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ABSTRACT

Here we combine observations of open clusters (OCs) with single- and binary
population synthesis models and a Galactic potential to reconstruct the SN activity
of these OCs during the past 35 Myr. We find that several OCs potentially hosting
SN progenitors have passed within 100 pc of the Sun during the past 35 Myr. In
particular we find that ASCC 19, NGC 1981, and NGC 1976 are likely to have hosted
one or more SNe while passing within 200 pc of the solar system in the period 17
- 12 Myr BP which might have affected Earths’ geology and climate. Besides the
stellar history of the individual OCs we also compute 1) a spatial and temporal 2D-
probability density map showing the most likely position and time of SN from our
sample of OCs within 1 kpc during the past 35 Myr, 2) the time series of the SN rate
per volume and 3) the relative SN rate compared with today and corrected for OC
evaporation of older generations. The SN rate today from core collapse is estimated
to be 37.8±6.1kpc−3Myr−1. During the past 35 Myr we find a peak SN rate around 10
Myr before present (BP) where the rate was 40% higher relative to the past 1 Myr.
Finally we discuss possible effects of binary stellar evolution in relation to the history
of SN production in the solar neighbourhood and the detected 60Fe signal in terrestrial
geological samples induced between ∼2.2 - 2.8Myr BP.

Key words: Stellar evolution – Open Clusters – Milky Way – Binary stars – Super-
nova - astrobiology –

1 INTRODUCTION

A near-Earth supernova (SN) may influence climate and
life on Earth by bombarding the Earth’s atmosphere with
γ-rays and an increased influx of cosmic-ray particles
(Terry & Tucker 1968; Ruderman 1974; Whitten et al. 1976;
Ellis & Schramm 1993; Gehrels et al. 2003; Svensmark 2012;
Thomas et al. 2016). Though potentially lethal, near-Earth
SNe are rare. To see this, we first define the SN frequency
as the number of SNe within the Galaxy pr. century. Sec-
ondly, the SN rate is defined as the volume limited number
of SN per time in units of kpc−3Myr−1. Thirdly, we define a
near-Earth SN as any SN within 1 kpc of the Sun.

The mean time between two near-Earth SNe, using the
Galactic SN frequency of 2.8 ± 0.6 SNe per 100 yr (Li et al.
2011), can be estimated as follows. We begin by assuming an
exponential stellar disc with a half-length H = 4kpc, trun-
cated at an outer distance of Rout =20 kpc. With the Sun
being positioned at R=8.5 kpc from the Galactic centre, the
expected time between SNe within 1 kpc of the Sun is 0.02

⋆ E-mail: mads.sorensen@unige.ch (MS)

Myr, and within 100 pc is ∼1.8Myr. A SN within 10 pc is
only expected to occur ones every ∼183 Myr. The simple
estimate for near-Earth SNe given above assumes a axis-
symmetric, static, and radial exponential distribution of SN
progenitors within the Galactic disk which on very long time
scales might be reasonable. However, on a stellar evolution
time scale of massive stars (10-40 Myr) local fluctuations
are expected. The fluctuations occur because stars are born
within embedded clusters to form OB associations and OCs
which house a significant fraction of all Galactic SN progen-
itors. This clustering of massive stars means that locally the
SN rate can be much higher than that expected from the
Galactic SN frequency. Hence, when the Sun passes through
such active star forming regions the number of near-Earth
SNe can increase dramatically.

In order to estimate the near-Earth SNe in the past
one must account for such local fluctuations in the SN pro-
duction. On short time scales of a few Myr one can look
at the distribution of local OB associations. But the short
lifetime of O stars and OB associations in general, limits
the study based on OB associations to ≈5 Myr. Such stud-
ies show that the closest region of on-going star formation
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is located in the Sco-Cen OB association somewhat beyond
the 100 pc distance from the Earth. This region has been
conjectured (Beńıtez et al. 2002; Breitschwerdt et al. 2016)
to be the most probable location of the recent near-Earth
events, responsible for the deposition of 60Fe isotope on the
Earth and the Moon (Knie et al. 1999, 2004; Fitoussi et al.
2008; Wallner et al. 2016). In support of one or more recent
SN related to the Sco-Cen OB association are the back trac-
ing and pairing of radio quiet pulsars observed in X-ray with
their parent cluster, which suggests that their time of ejec-
tion from the Sco-Cen OB association was when this group
of stars was within 100 pc of the Sun (Tetzlaff et al. 2010).
However, another source such as the OC Tuc-Hor is an al-
ternative candidate to have produced the recent near-Earth
SN (Mamajek 2016; Fry et al. 2016).

A second probe of recent and historical star forma-
tion is OCs, which are gravitational bound long lived stel-
lar groups. OCs have a mean life time of a few hundred
Myr (Binney & Tremaine 2008). The number density of OCs
in the solar neighbourhood as a function of their stellar
age reliably traces the star formation history up to 500
Myr BP (de la Fuente Marcos & de la Fuente Marcos 2004;
Svensmark 2012). The caveat of using this distribution is
the relative low resolution (8-10Myr) of reproduced history
which only captures the grand scale star formation history
such as the solar neighbourhood passing a spiral arm. Sta-
tistically one expects an increased probability of near-Earth
SNe following spiral arm passages. However, a near-Earth
SN due to a specific OC coming close to the Sun while hous-
ing one or more SN progenitors is not caught. To better
capture potential past near-Earth SNe from a specific OC it
is necessary to know its past position relative to the Sun and
also estimate the most likely evolution of its stellar content.

Of all stars born only about one in a thousand is ex-
pected to be a core collapse SN progenitor. It is generally
believed that the critical zero age main sequence (ZAMS)
mass of a SN progenitor is 8-9M⊙ and lives for ∼40 Myr
before core collapse. Indeed this is true for single star evolu-
tion where the lifetime of the star is inversely proportional
to its mass cubed. This means, that in a star burst no core
collapse SN can happen beyond a few tens of Myrs. How-
ever, if one includes binary evolution effects such as mass
transfer and stellar mergers a core collapse SN can hap-
pen much beyond the 40 Myr. As was recently shown by
Zapartas et al. (2017) the delay time function of core col-
lapse SN progenitors including binary evolution is 200-250
Myr and the minimum mass at ZAMS of a SN progenitor
drops to ∼4M⊙ . Zapartas et al. (2017) find that statistically
∼85% of core collapse SNe are still happening during the first
∼40Myr with the remaining fraction taking place between 40
and 250 Myr. A special type of SN are Type Ia the mecha-
nism of which is largely unknown though it is believed that
it is not a core collapse SN but something else like ignition
of a white dwarf due to mass transfer from a close compan-
ion or the merging of two white dwarfs. Cappellaro et al.
(1997) and Smartt et al. (2009) estimate SN of type Ia is
estimated to be 0.24-0.27 respectively, hence less common
than core collapse SN. In the present study we will neglect
SN of type Ia since these are generally associated with much
older populations of stars and through out the remainder of
this paper we mean core collapse SN when we write SN.

Here we wish to constrain the past SN history of the

solar neighbourhood using observationally inferred data of
OCs. We do this by applying a Galactic gravitational poten-
tial with single- and binary star population synthesis mod-
elling to perform a Monte Carlo (MC) study of the near-
Earth SN from OCs during the past 35 Myr. We use the
age and current mass of OCs as input to a semi-analytic
model of OCs mass decay to estimate their birth masses.
The stellar population in each OC is reconstructed from up-
to-date single- and initial binary property distribution func-
tions from Moe & Di Stefano (2017). Hereby we explore the
solar neighbourhood SN history some 35 Myr back in time
out to a distance of ∼1kpc.

