SUPERNOVAE NEAR EARTH
ANA SUBIC

Fakulteta za matematiko in fiziko
Univerza v Ljubljani

Some radioactive isotopes produced in massive stars and during supernovae have a sufficiently long decay time
to provide information about events happening in our surroundings even millions of years ago. The spectral line of
aluminum-26 is bright enough to allow its abundance in the Galaxy to be measured across different regions, while
iron-60 is the most suitable choice when searching for the ejected material deposited on Earth. Such supernovae must
have occurred within approximately 100 parsecs, making it possible that they had an impact on Earth. This article
summarizes the results of various studies suggesting that at least three supernova explosions took place in our recent
past: approximately 1.8 million years ago, around 2.5 million years ago, and 6.5-8.7 million years ago.

ZEMLJI BLIZNJE SUPERNOVE

Nekateri radioaktivni izotopi, ki nastajajo v masivnih zvezdah ter med eksplozijami supernov, imajo dovolj dolg
razpadni ¢as, da nam o dogodkih v nasi okolici pricajo Se milijone let kasneje. Spektralna ¢rta aluminija-26 je dovolj
izrazita, da se njegovo zastopanost v Galaksiji lahko meri tudi v razliénih obmo¢jih, zelezo pa je najprimernejsa izbira,
ko iS¢emo izvrzeni material supernov odlozen na Zemlji. TakSne supernove so se morale zgoditi na razdalji do priblizno
100 pc, zato je mozno, da so imele vpliv na Zemljo. Clanek povzema rezultate Stevilnih raziskav, ki nakazujejo, da
so se v nasi bliznji preteklosti zgodile vsaj tri eksplozije supernov: pred priblizno 1.8 milijoni let, pred priblizno 2.5
milijoni let in pred 6.5—-8.7 milijoni let.

1. Introduction

Supernova explosions occur in our Galaxy between once and three times per century (1.54 4 0.89)
[1]. Much more rarely, they happen in Earth’s local vicinity (e.g., within approximately 100 pc or
roughly 325 light-years), therefore such events have sparked curiosity for decades: have they ever
occurred in the past, and if so, how did they affect Earth?

A strong piece of evidence for nearby supernovae comes from radioisotopes that traveled to
our Solar System in the millennia following the explosions of supernovae. They were deposited
homogeneously — both on Earth, for example in layers of oceanic sediments or polar ice, as well
as on the Moon. Particularly useful is the heavy iron isotope ®°Fe with a half-life of 2.6 million
years, which has been proven to reach Earth in non-negligible amounts exclusively from supernovae.
The age of the sediment in which iron-60 decay events were detected is determined using another
well-known radioisotope, such as beryllium.

When identifying supernovae that occurred more than ten million years ago, decay events are
no longer relevant, as the radioactive isotopes have largely decayed into stable ones. Searching for
older explosions requires considering multiple assumptions — both about the frequency of nearby
supernovae as our Solar System moves through galactic regions with different densities, and also
about the impact of supernovae on Earth’s climate. Assuming that supernovae ejecta have primarily
cooling effect on Earth’s atmosphere and that the frequency of supernovae is higher in denser regions
of the Galaxy, a recent study reconstructed past explosions by studying Earth’s short-term cooling
events, in case they coincided with the Solar System’s passage through denser regions of the Galaxy.
It is however difficult to rule out that short-term cooling episodes were not (at least partially)
triggered by other factors, such as volcanic eruptions or meteorite impacts.

The goal of this paper is to present the discovery of several supernovae in past, along with
the associated questions that still persist. I will introduce the relevant types of supernovae with
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the nuclear reactions that make them recognizable, and also describe some recent changes in the
local environment of our Solar System. The methods examined in this paper also includes multiple
measurements of the half-life of iron-60 and the effective detection of extremely small samples of
this isotope using mass spectrometry. Finally, I will discuss theories on how nearby supernovae have
influenced Earth’s biodiversity.

