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ABSTRACT

Context. Several supernova remnants and young neutron stars were recently discovered relatively high above the Galactic plane.
Understanding their origin will provide key insights into the properties of the Galactic halo. One possibility is that they originated

from runaway OB stars born in the Galactic disk.

Aims. We aim to determine the spatial distribution of supernova explosions from runaway OB stars and to assess whether this model

can explain certain observed neutron stars.

Methods. We mapped the distribution of supernova events produced by runaway OB stars by incorporating their birth rate, initial
spatial distribution, lifetime, ejection mechanisms, and velocity distributions. By tracking their motion in the Galactic potential, we

determined their final distribution right before the explosion.

Results. We show that the neutron star Calvera, which is found at z = 2.2 kpc, could have originated from a runaway OB star. In
addition, we compared the probabilities of finding a supernova remnant originating from Type Ia and core-collapse supernovae high
above the Galactic plane, finding that supernova remnants related to core-collapse supernovae outnumber those related to Type la

supernovae.
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1. Introduction

Star formation in the Milky Way (MW) is believed to be con-
fined to the Galactic disk, mostly in the so-called star-forming
regions. Thus, the youngest stellar population is mainly observed
in structures such as OB associations and open clusters. In the
photometric survey by Humason & Zwicky (1947), faint blue
stars at high Galactic latitudes were identified. They are low-
mass, evolved Population II objects. Further studies have shown
that main-sequence (MS) stars are also present in the Galactic
halo, although they appear very faint due to the large distances
(Greenstein & Sargent 1974). The inherent difficulty in disen-
tangling the latter population from the former was later noted
(Philip et al. 1987); analyzing the stellar parameters and element
abundances of faint blue stars at high Galactic latitudes is thus
crucial to determining whether they are MS stars.

Young, blue early-type MS stars observed outside star-
forming regions with different kinematical properties compared
to typical early-type MS stars are known as runaway stars. They
are expected to be formed in the Galactic disk and later ejected
to the Galactic halo. Using recent Gaia Data Release 3 astromet-
ric data, Carretero-Castrillo et al. (2023) estimated that ~25%
of O-type stars and ~5% of Be-type stars are runaway stars.
Two ejection mechanisms were proposed: ejection from a dis-
rupted binary system and dynamical ejection due to stellar inter-
actions in a dense environment (see Silva & Napiwotzki 2011).
The binary ejection mechanism (BEM) was first proposed by
Zwicky (1957) and later developed by Blaauw (1961). In this
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scenario, the more massive component of a close binary system
undergoes a supernova (SN) explosion. Due to mass loss and/or
the kick imparted to the newborn compact object, the two stars
become gravitationally unbound. The secondary component has
a high orbital velocity, which is mostly conserved after the binary
is disrupted and becomes a runaway star. In its original form,
this model predicts that runaway stars can appear only as sin-
gle objects. From simulations, it is expected that the maximum
ejection velocity is around 300 kms~!, or even up to 400 km s~
(Portegies Zwart 2000).

The dynamical ejection mechanism (DEM) was proposed by
Poveda et al. (1967) as an alternative to the BEM. In this sce-
nario, runaway stars are ejected as a result of dynamical inter-
actions due to gravitational instabilities during the early phases
of an open cluster evolution. The dynamic interaction between
the stars in the young cluster could result in the ejection of both
single and multiple stars. Runaway stars ejected this way are
expected to have a velocity of up to 400kms™' (Gvaramadze
2009; Gvaramadze et al. 2009).

After tracing the orbits of runaway stars back to their parent
clusters, Hoogerwerf et al. (2001) speculated that both mecha-
nisms are at work, contributing roughly equally to the popula-
tion of runaway stars. This conclusion, however, was based on
a very limited number of representative cases. In particular, the
association of £ Oph with a nearby pulsar as evidence of a BEM
was later refuted by Neuhiuser et al. (2020), who show that the
two objects do not have a common origin. While rejecting that
specific association, Neuhduser et al. (2020) propose a different
pulsar as a possible counterpart to £ Oph, which would preserve
the interpretation of £ Oph as a BEM and maintain the balance
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between the known DEM and BEM cases. While this conclu-
sion was based on a very limited number of representative cases,
it was supported by subsequent studies — for example, a study
on the origin of B runaway stars, in which Liu et al. (2023) ana-
lyzed their chemical composition and kinematics — and under-
mines the assumption of equal contributions from the BEM and
DEM. The bimodal distribution of ejection velocities observed
in B-type stars suggests two distinct origins, aligning with the
findings of Silva & Napiwotzki (2011). However, for runaway
stars in the Small Magellanic Cloud, it was shown that the DEM
dominates over the BEM by a factor of ~2-3 (Oey et al. 2018;
Dorigo Jones et al. 2020). This highlights the need to reevaluate
the relative importance of these mechanisms using more robust
statistical samples.

The predicted ejection velocity distributions are similar
for the two mechanisms. Silva & Napiwotzki (2011) proposed
that there are two different populations of runaway stars: a
high-velocity population with a maximum ejection velocity of
~(400-500) km s~! and a low-velocity population with a maxi-
mum ejection velocity of ~300km s~!. These authors argue that
the observed limit of ~500kms™" and the bimodality of the
observed distribution are natural consequences of the BEM. In
addition, Silva & Napiwotzki (2011) found three stars that were
inconsistent with an ejection from the Galactic disk, discussing
different possible scenarios, including a possible formation in
the Galactic halo.

