neutron star/non-degenerate systemic velocities. Blaauw kicks are shown by the thick blue line, Blaauw kicks for systems
with a companion greater than 10M⊙ by the thick pink line. Results from the inclusion of neutron star natal kicks are given by the red, cyan and black lines.
Kicks for bound systems (all supernovae) with a companion and asymmetric natal kicks are shown by the dashed green line. The NS-HMXB peculiar velocities
of Fortin et al. (2022) are shown in yellow. From left to right we show the total (3D) velocity, the project (2D) velocities, and finally the radial (1D) velocity
component. The 2D and 1D velocities are derived from the 3D distribution by assuming random orientations with respect to the line of sight. The vertical dashed
line on the RV panel represents the minimum radial velocity measurable with WEAVE or 4MOST (assuming 𝑅 ∼ 20000).

lated neutron star velocity distributions inferred from observations
are broadly representative of the initial natal kicks.
In the final panel of Figure 3, we show the projected angle between

the remnant and walkaway/runaway proper motion vectors. The dis-
tribution shows a slight peak around ∼90 degrees. This is because the
secondarymotion post-primary supernova, when unbound, is primar-
ily along the direction it was travelling pre-primary supernova. The
neutron star velocities, on the other hand, are much higher and are
close to being isotropically distributed. The combination of isotropic
neutron star velocities and slower secondary velocities being biased
in one direction produces the peak at ∼90 degrees, which we verified
by artificially increasing the secondary velocities in this direction,
noting that this increases the strength of the peak. The right panel
of Figure 3 shows probability density, such that area under each line
is unity. Since 0.005×180=0.9, there is a small (but not negligible)
excess probability of finding angles in the range ∼60–120 degrees.

3.3 Bound systems

Although not the focus of this paper, as a separate observational
test, we show in Figure 4 kinematic results for the case that the
binary remains bound. The systemic velocities of bound systems
after an asymmetric supernova are calculated using equation 1 of
Tauris et al. (1999). As in Figure 1, the three panels show 3D, 2D
and 1D velocities, where random viewing angles are assumed for the
latter two, and Blaauw kicks are also shown on the first panel. As an
observational comparison, we plot the peculiar velocities of neutron
star high-mass X-ray binaries in Gaia (NS-HMXBs, Fortin et al.
2022), which have been corrected for the Solar motion and their
local standard of rest, and include both proper motion and radial
velocity constraints.
Compared with the predictions for asymmetric supernovae, the

NS-HMXBs are strongly biased to lower velocities (see also
Kochanek et al. 2019). To check whether this arises due to the high
donor masses in NS-HMXBs, we also plot the predicted distribu-
tion (for all supernovae) where the surviving bound companion has
a mass of at least 10M⊙ . This is the minimum donor mass in the
NS-HMXB sample, and it shifts the predicted distribution to the left
as expected - the binary has more mass for the same neutron star
natal kicks. An Andersen-Darling test between the NS-HMXBs and
asymmetric kicks with >10M⊙ gives a 𝑝-value of 0.001. We note
that the NS-HMXB velocities are consistent with Blaauw kicks: an

Andersen-Darling (AD) test between the NS-HMXBs and Blaauw
kicks with a companion >10M⊙ yields 0.23, failing to reject the
null hypothesis that these distributions are consistent (at the 2𝜎
level). Although Blaauw kicks are an apparently good fit, it is im-
portant to realise that asymmetric kicks in massive binaries - where
𝑀2 >> 𝑀remnant - produce Blaauw-like distributions for bound sys-
tems, a result which has been previously noted (e.g. Gvaramadze
et al. 2011). Although we are unable to reproduce the NS-HMXB
distribution with any choice of mass cut, we note that the orbital
properties of XRBs are also not representative of the bound popu-
lation as a whole, and should be considered in order to make this
comparison (but that full consideration of these criteria is beyond the
scope of this paper).

3.4 Alternative kick prescriptions

In each of Figures 1-4, the total velocity when Blaauw kicks are
assumed is also shown. We find that with Blaauw recoil kicks alone,
∼20 per cent of systems unbind upon primary supernova. This com-
pares well with the value of 16 per cent found by Renzo et al.
(2019), and is far less than the ∼80–90 per cent unbinding frac-
tion if asymmetric remnant kicks are also considered (as previously
demonstrated, e.g., Renzo et al. 2019). The resultant remnant veloci-
ties are low in the Blaauw case. There are signs of a low-kick velocity
subset in the Galactic pulsar population (Verbunt et al. 2017; Igo-
shev et al. 2021), possible arising from electron-capture supernovae
(Giacobbo & Mapelli 2019, 2020), not considered in this work, or
ultra-stripped supernovae (Willcox et al. 2021). If there exists such
a low-velocity population, this has important implications for the
evolution and merger locations of binary neutron star systems (e.g.
Perets & Beniamini 2021, Gaspari et al., in prep). However, the cur-
rent focus of this paper is on unbound secondaries. We also run the
binary supernova code using the distributions of Verbunt et al. (2017)
and Richards et al. (2022) for the input neutron star natal kicks, the
results of which are shown inAppendixA. The bimodal Verbunt et al.
(2017) distribution, and Bray (i.e. Bray & Eldridge 2016) kicks, in-
clude proportionally more slower kicks, albeit still faster than those
from the Blaauw mechanism. The bound fraction is increased by ∼
10 per cent with the Verbunt kick prescription, while the adoption
of Bray kicks (with the parameters of Richards et al. 2022) produces
even fewer unbound systems - only ∼70 per cent unbind, opposed to
∼90 per cent with Hobbs (see also Chrimes et al. 2022).
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Figure 5. Colour–magnitude diagrams (CMDs) for unbound secondary stars (from all supernovae). The axes labels are on the inside (upper and right) of each
plot. Left column: photometry for all unbound companions (greyscale histogram), at the time of primary supernovae, 𝑡SN. Middle: photometry for single stars
with the same ZAMS mass as the secondaries in the left panel, at age 𝑡 ∼ 𝑡SN. We have applied the binary model weighting to the equivalent single star models
(rather than their own IMF weighting) to ensure fair comparison. These results therefore represent the evolution of the secondary stars without any binary
evolution assumptions. Right: The relative contribution in each CMD cell from unbound stars at time 𝑡 = 𝑡SN and their single star equivalent photometry, defined
as (NSN-Nsin)/(NSN+Nsin). Bluer (more positive) values indicate a higher contribution to that cell from secondary stars at 𝑡 = 𝑡SN, where a value of 1 indicates
that no single stars contribute. Redder (more negative) values can reach −1, corresponding to exclusively single stars (i.e. all secondary stars leave this CMD
cell before they are ejected by their companions supernova). The background (orange) shading of the left and middle panels is a simple stellar population of age
1010 years (produced with HOKI, Stevance et al. 2020) representing the field population of stars in the Galactic disc.