Our paper is build up as follow. In section 2 we intro-
duce our compiled data. Section 3 describes our model setup
and how these are linked to estimate past SN events near the
Sun. In Section 4 we present our overall results and discuss
noteworthy OCs. Sections 5 and 6 are devoted to discussion
of our results and our conclusion respectively.

2 DATA

From the catalogue compilation of Wu et al. (2009) we ob-
tain current sky positions, distances, proper motions, and
radial velocities. This catalogue contains a total of 488 OCs.
Ages and masses of each OC are taken from the catalogue
of Piskunov et al. (2007) which contains a total of 650 OCs.
Combining the two catalogues gives us a sample of 395 OCs
for which we have a complete set of present-day conditions
required to reconstruct the past SN events. Since there is
no uncertainty listed in the distance to each OC we set this
to be ±20 % of the distance as was also done by Wu et al.
(2009). In table 1, a subset of our compiled data set is
shown. The position, distance, proper motion, and radial
velocity shown in table 1 are transformed by the method
of Johnson & Soderblom (1987) to get heliocentric position
and velocity relative to the Sun and this is shown in table
2.

In Fig. 1, we show the surface density of OCs as a func-
tion of distance to the Sun, where the distance is projected
into the xy-plane. The blue curve shows the surface den-
sity for OCs from the data of Piskunov et al. (2008a) which
is similar to the data compilation used in Piskunov et al.
(2006). The latter is complete out to a distance of 0.85 kpc.
Since we are interested in the SN activity during the past
35 Myr, we only consider those OCs with ages less than 285
Myr which are represented by the orange curve in Fig. 1. The
surface density of the compiled data set for this study is the
green curve in Fig. 1, and shows good agreement with the
orange curve, i.e. we are neaerly complete for young OCs,
relevant for the most recent SNe activity within 1 kpc.

3 MODELS

Estimating past SN events from OCs requires accounting for
1) the trajectory of each OC and the Sun within the Galaxy,
2) the mass loss experienced by each OC due to stellar evo-
lution and tidal disruption, 3) the initial distribution of stars
in each OC, and 4) the stellar evolution within each cluster
for single and binary stars. Below we outline each of these

MNRAS 000, 1–14 (2017)



3

Table 1. Subset of our sample of 395 OCs. From left to right the columns shows; OC name, age in Myr, logarithm of the mass in units
of M⊙, sky coordinates α and δ in degrees, distance D from the Sun in kpc, proper motions µα cos(δ) and µδ in units of mas yr−1, and
the radial velocity in km s−1.

Name τ log M(τ) α δ D µα cos(δ) µδ Vr

Myr M⊙
◦ ◦ kpc mas yr−1 mas yr−1 km s−1

1 ASCC 1 178± 36 4.0±0.2 2.40 62.67 4.00±0.80 -2.07±0.72 0.46±0.57 -69.70±4.70
2 ASCC 3 79± 16 2.8±0.4 7.79 55.27 1.70±0.34 -1.92±0.61 -1.25±0.59 -37.00±0.00
3 Alessi 20 166± 33 1.4±0.2 2.35 58.65 0.45±0.09 8.73±0.53 -3.11±0.53 -11.50±0.00
4 Blanco 1 209± 42 3.5±0.2 1.03 -28.17 0.27±0.05 20.17±0.51 3.00±0.51 4.10±1.40
5 IC 1590 7± 1 1.7±0.4 13.20 56.62 2.94±0.59 -1.36±0.23 -1.34±0.83 -32.50±6.40
6 Mamajek 1 8± 2 -0.4±0.4 130.53 -78.98 0.10±0.02 -30.00±0.30 27.80±0.30 16.10±0.50
7 Mayer 1 55± 11 3.1±0.4 5.47 61.75 1.43±0.29 -4.46±1.13 -6.66±0.94 -20.90±2.00
8 Melotte 20 35± 7 3.9±0.1 51.08 49.85 0.18±0.04 22.41±0.21 -25.87±0.25 -2.00±0.10
9 NGC 129 74± 15 3.0±0.2 7.50 60.22 1.62±0.33 -1.06±0.94 1.60±0.94 -39.40±0.50
10 NGC 1981 32± 6 1.3±0.3 83.79 -3.58 0.40±0.08 -0.58±0.69 0.80±0.69 27.90±2.40
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

Table 2. Same subset of OCs as in Tab. 1 showing their heliocentric position (kpc) and local standard of rest velocities ( km s−1).

Name x y z u v w

kpc km s−1

1 ASCC 1 -1.89±0.38 3.53±0.71 0.01±0.00 65.82±106.09 -43.89±56.73 14.73±49.06
2 ASCC 3 -0.84±0.17 1.46±0.29 -0.22±0.04 32.98±9.47 -24.64±4.83 -3.92±6.91
3 Alessi 20 -0.21±0.04 0.40±0.08 -0.03±0.01 -9.76±1.17 -18.72±0.63 -8.80±1.19
4 Blanco 1 0.05±0.01 0.01±0.00 -0.26±0.05 -23.44±0.77 -8.06±0.66 -8.87±1.38
5 IC 1590 -1.60±0.32 2.45±0.49 -0.32±0.06 34.56±29.56 -18.47±15.91 -15.12±34.26
6 Mamajek 1 0.03±0.01 -0.08±0.02 -0.04±0.01 -11.75±0.22 -19.09±0.44 -10.52±0.22

7 Mayer 1 -0.70±0.14 1.24±0.25 -0.02±0.00 41.23±14.33 -1.49±7.99 -41.02±18.07
8 Melotte 20 -0.15±0.03 0.10±0.02 -0.02±0.00 -13.59±0.17 -25.69±0.24 -7.77±0.22
9 NGC 129 -0.82±0.16 1.40±0.28 -0.07±0.01 25.69±6.98 -29.91±4.27 14.70±9.95
10 NGC 1981 -0.33±0.07 -0.18±0.04 -0.13±0.03 -24.07±2.13 -10.74±1.59 -9.34±1.46
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.

components and end this section by describing how these
are combined into our model.

3.1 The motion of OCs and the Sun in the Galaxy

To trace the trajectories of OCs back in time, we model the
Galaxy with respect to a right-handed Cartesian frame of
reference in which we solve the equations of motion with an
axis-symmetric gravitational potential Φ(R, z) in cylindrical
coordinates (R, φ, z):

ÜR =
L2
z

R3
−
∂Φ(R, z)

∂R

Üz = −
∂Φ(R, z)

∂z

Lz =R2 Ûφ

(1)

where Lz is the conserved angular momentum. We solve
the system of equations in eq. (1) using a 4th order Runge-
Kutta algorithm (Langtangen & Wang 2015). We adopt the
Galactic potential of Carlberg & Innanen (1987) with the
fit of Kuijken & Gilmore (1989). This potential has the lo-
cal standard of rest (LSR) position at (xLSR, yLSR, zLSR)
= (x⊙, y⊙, 0.0) kpc which gives it an orbital velocity of 221
kms−1. In the selected frame of reference the Suns’ position

is (x⊙, y⊙, z⊙) = (−8.5, 0.0, 0.015) kpc (Carlberg & Innanen
1987; Kuijken & Gilmore 1989; Cohen 1995). We adopt the
solar motion (u⊙, v⊙,w⊙) = (11.1+0.69

−0.75
, 12.24+0.47

−0.47
, 7.25+0.37

−0.36
)

kms−1 with respect to the LSR (Schönrich et al. 2010). The
Sun is currently orbiting in the clock wise direction and mov-
ing radially inwards while going up and above the Galactic
plane. In Fig. 2, the motion of the Sun forward in time for a
500 Myr period is shown, based on a MC ensemble of 2000
simulations with 5th and 95th percentile shown. We see that
the uncertainty of the Sun’s LSR velocity has little effect on
the Suns orbit.