2. Properties of relevant radioisotopes

Detection and dating of supernovae near Earth through radioisotopes is a robust method, as it does
not rely on not yet fully proven hypotheses or potentially oversimplified simulations, and neither
on indirect astronomical observations. The main goal of such research is to identify an isotope that
is produced predominantly in supernovae rather than through other cosmic-ray interactions with
matter. If we are searching for it on Earth, the isotope must have a short enough half-life, so that its
primordials — samples that were present on the Earth since its formation — do not interfere with the
measurements. At the same time, half-life must be long enough for isotopes to survive the journey
from the supernova to Earth without fully decaying into stable isotopes [2]. Supernovae are most
commonly studied using the isotopes 2°Al, **Mn, and %°Fe, which have suitable half-lives, denoted
Ty=9, of 0.71, 2.62, and 3.7 million years. Radioactive isotopes produced by supernovae are also
useful beyond just those decaying on Earth: their characteristic emission lines allow us to study
their abundance in space, providing insights into the frequency of more distant supernovae.

2.1 Bright aluminum-26

Aluminum-26 (7-9 = 0.71-10° years) is produced in the cores of stars heavier than 8 times the mass
of the Sun (M ). The majority of it is created by massive stars (M > 10M ), which, after their
core collapse phase, explode as type II supernovae (core-collapse supernovae, CCSNe). Another
type of Al-26 producers are super-AGB stars: these are stars with masses ~ 5M < M < 9M
which are similar to red giants in their characteristics'. According to the Super-AGB hypothesis,
which explores possible origins of many short-lived isotopes in early Solar System and aligns with
the radioactivity of certain meteorites, 3-10% of 26Al is also produced in super-AGB stars that do
not necessarily end their life as supernovae [1, 5].

Bellow is the formula showing decay process of aluminum-26. Its signature photon at 1.809 MeV
is only emitted when its descendant magnesium-26’ isomer (a state of an atom where only a nucleus
is excited, which can last years) transitions into its ground state:

122 = T;17 10° years
A\

20 A1 BMg +et+v — BMg+y. (1)

The spectral line at 1.809 MeV can be measured accurately: long decay time assures us that
enough time has passed since the supernova explosion for its material to spread out in space,
making it transparent to gamma rays. If supernova material still remained dense at the time of
radioisotopes’ decay, gamma rays could be absorbed by it and then emitted at different wavelengths,
supernovae-specific spectral lines thus being destroyed. The long decay time also means that the
material no longer travels at too high of a speed (after 10° years, only a few tens of km/s) — thus,
Doppler broadening of the spectral lines can be treated in a non-relativistic approximation [6]. The
expression connects the spectral distribution over wavelengths with the probability distribution of

1ESA/Hubble Word Bank explains that ”a red giant forms after a star has run out of hydrogen fuel for nuclear
fusion in its core, and has begun the process of dying” [3]. This happens to stars with a mass between 0.8 My and
8Me. Such star then burns hydrogen in its shell, which makes it expand and cool down afterwards, forming a bigger
star with a relatively red light spectrum. Such stars are not massive enough to explode as a supernova, but end their
life as a planetary nebulae instead.
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the material’s velocity in the direction of the observer, P,, where we have expressed the velocity
towards the observer in terms of the wavelength shift ¢(1 — A/A\g), Ao denoting wavelength at the
point of origin and ¢ denoting speed of light:

PO =P ¢ 1-2  ax 2)
Ao Ao

At energies in the megaelectronvolt range, the lines are therefore broadened by less than 3 keV at
FWHM (full width at half-maximum) [7]. Full width at half-maximum of predominately Gaussian
distribution is related to the standard deviation and is often used in spectrometry and laser physics
as it describes the width of a spectral line [¢]. Long decay times are important since they allow the
ejected isotopes’ speed to decrease first, thus keeping emission lines narrow and recognizable when
observing from Earth. On the other hand, long decay time means ejected aluminum-26 had time
to spread, so the origin of its emission line is not point-like but diffusely illuminates the interstellar
space [7]. Since well-established models assume that approximately 10 * M 26Al is released in
each outburst [2], we can still calculate from the number of decays how many supernova explosions
have occurred in the isotopically relevant past (the last million years). Additional confidence in
the 26Mg/?0Al ratio derived from spectral line at 1.809 Me comes from the fact that aluminum
will almost certainly decay into isomeric Mg , as the decay directly to the ground state of mag-
nesium only occurs from the nuclear isomer of aluminum [7]. Since it is highly unlikely for an
aluminum nucleus to be in an excited state in interstellar space on its own, we can safely conclude
that the amount of 2Mg transitions to the ground state corresponds to the previous amount of 26Al.