We also note that when comparing the Fortin et al. (2022) NS-
HMXBsamplewith the bound systempredictions, unreasonably high
minimum masses are required for the Verbunt and Bray predictions
to achieve consistency - a minimum donor mass of ∼40–50M⊙ is
required to return AD-test 𝑝-values in excess of 0.05 for Verbunt,
and no choice of minimum mass produces consistency when the
Bray kick is used. However, we again caution that a simple minimum
mass cut simplifies the situation, and other criteria (such as the orbital
separation) should also be considered to reproduce X-ray binary
samples.

4 RESULTS: PHOTOMETRIC PROPERTIES

We now examine the predicted absolute magnitudes and intrinsic
colours of the unbound secondaries. Figures 5 and 6 show colour-
magnitude diagrams (CMDs) for unbound companions (assuming
kicks from Hobbs et al. 2005). Each row corresponds to a different
colour-magnitude diagram. The first six, in Figure 5, are constructed
from photometry provided as default BPASS outputs (𝑔, 𝑟 , 𝑖, 𝐽,𝐻 and
𝐾-bands). Details of how photometry is generated from the stellar
atmosphere models and resulting spectral energy distributions are
given by Eldridge et al. (2017).
Photometry is taken from secondary star parameters in the last

lines of binary models, before the primary goes supernova (this does
not consider the possible effects of supernova ejecta impacting the
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Figure 6.Colour–magnitude diagrams (CMDs) for unbound secondary stars for the (Gaia) G-band vs𝐺BP-𝐺RP, and F277W vs F277W-F444W (JWST/NIRCam
filters). JWST photometry is given in the AB system, Gaia magnitudes are with respect to Vega. As in Figure 5, the left and middle panels show the secondaries
at the time of primary supernova and equivalent-mass single stars respectively, and the right panels show the relative contribution to each CMD cell from these.
Unlike Figure 5, field stars are not shown here, as Gaia and JWST magnitudes are not standard BPASS outputs available through HOKI. The four candidates for
runaways ejected from local SNRs are shown on the Gaia panels (Boubert et al. 2017b; Fraser & Boubert 2019, see Sec. 5.2).
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Figure 7. Gaia𝐺-band absolute magnitudes (Vega) versus 2D projected velocities. The contour levels are as described in Figure 2. The three candidate supernova
remnant runaways with well constrained velocities (described in Section 5.2) are also shown.

secondary, e.g., Hirai et al. 2018, we will return to this point later).
The rows in Figure 6 are Gaia and JWST specific predictions. The
Gaia photometry is constructed from the𝑉 and 𝐼-bands, following the
relations of Riello et al. (2021), and is provided in theVegamagnitude
system (all other photometry is reported in AB magnitudes). The
JWST/NIRCam photometry is calculated by fitting stellar spectra to
the 𝑔, 𝑟 , 𝑖, 𝐽, 𝐻 and 𝐾 photometry of each model, and applying
F277W and F444W filter response curves to the best-fit spectra to
obtain magnitudes in these filters. More details on the construction
of the Gaia and JWST photometry are provided in Appendix B.
Figures 5 and 6 also have three columns: the first shows CMDs

for the secondaries at the time of primary supernova. The second
shows the photometry of single stars with the same ZAMS mass as
the secondaries, also at age 𝑡 = 𝑡SN. Therefore, this represents the
photometry of the secondaries before any binary evolution specific
effects are taken into account. The impact of the assumptions made
when modelling these effects (e.g. common envelope evolution, sta-
bility of mass transfer etc) can be large (e.g. Iorio et al. 2022), so the
inclusion of equivalent age and ZAMS-mass single star photometry

provides a reference point before binary evolution assumptions have
taken effect (although we note that these also play a role in deciding
which systems are classified as bound/unbound).
The background shading in columns 1 and 2 of Fig. 5 is the field

population of stars, represented by a BPASS simple stellar population
(single burst of star-formation) of age 1010 yr (plotted with HOKI,
Stevance et al. 2020). The final column shows the relative contribu-
tion to eachCMDcell from secondaries at 𝑡 = 𝑡SN, and at ZAMS. The
scale in the final column is defined as (NSN-NZAMS)/(NSN+NZAMS),
such that 1.0 (blue) corresponds to every star in that CMD cell being
at 𝑡 = 𝑡SN, and -1.0 (red) exclusively at ZAMS.
From these plots we can make several observations. Recently un-

bound secondaries are preferentially bluer and more luminous than
typical stars in the Galactic disc, and this is true for single stars
also. Many systems undergo mass transfer as the primary evolves,
increasing the secondary mass. The mean mass of the unbound sec-
ondaries at ZAMS is 7.05M⊙ , while at 𝑡 = 𝑡SN it is 7.31M⊙ . Split
by the primary supernova classification, the mean ejected secondary
masses are 4.10M⊙ and 4.38M⊙ for type II events (at ZAMS and
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𝑡 = 𝑡SN), whereas for type Ibc SNe the mean masses are 10.44M⊙
and 10.88M⊙ . The preference for supernova companions to also be
massive stars is due to the mass ratio distribution disfavouring un-
equal mass ratios (Moe & Di Stefano 2017). Furthermore, type Ibc
progenitors have more massive companions even at ZAMS, again
due to the mass ratio distribution and because more massive stars
are more likely to strip their envelopes through winds. The higher
total binary mass of type Ibc progenitor systems also contributes
to their pre-supernova orbital velocities being faster, in addition to
smaller separations (see Section 3.1). The masses of type Ibc com-
panions only increase slightly more than type II companions on
average, which might imply that envelope stripping by a companion
is a secondary mechanism for producing SNe Ibc at ∼Solar metal-
licities. However, this picture is complicated by the mass transfer
efficiency. In BPASS, the secondary accretion rate is limited by the
thermal time-scale, with any excess mass transfer above this limit
being lost from the system (Eldridge et al. 2017). Given that the
binaries producing Ibc events have tighter pre-supernova orbits, we
can see that primary envelope stripping is important, even if much
of the stripped mass does not accrete onto the companion. Further-
more, stars massive enough to strip their envelopes entirely through
winds are expected to produce black holes (possibly with little to
no natal kick, and typically no successful supernova, Zapartas et al.
2021). Hence, in systems where neutron stars are formed, envelope
stripping by a companion is expected to be an important mechanism.
The small difference between columns 1 and 2 in Figures 5 and 6
nonetheless demonstrates that binary evolution effects - at least the
ones accounted for in BPASS v2 - are not having a large impact on the
photometry of most secondaries. It also shows that the secondaries,
being lower mass, evolve on longer time-scales, and will typically
still be on the main sequence at the time of primary supernova.
On the Gaia panel in Figure 6, we have overlaid the extinction-