The BEM and DEM may in fact act jointly, resulting in
the so-called two-step ejection mechanism, which was proposed
as a natural explanation for the presence of apparently isolated
massive stars (Pflamm-Altenburg & Kroupa 2010). In this sce-
nario, a binary system is first ejected via the DEM and, subse-
quently, one of the binary components is ejected via the BEM.
This mechanism can produce runaway stars with no apparent
link to a parent cluster, complicating efforts to trace them back
to their origin and challenging the notion of truly in situ massive
star formation. Although their past trajectories may not point
to a birthplace, their unusually high velocities can still indicate
an ejection origin. A further study by Gvaramadze et al. (2012)
showed that most of the known O stars thought to have formed
in isolation are very likely runaway stars. Also, it was demon-
strated that the field population includes O stars whose low space
velocities and/or young ages appear inconsistent with the large
distances separating them from their potential birth clusters or
with the ages of those clusters. These stars, likely ejected via the
BEM, cannot be reliably traced back to their origins and may
therefore be mistakenly classified as having formed in situ. In
general, Gvaramadze et al. (2012) do not find compelling evi-
dence supporting the in situ formation scenario for massive stars.

In addition, a recent study by Polak et al. (2024) suggests a
possible third mechanism for the formation of runaway stars —
the subcluster ejection scenario (SCES). In this model, a subset
of stars from an infalling subcluster is ejected out of the cluster
via a tidal interaction with the contracting gravitational poten-
tial of the assembling cluster. Stars ejected via SCES have sim-
ilar velocities, directions, and ages, and their ejection directions
tend to be anisotropic, often aligned with the subcluster mergers
geometry. This could explain grouped runaway stars that appear
to be coeval and moving in similar directions (Stoop et al. 2024).

During their evolution, runaway OB stars can undergo a
core-collapse supernova (CCSN) explosion, likely resulting in
the formation of a compact object — a neutron star (NS) or a
black hole. It is important to study the possible spatial distribu-
tion of these explosions, as several supernova remnants (SNRs)
were recently observed high above the Galactic plane (see, e.g.,
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Fesen et al. 2015, Churazov et al. 2021), all listed in the new cat-
alog by Green (2025). Thanks to the soft gamma repeater (SGR)
detections from the extended Roentgen Survey with an Imag-
ing Telescope Array all-sky survey, a new X-ray-selected SNR
candidate was discovered high above the Galactic plane, SRGe
J0023+3625/G116.6-26.1 (Churazov et al. 2021). It is hypothe-
sized that this SNR originated from a Type Ia supernova (SN Ia).
Objects with parameters similar to those of G116.6-26.1 are rare,
but not to the extent of making the association with G116.6-26.1
implausible (Churazov et al. 2021). However, other interpreta-
tions are possible.

In addition, young isolated NSs are also observed high above
the Galactic plane. The most well-known example is the source
1RXS J141256.0+792204, dubbed Calvera. It was first identified
in the Roentgen Satellite All-Sky Survey Bright Source Catalog
at Galactic latitude b = +37° (Rutledge et al. 2008). Calvera is
located at a distance of ~3.3 kpc and, given its Galactic coordi-
nates, this corresponds to a height of ~2kpc above the Galac-
tic plane (Mereghetti et al. 2021). Assuming that its character-
istic age, 7. = 285kyr, is the true age (Halpern et al. 2013), it
is possible to estimate the component of its velocity perpendic-
ular to the Galactic plane. If the NS were born in the Galac-
tic disk, its v, would be ~6800kms~'. This is unreasonably
high compared to known kick velocities (Rigoselli et al. 2024).
In addition, Calvera’s age is still uncertain. The proper motion
measurements allowed Rigoselli et al. (2024) to estimate the age
as <10kyr. The SNR G118.4+37.0 is associated with Calvera,
suggesting that Calvera originated from the same SN. The esti-
mated age of the SNR is also <10kyr (Arias et al. 2022; Araya
2023). There is a possibility that Calvera is a descendant of a
runaway star (Posselt et al. 2008). Thus, modeling the popula-
tion of runaway stars until they end in a SN event might shed
light on the origin of Calvera and similar sources.

In this paper we present a statistical analysis of runaway
OB stars and calculate the rate of their explosions as SNe. We
modeled the distribution of SNRs produced by explosions of
runaway OB stars relative to the Galactic plane, comparing it
with that obtained by Bisht et al. (2024). These authors analyzed
the possibility that the observed high-column-density absorption
lines from a highly ionized gas can be explained by the reverse-
shocked gas in non-radiative SNRs above the Galactic plane.
Such SNRs should originate from runaway stars.

We also analyze the probability that Calvera originates from
arunaway OB star. Finally, we compare the probabilities of find-
ing a SNR formed after a CCSN explosion high above the Galac-
tic plane and after a SN Ia following the method presented by
Churazov et al. (2021).

The paper is organized as follows. In Sect. 2 we describe our
assumptions and methods for modeling the population of run-
away OB stars and tracking their motion in the Galactic poten-
tial. In Sect. 3 we present the spatial distribution of SNRs orig-
inating from the collapse of runaway OB stars, analyze the case
of Calvera, and compare the distributions of CCSNe and SNe Ia
high above the Galactic plane. Discussion and conclusions fol-
low in Sects. 4 and 5.

2. Model

In this section we present the model used to calculate the spa-
tial distribution of SN explosions of runaway OB stars. First, we
present the parameters of OB stars and then describe how we
calculated their trajectories in the Galactic potential.
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2.1. Parameters of OB stars

There are four main ingredients of our model: the mass-
dependent birth rate of OB stars, their initial spatial distribution,
the velocity distribution, and, finally, the age at which a star is
ejected due to binary disruption or to dynamical interaction.