The aluminum line is so bright that it can even be measured regionally within our Galaxy using
satellites [1]. The emission at 1.809 MeV occurs with 100% probability (and with 4% at 1.130 MeV)
[7]. However, there is some uncertainty surrounding the reliability of this radioisotope’s formation,
especially when compared to the isotope iron-60 [9].

2.2 Less bright and more rare iron-60

Iron-60 (79— = 2.62 - 10° years) is primarily produced in extremely massive stars, partially during
the supernova explosion, but mainly in the shell burning phase when the massive star runs out of
hydrogen in its core and starts burning the one in its shell, later transitioning to burning heavier
and heavier product elements as fuel. This is soon followed by core collapse and a type 11 supernova
[1]. Such iron-60 origin is safe to assume because the half-life of its precursor, Fe, is only 44.5
days, meaning that a high neutron density is required for double neutron capture within a relatively
short timescale [10]. Like aluminum-26, a smaller fraction (3-10%) of iron-60 can also be produced
in super-AGB stars [4, 5].

Iron-60 decays into cobalt-60 (=9 = 5.27 years), which then rapidly undergoes § decay into
nickel-60. When the excited nickel transitions to its ground state, two photons are emitted in a
cascade with characteristic energies of 1.173 and 1.3325 MeV:

120 = 2;62 108 years 1=2 = 5,27 years

89 Fe ®Co +e +7w SANi+e +7+2y. (3)

2.3 Comparision of both isotopes

The two iron spectral lines from the cascade decay of cobalt in the Galaxy reach only 15% of the
intensity of the aluminum line [1] and cannot be localized, which is why aluminum remained the
focus of historical observations for a long time (iron-60 only started receiving more attention in
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the 1980s). On the other hand, iron-60 is much more useful when searching for traces of nearby
supernovae directly on Earth, as aluminum-26 is also produced in the atmosphere through cosmic-
ray collisions with argon, at a rate of (1.1 £0.3)-10 4 atoms em 2s ' [2, 11].

For the most reliable results, the decays of both radioisotopes are often detected and compared
to see whether the measured ratio matches predictions — both on Earth and in the Galaxy. In
2002, two satelites were launched that provided us with crucial data for further research: those
were ESA’s mission Integral and Nasa’s RHESS, depicted on Figures 1 and 2. Integral (the name
comes from INTErnational Gamma-Ray Astrophysics Laboratory) was the first space observatory
to simultaneously observe objects in gamma rays, X-rays, and visible light. Its principal targets were
gamma-ray outbursts as supernova explosions as well as regions with black holes [12]. Its mission
was completed during the writing of this article in February 2025. The RHESSI mission (Reuven
Ramaty High Energy Solar Spectroscopic Imager) by NASA mainly focused on solar events, which
was done by observing gamma ray emissions and high energy events, among other methods [13].

The observations of aforementioned satelites have provoked further questions: theoretical models
suggest that the 60Fe/ 26A] ratio in our Galaxy should be up to twice as high as what has been
measured, although the measured intensity is still within the uncertainty range [1]. This is also
relevant for nearby supernovae, as a significantly skewed ratio could indicate that aluminum-26 is
produced in non-negligible amounts independently of supernovae — meaning there may be fewer of
the explosions, or that they evolve differently than expected.

Figure 1. ESA’s satellite Integral that simultaneously Figure 2. NASA’s satellite RHESSI that mainly focused
observed objects in gamma rays, X-rays and visible light. on observing gamma ray emissions and high energy
Image taken from ESA, [12]. events. Image taken from [13].