corrected absolute magnitudes and colours of the four runaway can-
didates from the sample of Dinçel et al. (2015) and Boubert et al.
(2017b) (see Section 5.2). We have assumed that the companions
have the same photometric properties post-primary supernova as im-
mediately before, which may not be the case if it has been inflated
due to the impact of supernovae ejecta. (Ogata et al. 2021) run simu-
lations assuming a separation of 40AU, this is similar to the pre-SN
orbital separations we find in BPASS, but the effect is expected to be
short-term, lasting ∼10–100 years. This has implications for surviv-
ing companion searches in extragalactic supernova on a time-scale
of years post-explosion, and for Galactic searches where the rem-
nant is very young. However, for the majority of applications, ejected
companions are typically expected to have relaxed by the time of
observation. In any case, noticeable effects are expected to be rare
(Liu et al. 2015; Hirai et al. 2018; Ogata et al. 2021).

5 APPLICATIONS

5.1 Probability of detection

In the context of proper motion searches for runaways and walka-
ways, the joint distribution of magnitudes and velocities dictates the
probability of detection, which also depends on the distance, extinc-
tion and proper motion sensitivity. Figure 7 shows how the Gaia
𝐺-band absolute magnitudes and projected transverse velocities of
ejected secondaries are related, for all supernovae, plus type II and
type Ibc events separately. As noted in the previous sections, stars
ejected by type Ibc events are more massive and faster moving.
Overlaid on Figure 7 are the magnitudes and velocities of the four

strong SNR runaways candidates, discussed in Section 5.2. For any
given proper motion survey, or pair of observations between which
a proper motion can be measured, four factors determine whether
a runaway or walkaway will be detectable and moving fast enough
for the motion to be measurable. Assuming a fixed set of predictions
for unbound companion magnitudes and velocities, these parameters
are (i) the imaging depth, (ii) the distance to the SNR or young
neutron star, (iii) the extinction along this line of sight and (iv) the
minimummeasurable proper motion (as a function of magnitude). In
Figure 8, we demonstrate this with plots of extinction versus distance.
The rows represent different observatories. For the first column, the
colour scale represents the percentage of the unbound companion
magnitude distribution which is detectable for the stated limiting
magnitude and filter. The middle column shows the percentage of
the transverse velocity distribution detectable, for a given minimum
measurable proper motion (the values for the transverse velocities
are taken from the middle panel of Figure 1, where for each model
1000 random kick magnitudes, kick directions and viewing angles to
the plane of the binary are drawn). The first row shows Gaia 𝐺-band
magnitudes with a limiting magnitude of 𝐺 = 20.7 and a minimum
proper motion 𝜇min which depends on magnitude, following the
published data release 3 (DR3) dependence (brighter sources can be
measured to higher precision, Lindegren et al. 2021)3. The adopted
𝜇min at each 𝑑 and A𝑉 uses the medianmagnitude of the companions
which are brighter than the limiting magnitude at that 𝑑 and A𝑉 . A
consequence is that when the number of detectable systems drops to
zero, the percentage of the velocity distribution is also zero.
The second and third rows show results for a representative set of

HST and JWST observations, with F160𝑊 = 26 and F277𝑊 = 26
limitingmagnitudes. To calculate themagnitude dependence of 𝜇min,
we construct a toy model as follows. From a 3𝜎 limiting magnitude
and a target magnitude, we can calculate the signal-to-noise ratio
(S/N) of the target. This can be used to estimate the positional un-
certainty through 𝜎pos = FWHM/(2.35×S/N) (Birney et al. 2006)
where FWHM is the full-width at half-maximum of the point spread
function. For HST/WFC3 F160W and JWST/NIRCam F277W, the
FWHM is 0.14 arcsec and 0.09 arcsec respectively. The positional
uncertainty is added in quadrature to the absolute astrometric un-
certainty 𝜎abs, which for HST / Gaia alignments is typically around
0.5mas (for bright stars) if the proper motions of Gaia sources are
corrected for (i.e., if their positions are moved to match the epoch of
the deeper imaging del Pino et al. 2022; Griggio et al. 2022). This
method can match or even outperform results from differential as-
trometry (Lyman et al. 2022). We adopt floor values for 𝜎pos of 0.03
times the pixel scale, a limitation arising from the fact the image is by
nature pixelated (Dolphin 2000). Both the positional and absolute as-
trometric uncertainties are reduced by a further factor of

√
𝑁 , where

𝑁 = 3 in these examples, to represent the improvement in source cen-
troiding that arises from image stacking (del Pino et al. 2022). This
total positional uncertainty 𝜎tot is for a single source in one image.
The uncertainty on the difference between positions in two images is√
2𝜎tot (del Pino et al. 2022). If expressed in milliarcseconds, 𝜇min as
a function of magnitude is simply

√
2𝜎tot/Nyearsmas yr−1. In Figure

8 we assume a 5 year baseline between two images. For HST we
use a pixel scale of 0.065 arcsec pixel−1 (typical for 3-point dithers
after drizzling), and 0.063 arcsec pixel−1 for JWST/NIRCam long-
wavelength imaging. Since the minimum measurable proper motion
varies linearly with the baseline between images, there is scope for
improving these values (Griggio et al. 2022). We do not account for