2.1.1. Birth rate

The distribution of stellar masses in a given stellar population
follows a statistical distribution known as the initial mass func-
tion (IMF), which is defined in terms of the number of stars per
logarithmic mass interval, £(log M) = dN/dlog M. We adopted
the Chabrier IMF for single stars in the Galactic disk (Chabrier
2003). The Chabrier IMF consists of a log-normal distribution at
low stellar masses (M < 1 M),

| GoM/Mo) ~ log Mo)*

E(og M/Mo)y<i m, = Aex 702 , (D
and a power-law tail at higher masses (M > 1 M),

E(log M/Mo)y>1m, = BM™, (2
where A = 0.158%0031 a1 =~ 0.07970016 & ~ (.697001

~0.046° +0.021° 40,05
B = 443 x 1072, x ~ 1.3 + 0.3. The parameters M., o, and a

are empirically determined based on observational data, mainly
from stellar counts and luminosity functions in the solar neigh-
borhood, while the constants A and B ensure continuity and
proper normalization (see Chabrier 2003, for details).

As we are interested in OB stars that undergo CCSN explo-
sions, the range M/M; < 1 can be ignored. Therefore, we pro-
ceeded with the inverse transfer sampling of an arbitrary num-
ber of stars from Eq. (2). Then, we selected only stars with
M > 8 M, as the less massive stars will not undergo a CCSN
event (Smartt 2015).

After sampling N, stars in the mass range 8 My < M <
55 Mg, we checked which of them qualify as runaway stars.
As discussed, for example, in Carretero-Castrillo et al. (2023)
the percentage of runaway stars depends on the spectral type,
and the spectral type can be related to the mass (see Table
1; Weidner & Vink 2010; Nieva & Przybilla 2014). Here, we
accepted the percentage of runaway B stars to be the same as
that one of Be stars, as this is in agreement with the general
assumption that 5-10% of B stars are runaway stars and close
to the value of 4% proposed by Stone (1991).

For each bin, the central mass value is determined and the
corresponding mass percentage is assigned to it. Then, linear
interpolation is applied to obtain a continuous trend. Based on
the probability obtained from the interpolation, for each star it is
checked whether it is a runaway, obtaining the number of run-
away stars (Npnaway). Due to interpolation, the upper limit of
the mass in our subset of runaway stars is 55M. However, the
results are not sensitive to this as the number of massive stars
becomes lower and lower at higher masses.

2.1.2. Initial spatial distribution

We assumed that the initial spatial distribution of runaway OB
stars has cylindrical symmetry, i.e., it is independent of the pres-
ence of arms and other spatial features of the Galaxy but depends
only on the radial distance from the Galactic center, R, and the
height above the Galactic plane, z. We also assumed that the
distribution of OB stars is similar to the distribution of young
radio pulsars, which is well traced in a relatively large volume

of the Galaxy. Then the initial spatial density of OB stars is
(Lorimer et al. 2006; Ahlers et al. 2016)

R\ R-R
p(R,z)m(IT@) eXp(—ﬂ RGO)CXP(—%);

here R; = 8.2kpc is the distance of the Sun from the Galactic
center and /2 = 0.181 kpc is the vertical height scale. The coeffi-
cients @ and § are taken to be @ = 1.93, 8 = 5.06 (Lorimer et al.
2006; Ahlers et al. 2016). We proceeded with the rejection sam-
pling of R and the inverse transform sampling of z for each run-
away star from Eq. (3). The azimuthal angle, ¢, was randomly
sampled, reflecting the assumed axisymmetry of the distribution.

3

2.1.3. Velocity distribution

We assumed that before the ejection (acceleration), a star has the
typical velocity of a massive MS star in the Galactic disk. Then,
at some age (see Sect. 2.1.4) its velocity increases either because
of a dynamic interaction or because of a binary disruption. Thus,
we have to specify two velocity distributions: before and after
ejection.

The velocity components of newborn MS stars follow a nor-
mal distribution. Dispersions along the three axes of the veloc-
ity ellipsoid reflect random motions added to the general Galac-
tic rotation. The velocity dispersion of OB stars in the Galactic
coordinate system is characterized by the three principal velocity
dispersions (Bobylev et al. 2022),

o = 14.98 + 0.08 kms™!,
o = 8.86 £ 0.05kms™!,
o3 =7.58 £0.04 km s

“

that are not aligned with the Galactic coordinate axes (U, V, W)
but are instead rotated by specific angles:

L, =802+0.1°, B, =89+0.1°,
L, =1702+0.1°, B, =0.1+0.1° (5)
Ly =2608 £0.1°, B;=81.1+0.1°.

Each pair of L and B represents the direction of a principal axis
in the Galactic coordinates. Since the velocity ellipsoid is tilted
relative to the (U, V, W) system, we needed to apply a rotational
transformation to express the velocity components in the Galac-
tic velocity coordinates. To transform from the principal velocity
frame to the Galactic velocity frame (U, V, W), we used the rota-
tion matrix (R) and the unit vectors of the principal axes:

cosLjcosB; cosl,cosB, coslscosBs
R=|sinL;jcosB; sinl,cosB, sinLzcosBj]|. (6)
sin B sin B, sin B3

The velocity dispersion tensor in the principal axes frame Zy is
given by

0'% 0O O

Sy={0 o2 0], (7)
0 O o-%

which becomes in the Galactic velocity frame (U, V, W)

EUVW =R ZV RT. (8)

The initial random velocity components are sampled from the
normal distribution with the given covariance matrix Zyyw
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employing GALPY (Bovy 2015). The circular velocity, depen-
dent on R and z and also calculated employing GALPY, is added
to the initial random velocity.