The reasons for this discrepancy vary, and there are likely multiple contributing factors. One
possible explanation is that aluminum-26 is produced in several different late-stage shell burning
phases, and is expelled into the surrounding medium through stellar winds, whereas iron-60 is
released exclusively through supernova explosions. In this case, the supernova rate itself would not
be overestimated, but aluminum would have more time to spread through space. Another possible
reason involves Wolf-Rayet stars. These really massive stars (> 40M ) with specific and unusual
spectra are defined by their depletion of hydrogen and extreme solar winds [2]. They lose part or
even all of their outer envelope due to strong radiative pressure before reaching the end of their life
cycle [2]. Wolf-Rayet stars produce aluminum-26 but not iron-60 [9], even though they also explode
as supernovae at the end, which makes them a potential major source of aluminum-26. On the
other hand, iron-60 is also produced in electron-capture supernovae (ECSNe), which according to
models should not be a significant source of aluminum-26 [5]. These are stars with masses in the
range 8M < M < 10M , but so far, only a few supernovae have been identified as candidates for
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ECSN [14], meaning there may be too few of them to contribute significantly to iron-60 production.

Reynold Diehl, in his article [1] discussing findings from ESA’s INTEGRAL satellite, suggests
additional possible reasons for the discrepancy: models of massive stars may have overestimated
neutron capture rates, leading to an overproduction of °°Fe relative to the other iron isotopes.
Stellar convection might need to be modeled differently. The number of truly massive stars in our
vicinity may be too low for a statistically representative distribution. While most of the Earth’s
nearest supergiants take part in smaller and open OB asociations (asociations of tens to ~100
young bright stars that are not strongly gravitationally bound), supergiants in general can often
be found in clusters, which makes the distant ones difficult to observe [1]. Another possibility is
that some models used Ti=p = 1.49 million years, measured in 1984 [15], which was invalidated
by later experiments. In any case, both the galactic and terrestrial ®®Fe/26Al ratio appears to be
consistently around 0.15-0.18 [, 5], meaning that stellar evolution and interstellar dust models will
need to adapt accordingly.?

3. Determining the half-life of iron-60

The probability of reactions that require capturing particles (e.g. neutrons, electrons) depends on
the density of those particles, but that is not the case for the decay of iron-60. In contrast to decays
that also occur via electron capture, 5 decay of iron-60 provides us with a ”clock” independent
of its surroundings — actions will happen regardless of the density of matter around the isotope
which makes it an appropriate reaction for reconstructing supernova emissions. For such use, its
half-time is of crucial importance [10]. For an element that only exists in trace amounts on Earth,
getting to the precise value proved to be challenging. While reviewing the literature, we come across
different values for the half-life of iron-60: for example, the often-cited papers on the discovery of
iron-60 in deep-sea sediments from 2004 [16] and 2008 [17] still used 7= = 1.49 million years, a
value published in 1984 [15]. The updated half-life value of 71=9 = 2.62 million years was published
in 2006 by G. Rugel and colleagues, and was later confirmed by A. Wallner’s group in 2015 with a
refined value of 7120 = 2.50 million years [10)].

Let’s consider the last method, described in [10], for determining 7y-5(®°Fe). If we know the
decay activity of the isotope Agopre and simultaneously the number of atoms of iron-60 in the
sample, Ngore, we can determine the half-life as:

T1=2(*’Fe) = In2 - Nore/Asore. (4)

In the case of iron-60, the activity is measured through the aforementioned spectral lines at 1.173
MeV and 1.332 MeV, which correspond to the decay of the daughter isotope °°Co. The relationship
between the intensities of the two signature rays A(t) at 1173 keV and 1332 keV is described by the
approximation [10], where Ay is the activity of cobalt-60 at ¢t = 0, Agore denotes iron-60 activity,
and A is a cobalt-60 decay constant:

Aq173 = 0,9985[Age ' +0,9975A60re(1 — e Y], (5)
Ayzzo = 0,9998[Age '+ Agore(1 —0,9975¢ Y. (6)

The activity of radioisotopes can be measured precisely, which led to the conclusion that the
significant difference between the previous two measurements stemmed from the determination of