3 https://www.cosmos.esa.int/web/gaia/science-performance
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Figure 8. For each column, the shading shows the percentage of the unbound companion distribution which is above the limiting magnitude (𝑃 (𝑚 < 𝑚lim),
left) and moving faster than the minimum measurable proper motion 𝜇min (𝑃 (𝜇 > 𝜇min), middle) as a function of distance and extinction 𝐴V. The final column
is the product of the left and middle columns, and represents the fraction of unbound stars which are both detectable and moving fast enough to have their
transverse motion measured. Here we show results for all supernovae using the Hobbs et al. (2005) kick. The rows represent different surveys/observatories.
Top: predictions for Gaia DR3 in the 𝐺-band (Vega). In this case, we have varied 𝜇min with magnitude - 𝜇min at each 𝑑 and 𝐴V corresponds to 𝜇min for the
median magnitude of stars which are above the fiducial limiting magnitude (G=20.7, Gaia Collaboration et al. 2021). The next two rows are HST and JWST
examples, assuming F160W (∼H-band) and F277W limiting magnitudes of 26 respectively, with a 5 year baseline, 3 exposures per epoch and 𝜇min depending
on magnitude as described in Section 5.1. Bottom two rows: Euclid with a 𝐽 = 24 limiting magnitude and NGRST with 𝐽 < 26.7, with 100 exposures in each
case. For context, the 13 SNRs searched by Boubert et al. (2017b) and Fraser & Boubert (2019) are show as diamonds (pink), and Galactic magnetars as circles
(black/cyan, Olausen & Kaspi 2014; Chrimes et al. 2022). Note that several SNR points are obscured by magnetar points on this scale.

the decreased performance that will occur for bright objects due to
saturation, but note that this can be mitigated either by shorter expo-
sures, or by moving to Gaia (or other observatories) in the regime
where this becomes an issue.
The next row shows results for Euclid, an upcoming wide-field

near-infrared (NIR) observatorywith a∼0.7×0.7 degree field of view.
We use the toy model above, a FWHM of 0.3 arcsec (Laureijs et al.
2011), a 5 year baseline and an factor of 10 improvement in po-
sitional uncertainty resulting from multiple exposures (𝑁 = 100,
where the improvement goes as

√
𝑁 , WFIRST Astrometry Work-

ing Group et al. 2019). The standard Near Infrared Spectrometer
and Photometer (NISP) reference limit of 𝐽 = 24 is assumed. The
final row shows results for the future Nancy Grace Roman Space
Telescope (NGRST), whose Wide Field Imager (WFI) has a field of
view 100 times greater than that of HST and the ability to measure
proper motions as small as 10 𝜇as yr−1 down to 𝐽 = 26.7 (WFIRST
Astrometry Working Group et al. 2019). We again use the model
above, with a FWHM of 0.11 arcsec, a 5 year baseline and a factor
of 10 additional improvement from 𝑁 = 100 exposures. Proper mo-
tions of 0.01mas yr−1 correspond to transverse velocities as small
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as 1 km s−1 at 20 kpc, covering nearly the entire velocity distribution
of unbound companions, even before considering the magnitude de-
pendence of 𝜇min. Euclid and NGRST have the added benefit being
wide-field - this is a key limitation for HST and JWST which we will
return to in the discussion.
The final column of Figure 8 shows the product of the first two

columns, i.e. the probability at each 𝑑 and A𝑉 that an unbound com-
panion (if present) could be detected and have its motion measured.
We have developed a code using the methodology described in this
section to determine this probability, based on the filter, limitingmag-
nitude, distance, extinction and minimum measurable proper motion
prescription4. In addition, the probability of any given SNR or young
neutron star having an ejected companion must be considered, which
we estimate to be∼45 per cent (see Section 2). Hence, the probability
that a companion will be discovered for any given remnant is given
the probability in the third column of Figure 8 (the fraction of pa-
rameter space accessible) multiplied by 0.45 (the probability that the
remnant formation ejected a companion). We now apply this code to
two example populations: a sample of 13 local SNRs, and Galactic
magnetars.

5.2 Example: local supernova remnants

For an example application of the predictions shown in this paper, we
refer to a sample of 13 core-collapse supernova remnants studied by
Boubert et al. (2017b) and Fraser &Boubert (2019) (see also Ferrand
& Safi-Harb 2012; Green 2014; Dinçel et al. 2015; Kochanek 2018;
Kerzendorf et al. 2019; Lux et al. 2021; Kochanek 2021, 2023). They
used Gaia DR2 to search for stars whose past trajectories intersected
the locations of 13 SNRs, and developed a Bayesian framework,
based on the expected properties of runaways, to determine the like-
lihood that each candidate (if any were found) is genuinely associated
(rather than a chance crossing). Four of the 13 were found to have
a good runaway candidate. Their velocities are shown on Figures 1
and 7, their magnitudes are shown on the relative contribution panel
of the Gaia row of Figure 6, and on Figure 7.
Three candidates, first identified by Boubert et al. (2017b), are as-

sociated with SNRsG074.0−08.5, G089.0+04.7 and G205.5+00.5.
The stars in question are TYC2688-1556−1, BD+50 3188 and
HD261393 respectively. Extinctions, velocities and distances for
these stars are drawn from Boubert et al. (2017b), their apparent G,
GBP and GRP magnitudes are obtained from the Gaia DR3 archive.
For the fourth runaway candidate, associated with SNRG180.0-01.7
(HD37424), distance, velocity and extinction information is taken
from Dinçel et al. (2015), and Gaia photometry again from the
archive. The reported uncertainties account for the photometric, dis-
tance and extinction uncertainties. These 13 SNRs are also placed
on the five panels of Figure 8. Being local SNRs, they cluster in
the low 𝑑, low 𝐴V corner of parameter space. We predict that for
Gaia DR3 with 𝐺 < 20.7, 98 per cent of runaway/walkaway pa-
rameter is accessible for this SNR sample. Assuming 45 per cent of
natal neutron stars have an unbound companion, we therefore pre-
dict 0.45 × 0.98 × 13 ∼ 6 SNRs should have a discoverable ejected
companion.
For the other four rows in Figure 8, the numbers of SNRs for which

a runway is expected to be detectable (and its motion measurable)
is also ∼6. The lack of improvement from HST, JWST, Euclid and
NGRST over Gaia is because the sample is sufficiently local that the