At the moment of ejection, the velocity is instantly increased.
As discussed in Silva & Napiwotzki (2011), the distribution of
the (scalar) ejection velocity of runaway stars is bimodal with
a maximum value of 400—500km s~'. This bimodality can be a
natural consequence of the BEM. However, since the difference
between the two components is small, it can be assumed that
the distribution of the scalar ejection velocity is described by a
single Maxwellian that peaks at 156 km s~ (Silva & Napiwotzki
2011). Ejection velocities are sampled from the Maxwellian dis-
tribution assuming isotropy, i.e., the direction is randomly drawn
from a uniform distribution over the sphere, and the resulting
velocity components are added to the one mentioned previously.

2.1.4. Ages

The ejection time depends on the mechanism responsible
for the ejection. Following previous studies (Oey et al. 2018;
Dorigo Jones et al. 2020), we assumed that two-thirds of the run-
away stars are ejected by the DEM and one-third by the BEM.
As shown by Fujii & Portegies Zwart (2011), most Galactic run-
away OB stars originate from star clusters that experience core
collapse within the first 1 Myr of their existence. Therefore, we
assumed that two-thirds of the runaway stars are ejected 1 Myr
after birth.

To determine the ejection time of a runaway star ejected via
the BEM, we first selected the mass of its binary companion and
then computed its lifetime, which corresponds to the ejection
time of the secondary star due to binary disruption produced by
the SN explosion of the primary. The distribution of the mass
ratio g = M,/M, (with M, < M) in binary stars is given by
(Sana et al. 2012)

@) ~q"".

Following common practice, f(g) is approximated as a constant
(Kinugawa et al. 2024), meaning that the distribution is flat, so
the initial masses of the primary and secondary components are
independent of each other. First, we randomly found the primary
component for every runaway star ejected via the BEM, follow-
ing the IMF given by Eq. (2). Then, the lifetime of the primary
component was calculated, and this corresponds to the time of
ejection of the runaway star. Also, the lifetimes of all the run-
away stars are calculated, which sets the time when they undergo
a SN explosion. Lifetimes for both the primary components and
runaway stars are calculated by linear interpolation from the evo-
lutionary track for metallicity Z = 0.01 given in the PARSEC
database' (Costa et al. 2025).

®

2.2. Trajectories in the Galactic potential

Following the procedure explained in Sect. 2.1, we obtain the
masses, initial spatial distribution, velocity distribution from
birth to ejection, velocity distribution after ejection, time of ejec-
tion depending on the ejection mechanism, and lifetime of run-
away stars. After these parameters are set, the trajectories in
the Galactic potential can be calculated. To do so, we used the
MWPOTENTIAL2014 from the GALPY library (Bovy 2015).

MWPOTENTIAL2014 is a realistic description of the MW on
small and large scales defined as:

I https://stev.oapd.inaf.it/PARSEC/
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Fig. 1. Initial (blue dots) and final (red crosses) distribution of the run-
away stars in the R-z plane, where R corresponds to the Galactocentric
radial distance and z to the height above the Galactic plane.

— The disk is modeled following the Miyamoto-Nagai
approach (MIYAMOTONAGAIPOTENTIAL).

— The bulge is modeled with a power-law density pro-
file that is exponentially cut-off with a power-law
exponent of —1.8 and a cut-off radius of 1.9kpc
(POWERSPHERICALPOTENTIALCUTOFF).

— The dark-matter halo is modeled following the Navarro—
Frenk—White potential (NFWPOTENTIAL).

After integration, the spatial distribution of runaway OB stars in
the Galaxy at the moment of SN explosion is obtained.

3. Results
3.1. OB stars

In our sample, we used Ngrs = 60000 stars with masses 8 <
MMy < 55 and Npypaway = 7000 of them are runaway stars. In
Fig. 1, the initial and final distributions in the R-z plane of the
runaway stars are shown. It can be seen that, at the initial time,
the stars are concentrated toward the Galactic disk, whereas at
the time of the explosion, the dispersion around the Galactic
plane is greater, and the stars can end up high above the Galactic
plane, in the thick disk and in the Galactic halo.

In Fig. 2 we present the cumulative distribution function
(CDF) of the absolute value of the height above the Galactic
plane |z| at the moment of the SN explosion. Our model pre-
dicts that around 85% of the runaway stars will explode below
1 kpc, and 95% at |z] < 1.9 kpc, suggesting that a non-negligible
fraction of runaway OB stars can explode in the Galactic halo.

The final distribution is calculated using a large number of
runaway stars, on the order of 103, to ensure statistically sig-
nificant results. In order to estimate the real number of SNRs
coming from runaway OB stars in the Galaxy, we followed two
approaches, one based on the star formation rate (SFR) and the
other on the CCSN rate.

First, we calculated the weighted fraction of runaway stars:

p== : (10)

55Mg
fSM@ M~~dM

Jon® poyMdm

where p(M) is the fraction of runaway stars obtained by linear
interpolation of the values reported in Table 1.
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Fig. 2. Final CDF of the height above the Galactic plane, |z| (solid line).
The vertical lines mark the scale height of the initial distribution (dashed
line), 1 kpc (dash-dotted line), and the value of z below which 95% of
runaway stars are concentrated (dotted line).

The SFR in our Galaxy is SFR = 2.0+0.7 Mg yr~! (Elia et al.
2022). The total number of stars with 0.08 < M/M, < 150
(Nyota1) formed in the Galaxy during time ¢ (e.g., the average life-
time of a SNR) is

SFR x t

Nootal = <M’

an

where < M > is the average stellar mass, calculated using the
Chabrier IMF (Egs. (1) and (2)):

(o ay
M>="——
< 150M¢

0.08 Mo

. (12)
dN

The number of existing SNRs originating from runaway OB
stars is then given by

N,
2 xp, (13)

total

Nsrr = Nioal X

where the ratio Nog/Nwa can be found integrating Eqgs. (1)
and (2).