3.2 The initial mass of open clusters

OCs are groupings of stars bound together by their mutual
gravity. Due to effects of stellar evolution, tidal perturba-
tions and kinetic heating, OCs loose their mass via gas loss
and ejection of stars. Eventually, OCs become unbound and
are dissolved. The time from formation to dissolution of an
OC is strongly dependent on its initial mass. Likewise, the
current age and mass of an OC is an indication of its initial
mass at birth which is important for the initial distribution
of stars in that cluster. To estimate the birth mass, Mbirth,
of an OC we use the analytic description of Lamers et al.

MNRAS 000, 1–14 (2017)
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Figure 1. The surface density of OCs with distance to the Sun
projected into the xy-plane. The blue curve shows the surface
density from Piskunov et al. (2008a), the orange curve is similar
to the blue curve but only considers OCs with ages ≤ 285 Myr,
while green curve is the data compiled for this study. The vertical
dashed line is at a distance of 850 pc and marks the complete-
ness distance of the catalogue from Piskunov et al. (2008a) as was
found by Piskunov et al. (2006). The difference between the blue
and green curve in the first bin is due to the OC Collinder 359
having a different distance between the data from Piskunov et al.
(2008a) and Wu et al. (2009).

(2005):

Mbirth =

{(
M

M⊙

)γ
+

γt

t0

}1/γ

µev(t)
−1 (2)

with γ = 0.62 and τ0 = 2 Myr. The function µev(t) is defined
as µev(t) = 1 − qev(t) where

log qev(t) =

{
0 if t ≤ 12.5Myr

(log t − aev)
bev + cev ift > 12.5Myr

(3)

and describes the fractional mass loss due to stellar evolution
with age. For solar metallicity aev = 7.0, bev = 0.255, and
cev = −1.805. This description accounts for both mass loss
due to stellar winds and evolution, as well as tidal disruption
of the clusters.

3.3 Priors of stellar populations

Once we know the initial mass of each OC we must deter-
mine the number of SN progenitors within each OC. For
this purpose we use the prior distribution of single and bi-
nary stars from Moe & Di Stefano (2017) which is given as
the joint probability distribution p(M1, q, logP, e). The func-
tion entangles all parameters such that it gives a non-trivial
distribution of stars which is different from the product of
individual prior distributions. It is the most up to date es-
timate of how binary stars are distributed in primary mass,
mass ratios, orbital periods and eccentricities. Further, it
constrains the binary fraction as a function of primary mass.
The initial stellar primary mass function, which is the mass
distribution of single stars and primaries in binaries is

dN

dM1,ZAMS
∝ Mα

1,ZAMS
(4)
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Figure 2. Orbital characteristic of the Sun within the Galaxy for
a 500 Myr period. The top panel shows the Suns’ position today
as a red dot. Drawn on top of the Sun is the Galactic coordinate
frame. The bottom panel shows the three cylindrical coordinates
of the Sun during its orbit. In both panels, the solid line is the
median of 2000 MC simulations and the dashed lines are the 5th

and 95th percentiles.

where,

α =




−0.8 if 0.08 ≤ M1,ZAMS/M⊙ < 0.5

−1.6 if 0.5 ≤ M1,ZAMS/M⊙ < 1.0

−2.3 if 1.0 ≤ M1,ZAMS/M⊙ < 100

(5)

This is different from the traditional initial stellar mass func-
tion (IMF), i.e. the standard or canonical IMF of Kroupa
(2001); Weidner et al. (2013), which is the mass distribu-
tion function of single-, primary- and secondary stars. In
Fig. 3 we show the initial stellar distribution of primaries
M1, the companion star mass ratio distribution q, the or-
bital period distribution log P, the eccentricity distribution,
and binary fraction with primary mass. The caveat in using
the entangled prior is its lack of coverage for mass ratios q <
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0.1. However, this mass ratio, though important for e.g. low
mass X-ray binaries (LMXB), constitute a small mass com-
ponent of the full stellar mass. Hence we are only interested
in the SN events, and not the later evolution of binaries with
a low mass companion. To deduce the binary fraction with
primary mass we sampled the initial stellar population in
the primary mass range from 0.08 < M1,ZAMS/M⊙ < 100.
From this set of simulations we also deduce that 54% of the
stellar mass is locked up in stellar single and binary systems
with primary masses of ≥ 2M⊙ which we use to speed up
our computation in Sect. 3.5.

3.4 Population synthesis modelling

To determine the temporal distribution of SNe from each
OC we apply a modified version of the Binary Stellar Evo-
lution code (SSE and BSE; Hurley et al. 2000, 2002) that is
updated to include the suite of stellar wind prescriptions for
massive stars described in Belczynski et al. (2010), the fit-
ting formulae for the binding energy of the envelopes of stars
derived by Loveridge et al. (2011), and the prescriptions
”STARTRACK”, ”Delayed”, and ”Rapid” for compact ob-
ject (CO) formation in binaries, as described in Fryer et al.
(2012). As standard, we will apply a common envelope effi-
ciency parameter, αCE of 0.5 which describes the transfor-
mation of orbital energy into kinetic energy of the envelope.
For mapping the pre-SN progenitor mass to CO mass we use
the Rapid convective SN engine, and a Maxwellian natal kick
distribution with max likelihood σv = 265 km s−1for neutron
stars (NS). During black hole (BH) formation the potential
natal kick is scaled with the amount of fall back mass they
may experience during the SN explosion (Belczynski et al.
2008). Though BSE is a parameterised stellar evolution
code, its use is justified for three reasons, first of all it ac-
counts for all relevant phases of single and binary stellar
evolution from ZAMS to single star SN explosions and SN
in binaries affected by mass transfer and mergers. Secondly,
it is computationally efficient for use in MC type simulations
and its order of magnitude estimate is sufficient to match the
uncertainties of the used data. Third and finally, the alter-
native would be to ignore the binary evolution, adopt more
up-to-date and detailed single star tracks and not being able
to estimate the effect of local solar neighbourhood SN rates
that include the effects of interacting binaries in SN produc-
tion. In Fig. 4 we demonstrate the effect of accounting for
the binary evolution on a 106 M⊙ star burst at Z = Z⊙ by
showing the number of SNe explosions produced given the
entangled prior distribution. For a discussion on the pro-
cesses beyond the core-collapse SN of the first 40 Myr phase,
such as mergers- or mass transfer induced core collapse SNe,
see Zapartas et al. (2017). We note that on average, during
a star burst of 106 M⊙ , our binary population synthesis
produces 1.43 × 104 SNe within 250 Myr. The fraction of
”delayed” SNe, i.e. TSN > 40Myr is 14.9 ± 0.5% which is in
agreement with Zapartas et al. (2017). We have decomposed
the distribution into three components; primary, secondary,
and single: Primary refers to the most massive star of a bi-
nary at ZAMS that go SN. Secondary refers to those binary
companions that one way or another goes SN, though we
do not keep track of the mechanism that took place. Single
refers to those single stars that have ZAMS masses above
8M⊙ .