4 Available at https://github.com/achrimes2/Runaway_
probabilities

majority of runaways should already be detectable with Gaia. The
prediction of 6 unbound candidates - compared with 4 discovered
(Boubert et al. 2017b; Fraser & Boubert 2019) - is consistent within
Poisson uncertainties. The velocities and magnitudes of the 4 SNR
runaway candidates are also in qualitative agreement with our pre-
dictions, however, the probability of randomly selecting 4 stars at
CMD locations (with non-zero contributions) from the distributions
shown in Figure 6 is only 3 per cent (from 10,000 random draws of
4 stars).
It may be that distance or extinction uncertainties have been un-

derestimated, or even that we are seeing a suggestion of the runaways
being slightly redder and more luminous than expected. Firstly, this
could arise from the impact of primary supernova ejecta on the
secondary. Secondly, it is expected that secondaries post-accretion
will typically be redder due to high rotational velocities and equa-
torial expansion, and over-luminous as they radiate energy to return
to thermal equilibrium (Blaauw 1993; van Rensbergen et al. 1996;
Renzo & Götberg 2021), but these effects are not yet accounted for
in the BPASS models. Therefore, the observation of runaways redder
and more luminous than predicted could be due to physics not yet
accounted for in these models, but we are prevented from making
detailed comparisons due to low number statistics. The scope for
building a statistically significant sample of runaways is explored in
Section 6.

5.3 Example: Galactic magnetars

A more challenging neutron star population are the Galactic magne-
tars, which lie at much greater distances and on dustier sight-lines
than the 13 SNRs described above (see Olausen & Kaspi 2014,
and references therein). The estimated distances and extinctions for
23 magnetars (distances and extinctions as listed by Chrimes et al.
2022) are plotted on Figure 8. For Gaia, we predict 0.24 × 23 ∼ 5
detections with proper motion. For the HST, JWST and Euclid ex-
ample observations, 8 magnetars are predicted to have discoverable
companions. For NGRST the number rises to 9, close to the maxi-
mum possible value assuming 45 per cent of supernova eject a non-
degenerate companion. For this population, the longer wavelengths
and deeper imaging provided by NIR space-based observatories are
required to maximise the discovery space. Precise magnetar proper
motion measurements are now being made, for example in the ra-
dio (Helfand et al. 2007) or with deep, high-resolution near-infrared
imaging (Tendulkar et al. 2012, 2013), revealing that they are cur-
rently indistinguishable from pulsars, based on the relatively low
numbers of magnetars with good constraints Lyman et al. (2022). A
challenge is that the magnetar age range extends up to ∼105 yr (older
than SNRs). Propagating over such timescales means that precise
proper motions measurements for more magnetars is essential if the
past trajectory/birth site are to be determined with sufficient accuracy
to identify a small number of possibly associated objects.

5.4 Radial velocity prospects

The previous subsections only considered the prospects for finding
unbound secondaries through proper motion surveys, but the mea-
surement of radial velocities (and, if signal-to-noise permits, rotation
and chemical abundances) is another tool in our arsenal. We consider
two new multi-object spectrographs, WEAVE (on the William Her-
schel Telescope Dalton et al. 2014) and 4MOST (on VISTA, de Jong
et al. 2014).
For WEAVE, we assume a typical observation in high-resolution
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Figure 9. The percentage of the unbound secondary population which is
bright enough to be detected at a S/N of 5 or greater in typical WEAVE (top)
and 4MOST (bottom) MOS observations (details given in Section 5.4). In the
region of parameter space accessible toGaia, there are good prospects for ra-
dial velocity measurements of candidate runaway stars. SNRs and magnetars
are also shown, as in Figure 8.

mode, consisting of 2×1 hour observing blocks (6 exposures total),
and standard observing conditions with a sky brightness in 𝑉 of
18.5mag arcsec−2 and seeing FWHM of 0.75 arcsec 5. Based on
the table provided, extrapolating the magnitude versus S/N relation
by fitting an exponential gives a S/N= 5 threshold in the 𝑟-band of
𝑟 = 18.9. We adopt this magnitude as a representative threshold for
being able to measure a radial velocity with the WEAVE MOS, and
hence show the fraction of unbound secondaries for which WEAVE
can measure the radial velocity in Figure 9 as a function of distance
and extinction.
For 4MOST, our assumptions are (i) use of the low-resolution

spectrographs, (ii) 6×20 minute exposures and (iii) the mean seeing
at La Silla 6 with a newMoon. The limitingABmagnitude for S/N= 5
at 600nm in these conditions is ∼21.2. The percentage of measurable
radial velocities (again assuming this requires S/N> 5 in 𝑟) is shown
in the lower panel of Figure 9. We can see that spectroscopic follow-
up of large numbers of candidates in this way is only possible at
distances and extinctions also accessible to Gaia, for fainter objects,
targeted spectroscopy of individual objects will be required.

5 https://www.ing.iac.es/astronomy/instruments/weave/
weaveinst
6 https://www.4most.eu/cms/facility/capabilities/

6 IMPLICATIONS & DISCUSSION

6.1 Prospects for increasing the runaway sample

We are now in a position to ask how many Galactic runaways and
walkaways are discoverable in principle, given the capabilities of cur-
rent surveys and telescopes. In Figure 10 we calculate this number
for each of the five scenarios shown in Figure 8. For SNRs we use
the sample of Wang et al. (2020), and their estimates for distances
and extinctions. For pulsars we use the ANTF catalogue (Manchester
et al. 2005)7, adopting dispersion-measure based distances (Taylor
& Cordes 1993) and line-of-sight extinctions from the Bayestar 3D
dust maps (Green et al. 2019). Only pulsars with reliable extinc-
tion estimates and spin-down ages less than 105 yr are shown, since
propermotion uncertainties are inflated the longer back a trajectory is
traced. For (pessimistic) mas yr−1 level uncertainties, 105 yr already
corresponds to a 100 arcsecond uncertainty in the initial position.
For each of the five rows in Figure 8, we calculate the cumulative