On the other hand, the CCSN rate in our galaxy is esti-
mated to be CCSN = 1.9+ 1.1 century™' (Diehl et al. 2006). The
number of potentially observable SNRs originating from run-
away OB stars, Nccsn, was obtained by multiplying the CCSN
rate by the characteristic time and by the fraction of runaway
stars:

Ncesy =t X CCSN X p. (14)

Using Eq. (10), we calculate p = 0.11 and considering the
typical lifetime of SNRs as t = 100 kyr, we find that the num-
ber of SNRs originating from runaway OB stars is around 310
when using the SFR and around 210 when using the CCSN rate.
The two values are consistent within the uncertainties (based
on errors in the CCSN rate, 1.9 + 1.1 century™', and the SFR,
20+0.7 Mg yr‘l).

3.2. Calvera

As mentioned above, Calvera is a young NS with a character-
istic age of 7. = 285kyr (Halpern et al. 2013). It is suspected

Table 1. Percentage of runaway stars as a function of the spectral types
and masses.

Spectral type Mass (My)  Runaway star ~ Refs.
percentage (%)
02-07 25-86 25.1 1,2
08-09 18-25 23.7 1,2
BOe — B3e 8-18 6.2 1,3
B4e — B9e 2-8 4.8 1,3
08 - Ble 15-25 14.8 1,2,3

Notes. (1) Carretero-Castrillo et al. (2023); (2) Weidner & Vink (2010);
(3) Nieva & Przybilla (2014).

that Calvera originated from an OB runaway star (Posselt et al.
2008). Here, we want to estimate the probability that a runaway
OB star went SN in a Galactic region characterized by Calvera’s
location.

Calvera is located at a distance of ~3.3 kpc and at a height
above the Galactic plane of =2 kpc (Rutledge et al. 2008). There-
fore, by fixing the values of 7 = 3.3kpc and 7 = 2kpc, we find
the probability density of a SN explosion in the cylinder with
radius p = Vi?2 — Z2 and |z| > Z. Then, to obtain the probability,
we multiplied the probability density by the number of SN explo-
sions coming from runaway OB stars Nggr and Nccsn, obtained
from Eqgs. (13) and (14), using ¢t = 7.

We obtain 0.7—-1.3 using the SFR and 0.5-0.9 using the
CCSN rate. This suggests that there should be ~1 object within
the cylinder originating from runaway OB star SN explosions in
285 kyr, supporting the idea that Calvera could have originated
from a runaway OB star.

On the other hand, it was recently proposed that Calvera was
created in the core-collapse following a SN explosion <10kyr
ago (Rigoselli et al. 2024). Again, using Eq. (13), Eq. (14) and
the upper limit of ¢ = 10 kyr, we obtain 0.02—0.05 and 0.02—-0.03
objects originating from the SN explosion of runaway OB stars
in the cylinder in 10 kyr. Even in this case, the probability that
Calvera originated from the SN explosion of a runaway star is
not negligible.

The inverse transform sampling procedure introduces inher-
ent statistical fluctuations between runs. Consequently, we report
a range of values rather than a single deterministic outcome to
account for this variability.

3.3. SNRs

In this subsection we compare the probability of finding a
SNR high above the Galactic plane originating from SN Ia
(see Churazov et al. 2021, Sect. 3.6) or CCSN explosions of
runaway OB stars. As explained in Churazov et al. (2021), to
obtain the number of SNRs originating from SN Ia explosions
at |z1 > lkpc, it is necessary to analyze the rate of SNe Ia
in the thick disk and the halo. As the Galaxy halo has a stel-
lar mass of ~1.4 x 10° M, and a thick disk of 6 x 10° Mg
(Deason et al. 2019), and adopting the observational estimate of
the SN Ia rate for elliptical galaxies with stellar mass <10'! M,
of ~0.09 SNe Ia per 100yr per 10'° M, (Lietal. 2011), the
SN Ia rate of the Galaxy is ~5.4 x 107 per year in the thick
disk and ~1.3 x 10~ per year in the halo. To have the same
proportionality and statistically significant results, we sampled
5400 objects from the thick disk and 1300 objects from the
halo.
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Fig. 3. CDF of the absolute value of the height above the Galactic
plane, |z|, for SNRs originating from CCSNe (solid line) and SNe Ia
(dashed line). The vertical dotted line is at 1 kpc. The CDF of SNRs
originating from CCSNe is normalized to 28, as the rate of CCSNe is
28 times higher than that of SNe Ia. As SNe Ia from the thin disk are
excluded from this calculation, only the difference for |z| > 1 kpc should
be observed.

The spatial density distribution of the objects sampled from
the thick disk (pp) follows the exponential law

R 2z
occexp|——Jexp|——],
PD P I P I
where hg = 2.1kpc and h, = 0.9kpc are radial vertical and
height scales (Bland-Hawthorn & Gerhard 2016). The spatial
density distribution of the objects sampled from the halo (pg)
underlay the spheroidal distribution along the galactocentric dis-
tance and a broken power law:

pr o« (R? + (z/0.6 kpe)?) /2,

s)

(16)

where R and z are in kpc, p = 2.3 for R < 27kpc, and p = 4.6
for R > 27 kpc (Deason et al. 2011).

After sampling SNRs originating from a SN Ia explosion,
we seek to compare the dominance of Type Ia and CC SNRs as
a function of Galactic height, identifying the regions where each
type prevails. As the total SN Ia rate for |z > 1kpc is ~5.4 X
107* + 1.3 x 10™* = 6.7 x 10™* SN Ia per year, and the CCSN
rate is 1.9 x 1072 per year, we see that there are around 28 times
more SNRs originating from CCSN than from SN Ia explosions.