3.5 Doing the Monte Carlo

We perform MC simulations by combining the trajectories
of OCs with evolving single- and binary stellar populations.
This allows us to extract the spatial and temporal distribu-
tion of SNe. Here we will assume all errors in tables 1 and
2 are Gaussian. We feed the initial conditions from Tab. 2
into the simulation, and for each OC the next steps are the
following:

(i) Randomly vary initial conditions ®v⊙ ,®ri , ®vi , τi , Mi .
(ii) Calculate the trajectory of the OC and the Sun back

in time
(iii) Find the Euclidean distance
(iv) Determine initial mass Mbirth

(v) Randomly draw a stellar population
(vi) Evolve the stellar population with BSE
(vii) Extract all SNe for each OC happening during the

past 35 Myr and within 1 kpc.
(viii) Infer distances of SNe by interpolating the time of

each SN on to the trajectory of the OC
(ix) goto i)

We determine the Euclidean distance as

Di(t) =

√
(xi(t) − x⊙(t))

2
+ (yi(t) − y⊙(t))

2
+ ((zi(t) − z⊙(t))

2

(6)

When we fill an OC with its initial stellar population, we
first withdraw from the OC birth mass, Mbirth , the frac-
tion of mass made up of low mass stars, i.e. M < 2M⊙ ,
and then fill the OC with primary masses in the range from
2 < M1,ZAMS/M⊙ ≤ 100. Mass ratios, q, are drawn from
0.1 to 1. For each OC, subscript i, we define a function
fi(®v⊙, ®ri, ®vi, τi,Mi), which depend on an OCs current position,
velocity, age, and mass, and the current motion of the Sun.
Integrating fi describes an OCs’ distance to the Sun since
it was born, its initial stellar content and stellar evolution
from birth until present time,

ρi(SNi(D, t)|®v⊙, ®ri, ®vi, τi,Mi ) =

∫
fi(®v⊙, ®ri, ®vi, τi,Mi )

d3®v⊙d3®rid
3®vidτidMi .

(7)

Note that time is implicit expressed in eq. (7) through the
OC age τi . Hence we can extract the most likely time and
distance of a SN from an OC since it was born. Summation
over all i gives the toal number of SNe produced by these
OCs or the combined likelihood of a SN going of at some
time with some distance to the Sun. For each OC we have
an ensemble of 104 simulations.

4 RESULTS

4.1 Orbit of open clusters

Figure 5 shows the distance to the Sun of individual OCs for
the past 35 Myr. The distance vs time is decomposed into
two time regimes, namely ages < 40Myr (red lines) where
SNe explosions is due to core collapse and a regime between
40-200 Myr (grey dashed lines) during which SNe explosions
will be affected by binary evolution either by merging or
mass transfer. We identify the following interesting features:
From -18 to -12 Myr, 5 OCs come within 100 pc of the Sun
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Figure 3. Distributions of initial single and binary properties from the entangled prior distribution (Moe & Di Stefano 2017) from a
106 M⊙ star burst. From left to right panel we show the initial stellar mass function, the mass ratio- or q-distribution, the orbital period
distribution in log P, the eccentricity- or e-distribution, and the fraction of binary primaries to single stars as a function of primary mass.

2 4 10 40 100 200
Time (Myr)

0

100

200

300

400

500

600

700

N
S
N
 (
M
y
r−

1
)

Single+primary+secondary

Primary

Secondary

Single

Figure 4. The delay time function or SN response function fol-
lowing a 106 M⊙ star burst with metallicity Z =Z⊙, using the
entangled prior introduced in Sect. 3.3. On average the entangled
prior produces 1.43×104 SN during 250 Myr in the the star burst.
The uncertainties are the sampling uncertainty at the 5t h and
95t h percentile.

while potentially housing SN progenitors. Around -10 to -5
Myr there is a grouping of OCs some 200-300 pc from the
Sun. This group of OCs is seen moving away from the Sun. A
single OC is roughly at a distance of 100 pc between -3 and -
2 Myr, while also young enough to house SN progenitors. No
OC appears to enter within the kill radius of SN explosions
of roughly ≈10 pc (Fry et al. 2015). In table 3 the overall
result of our MC simulation for a subset of all 395 OCs is
shown and In sect. 4.4 we discuss 11 of these OCs. The table
shows the OCs mean ±1σ age, minimum distance Dmin, time
and age of minimum distance, and birth mass Mbirth. Also
shown are the median number of SN in each OC and ±1σ

percentiles. Finally, we show are the probability of having
a single SN within 1000 pc, 800 pc, 600 pc, 400 pc, 200 pc,
100 pc. The lower and upper 1σ percentile we define as the
16% and 84% percentile respectively.
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Figure 5. Distance to the Sun of OCs with ages less than 40 Myr (red lines) and OCs with ages 40 < time/Myr ≤ 200 (grey dashed
lines) for the past 35 Myr, based on nominal values from table 2. Binary interactions can extend the time during which SNe occur out
to 200-250 Myr. At the earliest times, ≤ 40 Myr, SN progenitors come primarily from the evolution of single stars.
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Name τ Dmin t(Dmin) τ(Dmin) Mbirth NSN P(SN) P(SN) P(SN) P(SN) P(SN) P(SN)
Myr pc Myr BP Myr M⊙ D<1kpc D<0.8kpc D<0.6kpc D<0.4kpc D<0.2kpc D<0.1kpc