distribution of the number of runaways discoverable, and find that 14
runaways are in principle traceable back to an associated SNR with
Gaia, versus 26 for Euclid, 27 for HST and 28 for JWST and NGRST
(out of 63 SNRs). For pulsars younger than 105 yr it is 20, 24, 25,
26 and 27 (of 62 objects) for Gaia, HST, Euclid, JWST and NGRST
respectively. In each case, Euclid, HST, JWST and NGRST discover
almost every unbound companion there to be discovered. For Gaia,
no significant improvement is made beyond the first ∼30 SNRs or
pulsars, where extinction starts to play a significant role in obscuring
companions stars in the 𝐺-band.
For HST and JWST, proper motion is the limiting factor, but this

doesn’t start to become an issue until nearly all SNRs and pulsars
in these samples have been searched (i.e. only at the highest dis-
tances, ∼5 kpc or greater). Perhaps surprisingly, JWST does not offer
a significant improvement over HST. This is because the benefit of
lower extinction at these longer wavelengths only becomes useful at
very large extinctions of 𝐴V>40. Euclid and NGRST compare well,
however Euclid in particular requires a large number of exposures to
reduce positional uncertainties. The primary benefit of Euclid and
NGRST is their field of view, which we will return in this discussion.
While these observatories open new opportunities, we note that

when the SNR and pulsar samples are combined, existing Gaia data
releases alone offer the possibility of increasing the sample of walk-
aways/runaways by a factor of ∼8. There is however an uncertainty
of ∼50 per cent on this number, given the discrepancy with (i) other
population synthesis codes and (ii) the OB-star runaway fraction (40
per cent predicted here, versus the observed ∼20 per cent, e.g. deWit
et al. 2005; Maíz Apellániz et al. 2018).
In the above, we do no restrict the sample to only pulsars with

proper motions. To carry out these searches in full requires either a
detection of pulsar proper motion or at least an upper limit (also the
case for the magnetar sample). It also requires a method to estimate
the chance that an association is real (and not a chance crossing);
a framework for this has already been developed (Boubert et al.
2017b). This particularly important since the majority of unbound
companions are walkaways, not runaways, and move with veloci-
ties comparable to the dispersion of field stars in the Galactic disc
(Guiglion et al. 2015).

7 https://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 10. Left: 63 nearby SNRs in the local disc (𝑑 < 5 kpc), with distance and extinction estimates from Wang et al. (2020). Using the fiducial model with
Hobbs et al. (2005) kicks, we calculate the probability for each that a runaway is discoverable for each of the five example scenarios in Figure 8. We then rank
these from highest to lowest probability, and plot the cumulative distribution. Gaia is limited by the image depth, which becomes the limiting factor after the first
∼30 objects have been searched, and distances/extinctions become larger. Right: the equivalent figure for Galactic pulsars. Only pulsars with reliable extinction
estimates and spin down ages < 105 yr are plotted (N= 62). We calculate extinctions using the Bayestar 3D dustmaps of Green et al. (2019), with dispersion
measure distances (Taylor & Cordes 1993) and coordinates from the ANTF pulsar catalogue (Manchester et al. 2005).

6.2 Spectroscopic follow-up

A key tool at our disposal to confirm and characterise candidates
once identified is spectroscopy. Crucially, it fill in the missing radial
velocity component, allowing us to compare the total 3D velocity
distributions as predicted by population synthesis with observations.
The prospects for obtaining radial velocities for stars with proper
motion constraints were explored in Section 5.4 and Figure 9. Spec-
troscopy can also be used to search for high rotational velocities,
which might be preferentially expected among ejected companions
(compared with dynamically ejected stars) due to mass transfer (Pols
et al. 1991; Blaauw 1993; Boubert & Evans 2018; Renzo et al. 2019;
Sana et al. 2022). Furthermore, past interactions can lead to unusual
chemical compositions which may make ejected companions stand
out with respect to field stars (e.g. Clark et al. 2014; Renzo&Götberg
2021; Wang et al. 2021). Multi-object spectrographs (MOS) and In-
tegral Field Unit (IFU) instruments, notably the upcoming wide-filed
WEAVE and 4MOST, will be able to characterise numerous candi-
dates identified from propermotion surveys, providing key additional
information. A caveat for these ground-based observations is the lim-
iting magnitude. For WEAVE’s high-resolution and low-resolution
MOS modes, the faintest accessible objects in a 1 hour exposure
have 𝑉 ∼ 18 and ∼ 21 respectively (Dalton et al. 2014). This is
comparable to the limiting magnitude of Gaia (see the upper left
panel of Figure 8), so follow-up of Gaia candidates will be possible,
but challenging for fainter sources. 4MOST can also obtain obtain
radial velocities for objects down to the Gaia limiting magnitude,
and stellar parameters for objects brighter than 18th magnitude (with
2 hours of exposure time, and depending on sky conditions, de Jong
et al. 2019). For MOS and IFU spectroscopy of the faintest targets,
JWST/NIRSpec can reach 23-24th magnitude (in 10 ks) across the
1–4𝜇m range (Giardino et al. 2022).

6.3 Field of view considerations

A practical limitation of using observatories such as JWST and HST
is the field of view (FOV), which is approximately 2.2 and 2.0 arcmin

for HST/WFC3 and JWST/NIRCam respectively. For the following
we assume a transverse velocity of 100 km s−1, which covers ∼90 per
cent of the distribution (see Figure 1). For remnants of age 105 yr,
the angular offset of an unbound companion travelling at 100 km s−1
in the plane of the sky is greater than half the FOV of HST and
JWST as far out as 20 kpc. We use half the FOV here as a guide,
assuming that the SNR or neutron star position at birth is centred
in the FOV. Therefore, some degree of image tiling would be nec-
essary - a three by three grid would be required even at ∼10 kpc.
For NGRST, however, a single FOV is sufficient for distances beyond
∼2.5 kpc - and for distances less than this, Gaia is typically capable
of discovering most unbound companions. If the remnant is a fac-
tor of 10 younger, then the 100 km s−1 runaway will also be within
half a HST or JWST FOV beyond ∼2.5 kpc. Hence, while HST and
JWST do have a field of view constraint, they can be applied for
unbound companion searches, without tiling, if the remnant is young
and distant (and hence small on the plane of the sky). For nearby
objects, Gaia remains the best tool at our disposal, while for older
remnants beyond the local few kpc, wide-field NIR observatories
such as NGRST or Euclid (Laureijs et al. 2011) will be required.
Although these missions are cosmology-focused, and will preferen-
tially avoid observing theGalactic plane, their application to runaway
searches (and other Galactic science, WFIRST Astrometry Working
Group et al. 2019) may be possible through general observing time
programmes. A Gaia-like observatory operating in the NIR (Hobbs
et al. 2016) would also greatly increase the parameter space in which
unbound companions could be discovered.