Therefore, we plotted the CDFs for SNRs originating from
CCSNe and SNe Ia depending on the height above the Galactic
plane, where the CCSN one is normalized to 28 (Fig. 3). It is
important to note that the part of the figure for |z] < 1kpc is
not relevant, as no SN Ia in the thin disk was included in this
calculation. In all z, the SNRs of the CCSNe are dominant over
those originating from SNe Ia.

4. Discussion
4.1. OB stars

Bisht et al. (2024) explored the possibility that the strong absorp-
tion lines from highly ionized gas can be explained if the line
of sight passes through the reverse shocked material in a non-
radiative SNR located outside the Galactic plane of the MW.
In connection with this, the authors modeled the distribution of
SNRs related to runaway OB stars. It is therefore of interest to
compare the results of the two approaches.
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The results obtained in Sect. 3.1 are slightly different from
those presented in Bisht et al. (2024). These authors have shown
that around 93% of the SN explosions of runaway stars are con-
fined within |z] < 1kpc, and almost all are within |z|] < 2kpc.
In our model around 85% are within |z] < 1kpc and around
95% within |z] < 1.9kpc. Unlike Bisht et al. (2024), who used
the uniformly distributed lifetime of runaway stars between 1
and 10 Myr and the assumption that stars are ejected at birth,
our approach of sampling stars from the IMF and calculating
their lifetime based on masses from evolutionary tracks pub-
lished in the PARSEC database allows for a more precise char-
acterization of the final distribution of the SN explosion origi-
nating from runaway OB stars. We relied on simulation results
for greater accuracy since the approximate mass—lifetime rela-
tion (Carroll & Ostlie 2017),

M 2.5
t=10" (ﬁ@) yr, (17)

underestimates the lifetime of massive stars. Moreover, we fol-
lowed the motion before the ejection and determined the moment
of ejection, which provides further improvements. In our model,
around 40% of runaway stars are ejected more than 10 Myr
before they explode. As a result, stars can continue to move
longer at their ejection velocities, which naturally explains their
presence at larger |z|.

Another key distinction is that we assumed that the initial
spatial distribution of OB stars follows that of young pulsars,
whereas in Bisht et al. (2024) the initial radial coordinate of the
birthplace was assumed to follow the stellar mass distribution.
Our choice is motivated by the fact that the initial distribution
of radio pulsars better traces the distribution of the progeni-
tors in the last <10 Myr. Another possibility is to assume that
the distribution of OB stars follows that of SNRs, having the
same form as Eq. (3), but with different coefficients @ and g
(Case & Bhattacharya 1998). However, we believe that pulsars
provide a better tracer because of their larger number of known
objects and the more accurate distance determinations. Still, it is
important to note that this model does not account for the spiral
structure of the Galaxy and could be refined with a more detailed
model of the distribution of young massive stars. Despite this,
the primary aim of this work is to investigate the distribution
of CCSNe, which predominantly occur at intermediate galacto-
centric distances, and to explore a possible origin scenario for
Calvera, which is relatively nearby. The model is not accurate
in the central few kiloparsecs or in the outer regions beyond
~12kpc. Given that fewer than 5% of the stars in our initial dis-
tribution lie beyond 12 kpc, this limitation has a minimal impact
on the overall results. The results within the central few kilopar-
secs should be interpreted with caution, as the model does not
adequately capture the complexity of this region.

Our model could be upgraded using the bimodal velocity dis-
tribution and Eq. (9) instead of the approximation of constant
g, but since these differences are tiny and due to our statisti-
cal approach, this would not result in significant differences. As
mentioned before, the bimodality of the observed distribution is
natural consequences of the BEM and we used the assumption
that one third of stars are ejected via the BEM, and the remain-
ing ones by the DEM. This assumption relies on the analyses of
runaway stars in the Small Magellanic Cloud (Oey et al. 2018;
Dorigo Jones et al. 2020), and is in agreement with the results
for the Galaxy (Renzo et al. 2019). As shown in Renzo et al.
(2019), the BEM contributes to the population of unbound mas-
sive stars, and it predominantly produces walkaway stars rather
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than high-velocity runaways. Renzo et al. (2019) suggest a run-
away fraction among stars more massive than 15 M between
0.2% and 2.6%, and velocities mainly <60kms~!. This is in
contrast to the DEM, which is more efficient at producing high-
speed runaway stars. In addition, they found that the runaway
fraction and velocity depend on the metallicity, with five times
more runaway stars with masses higher than 7.5 M, for lower
metallicities. Still, assuming that approximately 11% of all OB
stars are runaway stars (as it follows from Eq. (10)), and that
one third of these are produced by the BEM, implies that about
3.7% of all OB stars become runaway stars via the BEM. This
estimate is close to the values suggested by Renzo et al. (2019),
who found that only ~0.5% of stars with M > 15 M become
high-velocity runaways via the BEM, and around 5 times more
when M > 7.5M,. Although these two works support the
dominance of the DEM for runaway OB stars, other studies,
such as Sana et al. (2022), suggest that the BEM plays a sig-
nificant role in certain cases, challenging a unified explanation.
In addition, we did not account for the two-step ejection mech-
anism (Pflamm-Altenburg & Kroupa 2010), nor for the SCES
(Polak et al. 2024), as the first one might be a relatively rare pro-
cess and the role and properties of the second one are not yet
well understood. Therefore, further investigation of the ejection
mechanisms, including their contribution to the total number of
ejected stars and the velocities they impart, could provide valu-
able input for improving this model.