1 Mamajek 1 8.1± 1.6 80.9+11.2
−9.9

-2.4± 0.4 5.7± 1.7 6.7± 2.1 1.00+0.00
−1.00

0.09 0.09 0.09 0.09 0.07 -

2 Melotte 20 35.6± 7.0 185.6+26.4
−25.4

-0.1± 0.3 35.5± 7.0 9105.7±2404.5 87.00+30.00
−24.00

0.82 0.06 - - - -

3 ASCC 19 43.6± 8.7 51.4+81.0
−32.4

-17.8± 8.6 25.7±12.1 721.4±256.9 5.00+4.00
−3.00

0.95 0.80 0.61 0.17 0.01 -

4 IC 4665 42.5± 8.5 351.2+44.6
−45.6

0.0± 0.0 42.5± 8.5 872.8±301.3 7.00+4.00
−4.00

0.98 0.04 - - - -

5 NGC 2232 30.8± 6.1 103.7+189.8
−33.9

-12.8± 7.9 18.0± 9.7 245.8±85.2 3.00+1.00
−2.00

0.92 0.80 0.63 0.18 0.02 -

6 NGC 2547 49.9± 9.9 290.9+67.6
−68.4

-7.7± 0.8 42.3±10.0 227.5±69.3 1.00+2.00
−1.00

0.69 0.27 0.08 - - -

7 Roslund 5 58.7±11.8 389.1+74.6
−76.0

-0.1± 1.8 58.6±11.9 567.7±164.3 1.00+3.00
−1.00

0.50 0.06 - - - -

8 NGC 1981 32.0± 6.1 66.3+36.6
−31.6

-12.8± 3.1 19.2± 6.8 114.7±48.9 2.00+1.00
−1.00

0.82 0.77 0.63 0.30 0.09 0.01

9 NGC 1976 51.2±10.2 57.3+46.0
−29.2

-12.8± 2.9 38.4±10.6 352.6±134.2 2.00+2.00
−2.00

0.72 0.46 0.23 0.05 0.01 -

10 Trumpler 10 24.0± 4.7 311.6+89.9
−84.4

-5.5± 1.1 18.5± 4.9 722.6±259.7 6.00+4.00
−3.00

0.87 0.35 0.08 - - -

11 ASCC 20 22.3± 4.5 101.1+284.2
−50.1

-13.1± 7.1 9.2± 7.9 954.9±369.4 7.00+5.00
−3.00

0.98 0.86 0.41 0.03 - -

12 Platais 8 56.2±11.2 94.5+30.5
−22.7

-3.3± 1.0 52.9±11.3 1951.4±446.7 6.00+9.00
−5.00

0.63 0.07 - - - -

13 Melotte 22 120.1±24.0 129.6+24.4
−23.1

-0.8± 0.8 119.2±24.0 1504.4±313.0 0.00+0.00
−0.00

0.01 - - - - -

14 IC 2602 67.5±13.5 118.4+28.0
−22.5

-3.8± 1.0 63.8±13.5 1334.5±278.4 0.00+5.00
−0.00

0.34 0.04 - - - -

15 Platais 9 123.0±24.6 137.7+30.7
−30.3

-3.1± 0.4 119.9±24.7 5158.9±1731.3 0.00+0.00
−0.00

- - - - - -

16 IC 2391 76.0±15.2 156.1+34.1
−31.8

-2.1± 0.6 73.9±15.3 467.2±126.0 0.00+1.00
−0.00

0.03 - - - - -

17 NGC 2451A 57.5±11.5 136.0+36.2
−36.3

-3.5± 0.5 54.1±11.5 581.6±177.4 1.00+3.00
−1.00

0.23 0.02 - - - -

18 Platais 10 158.3±31.3 239.7+38.0
−40.2

-0.9± 2.7 157.4±31.5 3774.9±1298.7 0.00+0.00
−0.00

- - - - - -

19 Platais 4 173.8±34.7 154.6+134.4
−90.1

-7.0± 6.8 166.7±35.4 2320.6±702.2 0.00+0.00
−0.00

- - - - - -

20 NGC 6475 166.2±33.4 301.2+59.5
−58.7

0.0± 0.0 166.2±33.4 2329.7±490.6 0.00+0.00
−0.00

- - - - - -

21 NGC 2451B 75.8±15.2 225.2+61.8
−61.3

-6.9± 1.6 68.9±15.3 545.7±202.4 0.00+1.00
−0.00

0.20 0.05 0.01 - - -

22 Platais 6 61.5±12.0 219.9+156.9
−152.9

-2.0± 3.9 59.5±12.7 3806.1±1302.6 6.00+15.00
−6.00

0.07 0.03 0.01 - - -

23 ASCC 127 66.1±13.2 347.0+54.8
−54.9

-2.4± 8.5 63.7±15.8 754.3±256.4 0.00+3.00
−0.00

0.43 0.29 0.08 - - -

24 ASCC 100 102.4±20.2 348.2+60.0
−58.3

0.0± 0.0 102.3±20.2 431.1±123.5 0.00+0.00
−0.00

0.02 - - - - -

20 IC 348 62.0±12.4 292.1+84.6
−70.9

-9.6± 6.4 52.4±13.9 175.2±53.7 0.00+1.00
−0.00

0.32 0.23 0.09 - - -

22 Alessi 5 51.3±10.3 337.6+101.2
−134.7

-2.2± 3.7 49.1±10.9 220.2±61.8 1.00+2.00
−1.00

0.13 0.05 0.02 - - -

23 ASCC 24 9.2± 1.8 249.6+78.8
−70.5

-8.9± 1.8 0.3± 0.8 76.6±39.3 0.00+1.00
−0.00

0.26 0.26 0.21 0.01 - -

24 Platais 12 169.6±33.9 383.5+64.9
−92.4

-2.1± 5.0 167.5±34.3 6506.1±1304.5 0.00+0.00
−0.00

- - - - - -

25 NGC 2516 120.3±24.1 310.0+67.2
−68.1

-6.9± 0.8 113.4±24.1 1104.3±261.2 0.00+0.00
−0.00

- - - - - -

26 NGC 1746 154.9±30.9 367.7+110.8
−199.5

-12.1±14.9 142.8±34.4 2493.7±683.1 0.00+0.00
−0.00

- - - - - -

27 Alessi 20 165.5±32.8 451.8+71.8
−69.4

0.0± 0.0 165.5±32.9 881.4±260.9 0.00+0.00
−0.00

- - - - - -

28 NGC 1977 12.2± 2.4 183.4+110.7
−83.9

-11.7± 2.2 0.5± 1.1 75.8±51.4 1.00+1.00
−1.00

0.36 0.36 0.26 0.04 - -

29 NGC 6405 81.4±16.3 487.3+97.0
−96.1

0.0± 0.0 81.4±16.4 537.8±146.1 0.00+0.00
−0.00

0.04 - - - - -

30 NGC 2422 131.5±26.2 178.6+71.8
−56.9

-9.8± 1.9 121.7±26.3 1168.2±285.9 0.00+0.00
−0.00

- - - - - -

31 ASCC 21 12.8± 2.6 237.8+107.6
−110.8

-12.6± 2.5 0.2± 0.3 1052.5±427.2 5.00+3.00
−3.00

0.98 0.90 0.27 0.01 - -
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Table 3. Sub-list of OCs with overall results of our MC simulation. The full list will be available at the (CDS/vizier-portal; Ochsenbein et al. 2000). Columns 1 to 7 shows: the name of
the OC, its age, its minimum distance ±1σ percentile, time before present (BP) of minimum distance, age of OC at minimum distance, the clusters birth mass, and the median number
of SN produced by the OC ±25% percentile. Columns 8 to 14 shows the probability that the a SN went off within the OC while the OC was at a distance to the Sun of 1kpc, 0.8kpc,
0.6kpc, 0.4kpc, 0.2kpc, and 0.1kpc respectively. The lower and upper 1σ percentile we define as the 16% and 84% percentile respectively.
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Figure 6. A spatial and temporal probability density distribution
of SNe from OCs from -35 Myr to present. Clear structure is seen
in the PDF distribution which is the contribution of single OCs.
Particular noticeable is Melotte 20

4.2 Spatial and temporal supernovae map

Independent of OC membership, counting all SNe produced
within 1 kpc of the Sun yields the 2-dimensional PDF shown
in Fig. 6. Here the binsize is 10 pc × 0.1Myr. The map shows
clear structure which is the trademark of individual OCs, see
sec. 4.4. It also shows that SNe are not homogeneous dis-
tributed within the Galactic disc but is most likely closely
related to the dynamics of the OC in which they form. An-
other feature is that at the current time, the probability of
a SN increases with distance. Except for the time between
-20 and -5 Myr, there is 0 probability for SN within 100 pc
during the past 35 Myr. There is very little probability of
a SN having exploded within 10 pc at any time during the
latests 35 Myr.