6.4 Modelling approximations

Eldridge et al. (2011) found that a few per cent of OB-stars have run-
away velocities (> 30 km s−1), well below observational estimates.
The updated models of Eldridge et al. (2017) and Moe & Di Ste-
fano (2017) binary parameter distributions used in this work instead
produce an OB runaway fraction of ∼40 per cent (compared observa-
tional estimates of around 10–20 per cent, e.g. Maíz Apellániz et al.
2018). As noted in Section 3.1, the high rate of RLOF to CEE pro-
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gression in BPASS v2 - due to a combination of the input parameter
distributions and how mass transfer is handled - produces a large
number of tight binaries at core-collapse, which is driving the high
velocities predicted.
The choice of binary population synthesis input binary parame-

ters naturally has an impact on the velocity distribution outputs. The
impact of (statistical) binary parameter uncertainty in BPASS was
explored in the context of spectral synthesis by Stanway et al. (2020),
and in the context of bound companion predictions by Chrimes et al.
(2022, where uncertainties in the input parameters lead to uncertain-
ties in the bound fraction of a few per cent). Renzo et al. (2019) trial
a range of binary parameter distributions, finding that (in terms of
the ratio of walkways to runaways for example) the specific input dis-
tribution choices can change the results by as much as ∼50 per cent.
A full investigation of binary parameter uncertainty on the results
presented here is beyond the scope of this paper, but we note that
within codes there is significant uncertainty, and even more between
them, where additional differences primarily arise due to different
prescriptions for mass loss rates, mass transfer efficiency, stability
and the treatment of the common envelope phase. Overall, there is a
discrepancy of up to a factor of few in velocity between population
synthesis codes and observations (at least for OB stars), and it is in
this context that our predictions should be interpreted.
Throughout, we have assumed a Gaia limiting magnitude of 𝐺 =

20.7. However, we note that the survey completeness at fixed limiting
magnitude is a function (primarily) ofGalactic longitude and latitude.
This arises due to a complex combination of the Gaia scanning law
and a lower efficiency of faint source detections in crowded regions.
This is discussed in detail by Cantat-Gaudin et al. (2023), Boubert
& Everall (2020) and references therein.
Our examples and projections for the numbers of runaways dis-

coverable assume that the secondary has not gone supernova before
the time of observation. For young Galactic objects, such as SNRs,
magnetars and young pulsars less than 105 yr old, the probability of
the secondary going supernova before the present epoch is extremely
low, with the shortest-lived post-supernova secondary BPASS model
lasting 3Myr after disruption. This is accounting for the occurrence
of rejuvenation in some systems. Rejuvenation requires enhanced
mixing, which can occur in a variety of ways (e.g. mass transfer
increasing the temperature gradient and driving stronger core con-
vection in the accretor Renzo et al. 2023). In BPASS, rejuvenation is
assumed to occur due to spin-up and rotational mixing (see Ghodla
et al. 2023, for a full discussion) and is triggered when the secondary
accretes more than 5 per cent of its initial mass and has M>2M⊙ . At
this point, the secondary model is replaced with ZAMS model with
the new initial mass (Eldridge et al. 2019).
Another uncertainty is in the progenitor systems and whether the

kick velocity is dependent on the progenitor. For instance, ECSNe
may produce lower velocity kicks (e.g. Dessart et al. 2006; Janka
2012; Giacobbo & Mapelli 2018), but here we have randomly as-
signed kicks independent of the progenitor properties or the type of
supernova. Throughout, we have solely focused on supernovae pro-
ducing neutron stars, but if successful supernovae can also produce
black holes, then a full analysis should include their formation too.
This may be particularly relevant for SNe Ibc, since self-stripped
single stars are unlikely to produce successful supernovae (Zapartas
et al. 2021). Given the complex landscape of explodability (e.g. Pat-
ton & Sukhbold 2020) and the uncertain kick distribution of natal
black holes, we leave such analyses to future work. Although around
∼20 per cent of core-collapse events are expected to produce a black
hole, the fraction of successful supernovae expected to produce black

holes (through fallback onto a natal neutron star) is expected to be
rare (e.g. Kochanek 2015; Ertl et al. 2020)

6.5 Future observational tests

In principle, if supernova runaway sample sizes grow large enough,
many new tests of binary evolution and supernovae will become
possible. For instance, in principle it should be possible to com-
pare the composition of SNRs with the properties of their associated
runaways. We can ask, for example, whether SNRs from stripped en-
velope events produce faster and more massive runaways (see Figure
7. While it is possible to distinguish core-collapse from thermonu-
clear SNRs, separating type II and type Ibc core-collapse remnants
is challenging. Constraints may be obtainable through SNR oxygen
abundances as a progenitor mass proxy (Vink 2012), but this picture
is complicated by binary interactions which can ultimately alter the
core composition (Laplace et al. 2020, 2021).
Finally, we examine the impact of using different kick distributions

on the expected results from the 13 SNRs as described in Section 5.2.
Switching to Verbunt kicks and propagating through, we predict that
4.7 of the 13 SNRs of Boubert et al. (2017b) and Fraser & Boubert
(2019) would have detectable companions, moving fast enough for
their motion to be measured, versus 4.8 when the Hobbs et al. (2005)
kick distribution is assumed. Using the Bray kick, the predicted num-
ber for the 13 SNRs searched with Gaia is 3.7. In the current realm
of small number statistics, it is difficult to obtain constraints on the
kick in this way, as all three estimates are consistent (within Poisson
errors) with 4 candidates being discovered. However, if large sam-
ples of up to ∼50 can be searched (Fig. 10), then the differences will
be pronounced. The distribution of angles between proper motion
vectors also contains useful information, where stronger peaks indi-
cate stronger natal kicks. In summary, there is potential for using the
kinematics of unbound companions as an independent constraint on
neutron natal kicks and the dynamics of supernovae in binaries.