2Interstellar dust (usually in size of nm) acts as a radioisotope carrier as single atoms would not survive all the
way from supernova to Earth. Since different size and material of dust affect isotopes’ travel times and its sensitivity
to the magnetic fields, dust models play as important role as stellar evolution models do in reconstructing the origins
of supernovae ejecta [2].
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the number of iron-60 atoms in the sample. As with the rst half-life measurement, Wallner's re-
search group [10] approached this by using accelerator mass spectrometry (AMS), the most common
method for measuring isotopes in trace amounts: the sensitivity of the best spectrometers reaches
ratios as low as 108 of the target isotope relative to the remaining material. While approximately
two-thirds of the iron-60 sample was used for a four-year activity measurement, the remainder was
analyzed using two di erent spectrometers. Those were Vienna Environmental Research Acceler-
ator { VERA at Vienna and Accelerator mass spectrometer at Australian National University {
AMS ANU. The ingenuity of the last spectrometer usage was the calculation of the iron-60 con-
tent using the number density relative to the radioisotope *°Fe ( -, = 2:744 years). In contrast
to previous measurements that focused on th€°Fe="2'Fe ratio, where "®Fe denotes naturally oc-
curring iron (essentially 5*Fe, %Fe, ®’Fe, %Fe in their natural abundances), Wallner's group was
now working with an isotope of similarly low abundance as a reference point. In this approach,
the >Fe="2'Fe ratio was measured on both spectrometers, while th€°Fe="'Fe ratio was measured
only at the Australian National University's heavy-ion accelerator, which is the only device capable
of distinguishing iron-60 from the nickel-60 background. Since the AMS results were standardized
using stable *®Fe standards, and these standards are also based on the half-lives of iron isotopes,
it was logical to use the ratio of two low-abundance radioactive isotopes to minimize systematic
uncertainties as much as possible.

In the end, the number of ®%Fe atoms Ngg was determined as the average of the results from two
independent equations that deal with four di erent samples containing both iron-60 and iron-55.
Fe-1 was the sample used in its original from, while in samples Fe-2, Fe-3 and Fe-4, radioisotopes
5SFe and %°Fe were diluted with a stable and most common isotope’®Fe by factor 10, 100 and 1000
to increase predictability of the measurements. In Equation 7, di erent measurement techniques of
atom numbers in the four samples, and then combining their ratios to retrieve the Nyg are meant
to minimize mistakes at mass spectrometry, while in the Equation 8, the number of®°Fe is based
on the activity of more short-lived >°Fe:

Reo=s6(F€-4) Rss-56(FE-4) Nss(Fe-1)
Nego(Fe-1) = Rss_s6(A Nsg(Fe-4) ————=: 7
eo(Fe-1) RececFed) ResogAss) 155 56(Ass) Nsg(Fe-4) Neo(Fe-d) (7)
=(*°Fe) N
N60(Fe-l) =A 55(Fe-1) 1 2( ) 60. (8)

In2 N55.

Equation 7 combines the ratios of isotopes obtained in di erent ways, where R., denotes the
numerical density of the isotope in the Fe-1 or Fe-4 sample obtained via AMS, and 4 indicates
that the ratio was derived from the measurement of >>Fe activity and calculated using standard
contents of >>Fe="%Fe. Equation 8 expresses the number of’Fe directly from the radioactive decays
of iron-55 in the Fe-1 sample, where Np=Nss is the ratio of the ratios Rgo=5¢(Fe-4)=Rs55=5¢(Fe-4).
The activity of iron-55 was measured using liquid scintillation counting (LSC).3
The average value of both results [10], which represents the nal number of iron-60 atoms, was
2:47 10° atoms (equivalent to just 0.245 pg!). Based on the four-year activity measurement
Agore = 21:72 s and using Equation 10, the latest half-life of iron-60 is (2:50 0:12) 10° years.
The authors propose using a weighted average of their result and the previous one, leading to

1= = (2:60 0:05) 10 © years.

3In LSC, the energy of each decay is transferred into photons emitted by scintillators, which are then transferred
into electric signals using photomultiplier tubes. This enables reliable measurements of radioactive activity, since the
counting of electrical pulses can be carried out with high precision.
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