4.3 Past SN rate

Binning all SNe within 1 kpc together in bins of 0.1Myr,
correcting for the volume (4/3π1kpc3) they span and the
bin width, yields the SNe rate shown in Fig. 7 in units of
kpc−3 Myr−1. The total SN rate is shown in red. Its com-
ponents are SNe from primary stars (blue), SNe from sec-
ondary SNe stars (green), and SNe from single stars (cyan).
Binary primary star SNe are by far the most dominating
component with a relative frequency of 74%, while binary
secondary star SNe the second most dominant component,
yielding 20% percent contribution. It is worth noticing that
single star SNe are few and indeed rare with only 6%. That
single star SNe contribute so little is because the binary frac-
tion for SN progentiros is nearly unity. The associated error
is from Poisson statistics. The current rate averaged over
the past 1 Myr is 37.8 ± 6.1 SN kpc−3 Myr−1. Going back
in time the reconstructed SN rate drops due to the decay
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0
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kp
c−
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Figure 7. The voluminous SN rate (red curve) within 1 kpc of
the Sun in units of kpc−3 Myr−1 for the past 35 Myr from OC
data decomposed into SNe from primary stars (blue), secondary
stars (green), and single stars (cyan). The SN rate is computed
from counting number of events in bins of 0.1 Myr. The error bars
are the Poisson error for each line. To avoid negative numbers we
truncate the lower error to yield a SN rate of 0 if necessary.

of OC populations as they age. This decay introduces an
observational bias in the sense that the older a population
of OCs we consider the fewer have survived to be observed
to day. This directly affects the number of SNe that can be
estimated directly at some point back in time.

4.4 Interesting open clusters

In this section we highlight some of the most interesting OCs
based on their estimated contribution of SNe. The results we
present is based on data from table 1 and relevant literature.

4.4.1 Mamajek 1 or the η Chamaeleontis cluster

Mamajek et al. (1999) reported on the discovery of a com-
pact young, <18Myr, OC close to the Sun at 97 pc. Its
most prominent member is the B8 star η Chamaeleontis.
Being the first cluster discovered via X-ray observations,
Mamajek 1 is a peculiar cluster. Its stellar content con-
sist of several weak T Tauri stars with an age spread be-
tween 2-18Myr (Mamajek et al. 1999) and it is deficit in
wide binaries (Brandeker et al. 2006). Further studies con-
cludes that Mamajek 1 most probable had its origin in
the Scorpious-Centaurus OB association some 6.7 Myr ago
(Mamajek et al. 2000; Jilinski et al. 2005). Based on extrap-
olation of initial stellar mass functions and known members
above 1M⊙ Mamajek et al. (2000) estimates a current total
mass of 31 ± 14M⊙ . On comparison with the data applied
from table 1 it is clear that Mamajek 1 is more massive than
we have applied.

4.4.2 Melotte 20 or The α Persei Cluster

The Melotte 20 or α Persei cluster is the most prominent
OC in our simulations owing to its accurate space velocity
measurements and apparent high mass. The α Persei cluster

MNRAS 000, 1–14 (2017)
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had a birth mass of ∼9100M⊙ and contributed with ∼87 SNe
in the past 35 Myr. We find that most probably these SNe
went off at distances greater than 500 pc. The current mass
from Piskunov et al. (2008b) which we used is 7900M⊙ . A
literature search of the α Persei cluster suggests a current
mass of 352M⊙ , which is much less, and an age factor of 2
older (Sheikhi et al. 2016). The age estimate of the cluster
is however not well constrained Zuckerman et al. (see for
instance 2012); Silaj & Landstreet (see for instance 2014).
This obviously conflicts with our adopted initial conditions
and obtained results for this cluster. Given its high contri-
bution in SNe, it might also introduce biases in the overall
estimate of the SN rate back in time. Member detection and
hence mass estimate of the α Persei cluster is particularly
difficult because its low galactic latitude projects it onto a
high density stellar field and separation among different stel-
lar groups is thus challenging (Prosser 1992). By not taking
the OC and its SN production into account only has an ef-
fect for the SN history at earliest times, i.e. prior to 20 Myr
BP.

4.4.3 ASCC 19

ASCC 19 was identified in a search of OCs within the Ty-
cho catalogue by Kharchenko et al. (2005b,a). Since then we
found no case study of this OC except for those studies ap-
plying OC catalogue data to study the OC population. From
our simulations we find the minimum distance to have been
51+81.0

−32.4
pc at 17.8 ± 8.6 Myr BP. Its birth mass is estimated

to be Mbirth = 721 ± 256M⊙ and it has produced 3 to 8 SNe
since birth. Interestingly we find a 61% probability that a
SN was within 400 pc and 17% probability that the SNe was
within 200 pc of the Sun. There is only a 1% chance that
one of its SNe was within a distance of 100 pc.

4.4.4 NGC 2232

Silaj & Landstreet (2014) determined the age of NGC 2232
to 32 ± 4Myr using Geneva isochrones which fit well with
our applied age. Their best fit is obtained by modulating the
magnitude of the stars as if the OC is closer than estimated
with parallaxes fom the reduced Hippachos (van Leeuwen
2009). But Silaj & Landstreet (2014) do not give a new
distance. We find that NGC 2232 was closest to the Sun
12.8± 7.8 Myr BP at a distance D = 103.7+189.8

−33.9
pc, and with

a birth mass of Mbirth = 245 ± 85M⊙ , has contributed 2-4
SNe since its birth. We find a 63% probability that a SN
occured within 400 pc, 18% probability that it was within
200 pc and 2% probability that a SN was within 100 pc.

4.4.5 Roslund 5

Roslund 5 is a little studied OC despite being discovered
already in 1960 (Roslund 1960). The fact that it has not
been more carefully studied is probably due to a later pho-
tometric study by Lee & Perry (1971). Lee & Perry (1971)
measured a large scatter in the color magnitude diagram and
concluded that probably, Roslund 5 was not an OC. Using
Hipparchos observations the nature of Roslund 5 was revis-
ited by Baumgardt (1998) who by including proper motions
and parallax distances concluded that Roslund 5 probably

is an OC. Later OC identifications pipelines also identify
OC-like properties in the position of Roslund 5 which only
seems to confirm that indeed Roslund 5 is an OC (Dias et al.
2002; Kharchenko et al. 2005b). We find Roslund 5 to cur-
rently being at its closest distance to the Sun since birth.
It was formed with an initial mass of Mbirth = 567 ± 164M⊙

and has contributed with 0 to 3 SNe since birth, however all
beyond a distance of 400 pc.

4.4.6 NGC 1981

The OC NGC 1981 is lying in the foreground of the
Orion nebula and is believed to be a binary OC compan-
ion gravitational bound to NGC 1976 (Alves & Bouy 2012;
Priyatikanto et al. 2016). A case study puts its mass to be
137 ± 14M⊙ and an age of only 5 ± 1Myr which disagress
with the age used here of ≈30 Myr. The present mass we
have used is much less than that given by Alves & Bouy
(2012) and we estimate a birth mass Mbirth = 114 ± 48M⊙

and a likely SN production of 1-2 SN. NGC 1981 is very in-
teresting as we find a probability of 30% of it having set its
SNe within 200pc and 9% probability that it was within 100
pc. The suggested time of closest approach of 66.3+36.6

−31.6
pc

was some 12.8±3.1 Myr BP.