7 CONCLUSIONS

In this work, we have produced kinematic and photometric predic-
tions for stars ejected by the supernova of their binary compan-
ions. We find a runaway fraction among ejected OB stars of 40 per
cent. These predictions are placed in the context of existing unbound
companion searches and predictions from other population synthesis
codes, in addition to current and upcoming observational opportuni-
ties. We have shown that the velocities of neutron stars produced in a
binaries closely follow the input kick distribution, justifying the as-
sumption that observed neutron star velocities are directly representa-
tive of their natal kicks.We have demonstrated that for optical surveys
such asGaia, the limiting factor in discovering unbound companions
is the survey depth. However, we estimate that the numbers can still
be increased by a factor of 5–10 with existingGaia data releases. The
discovery space can be increased further if observatories capable of
deep IR imaging such as HST and JWST are employed, for which the
primary limiting factor is the instrumental field of view. Discoveries
can be maximised with upcoming wide-field NIR observatories such
as Euclid and NGRST. Candidates can then be differentiated from
unassociated field stars through the identification of high-velocities,
rapidly rotation and chemically anomalous compositions with multi-
object spectrographs and integral field units such as WEAVE and
4MOST. These have wide fields of view and high enough spectral
resolution to sample nearly the entire runaway andwalkaway velocity
distribution within the Galaxy. If the number of ejected companion
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candidates is increased, as we have shown is feasible with current
and upcoming facilities, new approaches to constrain the binary pro-
genitors of supernovae, the dynamics of supernovae in binaries and
neutron star natal kicks will become possible.
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APPENDIX A: ALTERNATIVE NATAL KICKS

For our fiducial models, we have assumed that neutron stars receive
natal kicks following the Hobbs et al. (2005) distribution. An al-
ternative distribution, derived from young pulsars, is the bimodal
distribution of Verbunt et al. (2017). Alternative versions of Figures
1, 3 and 4 are provided in Figures A1, A2 and A3, where Verbunt
et al. (2017) kicks are assumed instead. Although it has been hy-
pothesised that the low-velocity peak in this distribution corresponds
to contributions from electron capture supernovae (ECSNe), given
the uncertainty in which stars will produce ECSNe, we agnostically
draw from the Verbunt et al. (2017), as for Hobbs et al. (2005). In
Figures A4, A5 and A6, we show equivalent results assuming the
momentum-conservation kick model of Bray & Eldridge (2016) and
Bray & Eldridge (2018).

APPENDIX B: CALCULATION OF ABSOLUTE
MAGNITUDES IN JWST/NIRCAM AND GAIA FILTERS

JWST: We first fit spectra to the BPASS synthetic photometry of the
secondary star in the final timestep of the primary. To do this we
use the Phoenix spectral library, whose spectra extend well beyond
the 2-5𝜇m range of interest for NIRCam. We fit for every model
temperature and every log(𝑔). Since we are fitting models to models,
we cannot perform a 𝜒2 minimisation or similar, since the uncer-
tainties are not quantified. Instead, we simply minimise the sum of
the differences between each of the filters to determine the best fit.
For converting filter magnitudes to fluxes across a wavelength range
and vice versa, we use filter profiles from the SVO profile service
(Rodrigo et al. 2012; Rodrigo & Solano 2020). For each BPASS
secondary model we have a best-fit Phoenix spectrum, from which
we then derive the JWST F277W and F444Wmagnitudes. Figure B1
shows a selection of representative example fits, drawn at random
from the unbound population.

Gaia: Since Gaia magnitudes are not a default output of BPASS,
we instead approximate Gaia magnitudes (𝐺, 𝐺BP and 𝐺RP) from
Johnson-Cousins V and I magnitudes using the fits of Riello et al.
(2021), with

𝐺 = 𝑉 − 0.01597 − 0.02809(𝑉 − 𝐼) − 0.2483(𝑉 − 𝐼)2

+0.03656(𝑉 − 𝐼)3 − 0.002939(𝑉 − 𝐼)4
(B1)

for the 𝐺-band,

𝐺BP = 𝑉 − 0.0143 + 0.3564(𝑉 − 𝐼) − 0.1332(𝑉 − 𝐼)2

+0.01212(𝑉 − 𝐼)3
(B2)

for GBP and

𝐺RP = 𝑉 + 0.01868 − 0.9028(𝑉 − 𝐼) − 0.005321(𝑉 − 𝐼)2

−0.004186(𝑉 − 𝐼)3
(B3)

for GRP.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. As in Figure 1, but with neutron star natal kicks from the distribution of Verbunt et al. (2017), rather than Hobbs et al. (2005).
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Figure A2. As in Figure 3, but with neutron star natal kicks from the distribution of Verbunt et al. (2017), rather than Hobbs et al. (2005).
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Figure A3. As in Figure 4, but with neutron star natal kicks from the distribution of Verbunt et al. (2017), rather than Hobbs et al. (2005).
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Figure A4. As in Figures 1 and A1, but using the kick model of Bray & Eldridge (2016), with the model parameters of Richards et al. (2022).
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Figure A5. As in Figures 3 and A2, but using the kick model of Bray & Eldridge (2016), with the model parameters of Richards et al. (2022). The Hobbs et al.
(2005) distribution is also shown on the left panel for reference.
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Figure A6. As in Figures 4 and A3, but using the kick model of Bray & Eldridge (2016), with the model parameters of Richards et al. (2022).
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Figure B1. An example of our JWST/NIRCam absolute magnitude calcula-
tions. Shown are ten randomly selected PHOENIX spectral fits to the synthetic
photometry of unbound companions. Fitting is performed to BPASS 𝑔, 𝑟 , 𝑖,
𝐽 , 𝐻 and𝐾 magnitudes (black points). The corresponding JWST F277W and
F444W magnitudes are then calculated from the best-fit PHOENIX model
in each case (orange hexagons). The corresponding response curves used are
shown in the lower panel (Rodrigo & Solano 2020).
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