Furthermore, our upper mass limit of a runaway star is
55 My, due to interpolation, but we do not expect the final result
to be sensitive to the upper mass limit, as more massive stars
are rare and have a short lifetime, making it unlikely that they
move to high |z] considering the ejection velocity distribution.
Also, the upper mass limit for a star to explode in a CCSN is
still an open question, and recent studies, such as Janka (2012),
Davies & Beasor (2018), and Schady et al. (2019), suggest a
value between 20 and 40 M. Still, the upper limit is highly
dependent on the metallicity and, as discussed in Heger et al.
(2003), stars with higher metallicity could experience CCSNe
even when their initial masses are >40 M. For these reasons,
we think that our choice of 55 M, as the upper limit is reason-
able. The final statistics are definitely more sensitive to the lower
limit on the mass, which is set at 8 M, in our study. This depends
on both the metallicity and evolution. According to the simula-
tions by Ibeling & Heger (2013), the minimum mass is ~8.3 M,
which is very close to the value we used.

The percentage of runaway OB stars as a function of spec-
tral type and mass, presented in Table 1, is obtained by linear
interpolation. This approach may introduce some uncertainties,
but, due to the limited number of bins, alternative interpolation
methods are not suitable in this case.

4.2. Calvera and SNRs

Our model predicts that, considering the characteristic age of
Calvera as its true age, there is a high probability that the progen-
itor was a runaway star. Therefore, Calvera could be explained in
our model. However, there can be at most a few other NSs high
above the Galactic plane with ages of more than a few hundred
thousand years at comparable distances or closer.

In a recent study (Rigoselli et al. 2024), the kinematic age
of Calvera was determined to be <10kyr. This is in correspon-
dence with the age of the SNR G118.4+37.0, possibly related to
Calvera (Arias et al. 2022; Araya 2023). In this case, the proba-
bility that Calvera originated from a runaway OB star is signifi-
cantly lower but not negligible, about a few percent.

The results presented above in Sect. 3.2 demonstrate that
the probability that Calvera originated from a runaway star is
greater for larger ages of the NS. Although the true age of
Calvera is expected to be lower than the characteristic age, it
could not be as low as the kinematic age and the age of the asso-
ciated SNR G118.4+37.0. As argued in Rigoselli et al. (2024),
the kinematic age of Calvera could be affected by the uncer-
tainties of the distance determined from its thermal X-ray emis-
sion (Mereghetti et al. 2021). However, the age of the associated
SNR, as discussed in Arias et al. (2022), could be a poor esti-
mate if the Sedov-Taylor self-similar solution is not appropriate,
which is possible for SNRs expanding in a low-density medium
such as that in the Galactic halo. Furthermore, as stated in Araya
(2023), the age of the SNR was determined using the distance
obtained for Calvera (Mereghetti et al. 2021), which could add
more uncertainties to the final result. Future improved age esti-
mates of Calvera and of SNR G118.4+37.0 could lead to a more
accurate and robust interpretation of our results.

Finally, our model predicts (see Sect. 3.3) that the SNRs
observed at high Galactic latitudes could be explained better in
terms of SN explosions of runaway OB stars than of SNe Ia.
Since the velocity of runaway stars is limited to ~500kms~!
and the lifetime to ~50 Myr, they cannot explode above |z] =~
25 kpc. Therefore, at very large |z|, only SNRs originating from
SNe Ia could occur. This is important for the interpretation
of the recently observed SNRs, for example those presented
by Fesen et al. (2015) and Churazov et al. (2021). As shown in
Green (2025), during the last few years, SNRs have been discov-
ered at unexpectedly high latitudes. Considering the results that
we present in Sect. 3.1, there could be more of them. However,
at this moment, all the SNRs with a determined distance, and
therefore known z, presented in the catalog by Green (2025) are
at |z] < 1 kpc. New surveys for high-latitude SNRs are desirable.

A similar comparative approach was taken by Murphey et al.
(2021), who examined the distributions of the CCSNe and SNe
Ia distributions in the context of Galactic SNRs. However, their
analysis was performed by static sampling of CCSNe in a thin
disk and SNe Ia in a thin and thick disk, mostly corresponding
to |z] < 1kpc. Despite the common goal of contrasting the two
types of SNe, the scope and spatial domains of the two stud-
ies differ significantly. Our analysis emphasizes high-latitude
regions, while theirs is restricted to |b| < 15°. These differences
naturally lead to different interpretations and observational con-
straints. Complementing these Galactic studies, Hakobyan et al.
(2017) used observational data from a sample of 102 SNe in
highly inclined spiral galaxies to study the vertical distribution
of SN types. They found that CCSNe are strongly confined to
the thin disk, while SNe Ia show a significantly broader verti-
cal distribution. While Hakobyan et al. (2017) provide valuable
observational constraints on the vertical distributions of SNe in
external galaxies, their results cannot be directly compared with
ours, as our analysis focuses specifically on runaway CCSNe and
SNe Ia outside the thin disk.

The number of SN explosions originating from runaway
OB stars presented in Sect. 3.1, as well as the probability of
finding an object like Calvera discussed in Sect. 3.2, depend
mainly on the choice of IMF, the SFR and CCSN rate (see
Egs. (13) and (14)). The calculation was performed using both
the Chabrier IMF and other formulations, such as the Miller-
Scalo (Miller & Scalo 1979) and Kroupa IMFs (Kroupa 2002).
The results presented in Sect. 3.1 show only minor variations
when obtained using the Kroupa IMF. Such behavior is expected,
as they have a similar power-law slope for 8 < M/M; < 55.
When using the Miller-Scalo IMF, 95% of stars will explode
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at |z < 2.5kpc, while the value of |z] < 1.9kpc is obtained
using both the Kroupa and Chabrier IMF. This difference can be
attributed to the steeper slope of the Miller-Scalo IMF, which
leads to fewer massive stars being sampled. Consequently, a
larger fraction of lower-mass stars, characterized by longer life-
times, are selected, allowing them more time to travel and poten-
tially reach greater vertical distances (|z|) than those produced
using the Kroupa or Chabrier IMFs.