4.4.7 NGC 1976 or The Trapezium Cluster

NGC 1976 also known as the Trapezium Clusters, located
in the Orion cloud, is an active star forming region and has
been for several Myr. Being one of the most massive star
forming regions within its distance to the Sun and having
very little extinction makes this region a prime candidate for
any observational program on (low mass) stellar formation
(Kubiak et al. 2017). We find from our simulations of the
OC’s motion back in time, that is has been closer to the
Sun, likely within 100 pc, with a 1% chance of setting of a
SN during this time. Overall we estimate the cluster to have
produced 1-3 SN during the past 35 Myr. Relative to our
ages from Piskunov et al. (2008b) of ∼50 Myr, the age given
by Kubiak et al. (2017) is a factor of ∼5 smaller. We estimate
the birth mass of the OC to be 352±134M⊙ . The minimum
distance we find is 57.3+46.0

−29.2
pc at 12.8±2.9 Myr BP. A cause

for precaution is the large spread in age estimates found
in the literature. If the region is undergoing sequential star
formation, its star-formation activity can reach far back in
time and this could explain the discrepancy in different age
estimates.

4.4.8 Trumpler 10

Despite being part of many studies, we do not find a study
dedicated to the stellar content of Trumpler 10 which is actu-
ally much needed as this OC is very interesting with respect
to recent SN. Schilbach & Röser (2008) find for instance that
ζ Puppis might have been ejected from this OC some 2.5
Myr ago and Tetzlaff et al. (2010) find evidence that the NS
pulsar RX J0720.4−3125 was born either in TW Hydrae 0.4
Myr ago or Trumpler 10 0.5 Myr ago. We find Trumpler
10 to have had a birth mass of MBirth = 722 ± 259M⊙ and
produced 4 to 8 SNe which all were beyond 200 pc.

MNRAS 000, 1–14 (2017)



11

4.4.9 ASCC 20

ASCC 20, like ASCC 19 is not studied in the literature
except for those studies of the Galactic OC population.
Our simulations suggests the OC had its closets passage to
the Sun 13.1 ± 7.1 Myr BP though its minimum distance,
D = 101.1+284.2

−50.1
pc, is not well constrained. Its estimated

birth mass Mbirth = 954 ± 369 M⊙ suggests that it can have
produced somewhere between 5 and 10 SNe all beyond 200
pc, except for a 3% probability that a SNe was between 200
and 100 pc.

5 DISCUSSIONS

Here we discuss the uncertainties and the potential impact of
our results. The impact is discussed in relation to the known
literature on Galactic SN frequencies, the solar neighbour-
hood SN rate, near Earth supernovae, and predicted poten-
tial impacts on Earths climate and geology. Uncertainties
are discussed with respect to the used data and the physics
omitted.

5.1 Mass estimate of open clusters

Potentially, the estimated masses of OCs from
Piskunov et al. (2008b) are biased due to projection
effects or simplifications in the method applied (Ernst et al.
2010). Alternative data sources using for instance the
number of cluster members might suffer from other biases
that has the same overall effects or are incomplete. For
example, in the recent catalogue of Dias et al. (2014) the
OC Mamajek 3, only 90 pc from the Sun, has some 20000
members, an absolute proper motion of 0 kms−1and a
radial velocity of 18.5 km s−1. These numbers would suggest
this particular OC to have come within 10 pc of the Sun
around 5 Myr BP and over the cause of its 20 Myr life time
have deposited several tens of SNe very close to the Sun. A
color magnitude diagram of the stellar population indicates
that Mamajek 3 in the Dias et al. (2014) catalogue is
conflating at least two stellar populations. Estimating to
completeness the stellar content of an OC is in general very
difficult and we are so far forced to accept high uncertainty
in member populations and hence also mass estimates. Our
approach of applying MC ensembles is not only necessary
to account for the problem but it also allows for a proper
statistical account of the uncertainties within the data
which are fairly large. Systematic errors in data processing
effects is however beyond what can be accounted for using
MC simulations and also beyond the scope of the present
paper. Finally, we highlight that the result for Melotte
20 is probably due to systematic biases in the method of
Piskunov et al. (2007) as pointed out by Ernst et al. (2010).

5.2 Position of SN progenitors within OC

We have implicit assumed that the position of the SN is
given by the position of the center of the OC at the time of
the SN. Hereby we ignore the spatial stellar distribution an
OC has which introduces some systematic uncertainty in the
actual position of the SN. However, the uncertainties in the
position and velocity of each OC in our sampling indirectly

mimics this spatial stellar distribution why using the simple
interpolation scheme onto the trajectory is a robust solution
to estimate the position of the SN.

5.3 The distribution of primaries, secondaries and

single star supernovae

Figures 4 and 7 show the decomposed number and rate of
SNe. The number of single star SN progenitors are few rela-
tive to those born in binaries and is a consequence of initial
stellar mass priors used in relation to the population syn-
thesis modelling described in sect. 3.3 and 3.4. If star for-
mation actually produces SN progenitors as single stars or
if these become singles due to dynamical ejection scenario
or binary supernova ejection is not known. The percentage
of single star SN progenitors is ∼6% in our simulation. This
is roughly equal to the fraction of runaway SN progenitor
stars to bound SN progenitor stars (Eldridge et al. 2011).
The number of secondary stars, i.e. the companion of a bi-
nary that goes SNe is ∼ .15% which is a factor 2.5 less than
estimate in Eldridge et al. (2011) but is in agreement with
that of Zapartas et al. (2017). Likely the main reason for the
reduced fraction of SN progenitors from secondary stars is
the differences in priors from on the one side Eldridge et al.
(2011) and Zapartas et al. (2017) and this study on the other
side.

5.4 Effects of runaway stars

Some of the SN progenitors formed in embedded clusters
will be ejected from their birth environment either due to
dynamical interactions or by being the initially less massive
star in a binary that is disrupted due to the initial more mas-
sive star going SN (Blaauw 1961; Hoogerwerf et al. 2001).
Runaway OB-type stars can potentially introduce a spread
in the distribution of SNe that goes beyond the uncertainties
in the OC data. However, these stars are only a small frac-
tion of all SN progenitors. Eldridge et al. (2011) estimates
that only about 0.5-2.2% of all O-type stars within the Milky
Way will be runaway stars originating from a binary ejec-
tion scenario while they point out that 4% of O-type stars
in the catalogue of Máız-Apellániz et al. (2004) are identi-
fied as runaway stars. Tetzlaff et al. (2011) looked at young
(<50Myr) stars, and identify a runaway frequency among
these young stars of 27%, but they do not give the fraction
of runaway stars among SN progenitors.

5.5 The observed decay in the estimated SN rate

The SN rate shown in Fig. 7 is seen to decrease as one
goes back in time. This is an observational bias as only
a fraction of the initial population born some time in
the past is still observable. The remaining fraction is dis-
solved. We can translate the decay of an OC generation
into the decay in SNe events that can be estimated from
the same population of OCs. In this respect, older gen-
erations of OCs contribute with fewer and fewer of the
SNe events estimated in figs 6 and 7. If we assume that
the SNe that can be estimated within an OC generation
of some age decays following a power law like that of
OCs (de la Fuente Marcos & de la Fuente Marcos 2008) for
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Figure 8. Top panel is the same as the total SN rate shown in
Fig. 7 with a power law function y ∝ t−α with α=0.25 plotted
on top. The lower panel shows the relative SN rate back in time
relative to the most recent 1 Myr by convolving the decay function

with the reconstructed SN rate.

a constant star formation rate, then it is valid to assume
that the fluctuations around this decay curve is local fluc-
tuations in the star formation history in the past. Following
the method of Svensmark (2012) we compute the relative
SN rate in past as shown in Fig. 8. Relative to today the SN
rate in the past show only small fluctuations though a clear
shift in around 20 Myr BP is observed.

5.6 On the deposition of 60Fe from supernovae

originating in the Scorpius-Centaurus OB

association

Figure 6 shows that no SNe is expected within 100 pc of
the Sun during the past 5 Myr. At first sight this is in
contrast to the observation of 60Fe anomalies from lunar-
and terrestrial sources (Knie et al. 1999, 2004; Fitoussi et al.
2008; Wallner et al. 2016). There are at least two explana-
tions for this. First, the OC or OB association that may
have produced the close SNe roughly 2.8-2.2 Myr ago is not
found within our data set given in Tab. 1. Secondly, the gen-
eral assumption that the SNe happened inside a known OC
or association need not be true. Alternative sources could
be be a high velocity runaway star, although unlikely, fur-
ther as is elaborated below, binary evolution might play
a role as well. The suggestion put forth that the Scorpius

Centaurus (Sco Cen) OB association (Beńıtez et al. 2002;
Breitschwerdt et al. 2016) is the probable parent of the most
recent near-Earth SNe do not account for effects of binary
evolution or dynamical ejection of SN progenitors. But such
effects might be needed. In particular, the proposal that
two SNe from single star evolution, of 9.2M⊙ and 8.8M⊙

respectively, happened within just 0.8 Myr apart from each
other, within Sco-Cen is hard to reconcile with the young
age of Sco-Cen which is estimated to be at most 16 Myr
(Preibisch & Mamajek 2008). A SN progenitor below 10M⊙

lives a considerable amount of years beyond 16 Myr. How-
ever, if the yield of 60Fe from a 9.2M⊙ and a 8.8M⊙ SN
progenitor 0.8Myr apart reproduces the observed data, then
it is necessary to invoke a stellar evolution scenario that al-
lows a correct yield and is consistent with the age of the Sco-
Cen. One could imagine that binary evolution, in the form
of increased mass loss due to Roche lobe overflow from a SN
progenitor in a binary could consistently explain the 60Fe
yields and the age of the Sco-Cen simultanously. Finally, if
the distance to the SNe needed in order to properly repro-
duce the 60Fe signal is not fitting with the most probable
distance of the SN progenitor(s) from a single star evolu-
tion perspective (Fry et al. 2015), dynamical ejections and
binary evolution could offer a broader range of potential so-
lution of which some may provide a more satisfying solution.
With the high fraction of binary among SN progenitors, as
seen in fig. 3, it seems very realistic that binary evolution
can have an important role in explaining the 60Fe signal.

5.7 Supernova rates from 14C and 10Be

Using 14C anomalies in the past 50 kyr and the 10Be/9Be iso-
tope anomaly time series going back to 300 kyr BP Firestone
(2014) suggested that 23 SNe within 300 pc went off in the
past 300 kyr, see also Melott et al. (2015). Our simulations
do not reproduce this. The voluminous SN rate required to
yield the high frequency can be computed as 23/((4/3)π×0.3
kpc3 × 0.300 Myr) = 677 kpc−3 Myr−1 which is far from our
computed SN rate during this time. It has been previously
suggested that the SN rate in the solar neighbourhood is
high (Dragicevich et al. 1999; Grenier 2000) however, it is
not in agreement with our observations of MW type galax-
ies (Tammann et al. 1994) and the γ-ray-background of 26Al

(Diehl et al. 2006) unless we are in a privileged position
in the MW with respect to SNe. Turning it around, since,
Firestone (2014) uses cosmic-ray spallation production in
the atmosphere as a proxy for SNe, it is worth asking if an-
other closer source such as the Sun could produce a similar
signal (Svensmark 2000).

6 CONCLUSIONS

We have compiled a data set of 395 OCs for which we have
reconstructed their birth mass, single- and binary stellar evo-
lution and tracked their distance to Sun for the past 35 Myr.
We find that several OCs have come close to the Sun while
having an age allowing them to have SN progenitors. In par-
ticular we identify ASCC 19, NGC 1981, NGC 1976 to very
likely have deposited a SN within 200 pc of the Sun and
with somewhat smaller probability within 100 pc in the pe-
riod between 17 and 12 Myr BP. From our simulations we
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also produce a spatio-temporal 2D PDF map showing that
the solar neighbourhood distribution of SNe has structure
and is not uniformly distributed. In this perspective it is
likely that the distribution of near-Earth SNe are correlated
with their birth cluster. However, as we discuss, effects such
as dynamical and binary ejection of SN progenitors from
OCs will introduce a small spread in the SN distribution
which we do not account for. The detected 60Fe signal from
recent near-Earth SNe events ∼2.8-2.2Myr BP, we suggest,
could be better explained if one considered binary evolu-
tion. Hereby the estimated age of Sco-Cen would not be
violated relative to using single star evolution. Indeed this
would also better fit with most SN progenitors being born in
binaries. Despite differences between the applied data and
case studies of OCs, the results seems robust. It is worth
noticing that these differences come from comparing OC
identification pipe lines which will never be as detailed as
studies dedicated to individual OCs. On the other hand,
they provide data obtained in a consistent manner across
the applied population. With the release(s) of data from
the (GAIA; Gaia Collaboration et al. 2016) satellite and bi-
products hereof, new identifications of OC membership, im-
proved parallax, and proper motion will allow for a greater
membership completeness which in turn will constrain the
mass of solar neighbourhood OC population. Hence better
constrain the solar neighbourhood SN history and possibly
extend the historical time that can be estimated. Finally,
GAIA will likely lead to the discovery of hitherto unknown
OCs, hereby extending the distance out to which our sample
of OCs are complete.
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R. D., 2005b, Astronomy and Astrophysics, 440, 403

Knie K., Korschinek G., Faestermann T., Wallner C., Scholten J.,
Hillebrandt W., 1999, Physical Review Letters, 83, 18

Knie K., Korschinek G., Faestermann T., Dorfi E. A., Rugel G.,
Wallner A., 2004, Physical Review Letters, 93, 171103

Kroupa P., 2001, MNRAS, 322, 231

Kubiak K., et al., 2017, A&A, 598, A124

Kuijken K., Gilmore G., 1989, Monthly Notices of the Royal As-
tronomical Society, 239, 571

Lamers H. J. G. L. M., Gieles M., Bastian N., Baumgardt H.,
Kharchenko N. V., Portegies Zwart S., 2005, Astronomy and
Astrophysics, 441, 117

Langtangen H. P., Wang L., 2015, Odespy Software Package,
https://github.com/hplgit/odespy

Lee P. D., Perry C. L., 1971, AJ, 76, 464

Li W., et al., 2011, Monthly Notices of the Royal Astronomical
Society, 412, 1441

Loveridge A. J., van der Sluys M. V., Kalogera V., 2011, The
Astrophysical Journal, 743, 49
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