Also, the number of SN explosions in + = 100kyr origi-
nating from runaway OB stars and the probability of finding an
object like Calvera depend on the choice of the IMF (Sects. 3.1
and 3.2). When using Kroupa IMF, the number of SNRs in
t = 100kyr originating from runaway OB stars is around 190
when using SFR and around 210 when using the CCSN rate. In
both cases, the number of Calvera-like objects is between 0.4
and 0.8, again suggesting that there could be a ~1 object within
the cylinder originating from runaway OB star SN explosions in
285 kyr. Using = 10kyr, we obtain 0.01-0.02 objects originat-
ing from the SN explosion of runaway OB stars in the cylinder
in 10kyr. On the other hand, when adopting the Miller-Scalo
IMF, the number of SNRs originating from runaway OB stars is
around 110 when using the SFR and around 160 when using the
CCSN rate. Therefore, the probability based on SFR is 0.4 - 0.9,
while the CCSN-based estimate is 0.6—1.4, again suggesting that
there could be a ~1 object within the cylinder originating from
runaway OB star SN explosions in 285 kyr. Using ¢ = 10kyr,
we obtain 0.01-0.03 (SFR) and 0.02-0.05 (CCSN rate) objects
originating from the SN explosion of runaway OB stars in the
cylinder in 10kyr. Here we can see that, even though the final
results depend on the choice of the IMF, the differences are tiny.

The value we used for SFR is based on data from the Her-
schel Infrared Galactic Plane Survey (Elia et al. 2022). The pre-
sented value of SFR is in agreement with all previous stud-
ies, except one (see Eliaetal. 2022, Table 1). The CCSN
rate, adopted from Diehl et al. (2006), is estimated by ana-
lyzing gamma rays from radioactive 26Al, which is in agree-
ment with other studies (e.g., Cappellaro et al. 1993; Reed 2005;
Rozwadowska et al. 2021). However, recently lower estimates of
the Galactic SFR and the corresponding CCSN rate have been
proposed.

In the recent study by Quintana et al. (2025), the Galac-
tic SFR and CCSN rate are derived from the census of OB
stars within 1kpc of the Sun. The value of Galactic SFR,
SFR = 0.67’:8:8? Moyr™!, is in agreement with that presented
in Robitaille & Whitney (2010), but is significantly lower com-
pared to many earlier studies (see Elia et al. 2022, Table 1).
The authors relate this difference to a more complete OB
star catalog that they use. In addition, the estimated value of
the Galactic CCSN rate, CCSN = 04 + 0.1 century‘l (with
an upper mass limit on CCSN progenitors) and CCSN =
0.5 + 0.1 century™' (without an upper mass limit on CCSN
progenitors), is lower than the previous estimates, for exam-
ple Cappellaro et al. (1993), Reed (2005), Diehl et al. (2006),
Rozwadowska et al. (2021). As claimed in this work, the val-
ues are significantly lower primarily because of the smaller size
of the OB catalog combined with improved stellar evolutionary
models.

Using the values of the SFR and CCSN rate without an
upper mass limit on CCSN progenitors (Quintana et al. 2025) in
Egs. (13) and (14) and the Chabrier IMF, we find that the num-
ber of SNRs originating from runaway OB stars is around 100
(SFR) and around 45 (CCSN rate). Naturally, these results are
significantly lower than those presented in Sect. 3.1. In the case
of Calvera, using its characteristic age, we expect 0.2—0.4 (SFR)
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and 0.2—0.3 (CCSN rate) of such objects in the volume consid-
ered, and using its kinematic age, we expect only 0.007-0.014
(SFR) and 0.007—0.010 (CCSN rate). In this case, the probabil-
ity that Calvera originated from a runaway OB star is very low.
This brings us back to the uncertainties mentioned previously in
age estimates.

5. Conclusions

We have analyzed the spatial distribution and rate of runaway
OB stars relative to the Galactic plane, and the key conclusions
are summarized below.

— Around 85% of runaway OB stars will explode within |z| <
1 kpc and around 95% within |z| < 1.9kpc. This suggests
that a significant fraction of runaway OB stars undergo SN
explosions in the Galactic halo.

— We expect to have around 310 SNRs (using the SFR) and
around 210 SNRs (using the CCSN rate) with ages of <10° yr
originating from runaway OB stars. These numbers depend
mainly on the SFR and CCSN rate. Considering the lat-
est lower estimates, we expect to have around 100 SNRs
(using the SFR) and around 45 SNRs (using the CCSN rate)
younger than 10° yr.

— We may be able to explain the young NS Calvera using our
model, and the probability of doing so is greater for a larger
age of Calvera. These results depend on both the SFR and
the CCSN rate, as well as on the estimated ages of Calvera
and the associated SNR, G118.4+37.0.

— We have compared the probabilities of finding a SNR orig-
inating from a CCSN high above the Galactic plane with
those originating from SNe Ia. More SNRs originate from
CCSNe than from SNe Ia. However, since runaway stars
have limited velocities, CCSN cannot explode at very large
distances from the Galactic plane. Therefore, at extreme
heights, only SNRs originating from SNe Ia are expected.

These results support the hypothesis that Calvera originates from
a runaway OB star and are important for further analysis of the
SNRs recently observed high above the Galactic plane. Future
investigations into the age of Calvera and the associated SNR
G118.4+37.0, as well as refinements to the Galactic SFR and the
Galactic CCSN rate, are essential for accurately interpreting our
results. Finally, new surveys are needed for high-latitude SNRs
to validate our predicted numbers and distribution.
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