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Abstract

Live (not decayed) radioisotopes on the Earth and Moon are messengers
from recent nearby astrophysical explosions. Measurements of °Fe in deep-
sea samples, Antarctic snow, and lunar regolith reveal two pulses about 3 Myr
and 7 Myr ago. Detection of ***Pu in a deep-sea crust indicates a recent
r-process event. We review the ultrasensitive accelerator mass spectrome-
try techniques that enable these findings. We then explore the implications
for astrophysics, including supernova nucleosynthesis, particularly the r-
process, as well as supernova dust production and the formation of the Local
Bubble that envelops the Solar System. The implications go beyond nuclear
physics and astrophysics to include studies of heliophysics, astrobiology,
geology, and evolutionary biology.
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1. INTRODUCTION

Astrophysics in the twenty-first century has opened new vistas to the cosmos by expanding the
array of messengers available to bring us information about the Universe. These famously include
signals from distant extragalactic relativistic sources: gravitational radiation originating in compact
binary mergers (1, 2), as well as petaelectronvolt neutrinos arising from supermassive black holes—
from both AGN jets (3, 4) and possibly tidal disruption of stars (5). In this review, we survey
another new messenger, this one originating nearby: live (not decayed) radioactive isotopes found
in natural terrestrial and lunar archives and arising from recent close-by astrophysical explosions.

Powerful explosions seem to be necessary to produce radioisotopes and deliver them to the
Earth prior to decay; the most promising candidates are supernovae (SNe) and kilonovae. SNe
play a central role in astrophysics, one of the most important being that they are element factories
(6,7) that drive Galactic chemical evolution. They produce many of the heavy elements (“metals”)
in the cosmos and the bulk of the most common metals (8, 9). While most SN products are stable,
the blizzard of nuclear reactions before and during the explosion also produce radioisotopes
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spanning a wide range of lifetimes. Short-lived radioactivities have been directly observed in
gamma-ray lines from Ni decay in SN outbursts and via *Ti lines in the remnants of recent
explosions (10). Longer-lived (lifetimes 7 2 1 Myr) radioisotopes that are gamma emitters have
also been detected, with 26Al and ®Fe sky surveys mapping recent Galactic nucleosynthesis (11).

Kilonova or macronova explosions result from mergers of two neutron stars or of a neutron
star and black hole (12). The resulting coalescence is expected to produce a black hole, but some
neutron star material can escape, ejected in tidal tails or in an accretion disk wind. As this neutron-
rich material decompresses, it undergoes reactions far from nuclear stability, producing a vast array
of radioisotopes up to and including actinides by the so-called r-process (13, 14). The decay of
these species powers a kilonova outburst as seen in coincidence with gravitational radiation in the
GW170817 event (15).

As we discuss in detail below, nearby explosions are an inevitable hazard of life in a star-forming
galaxy such as ours. Most Galactic SNe and kilonovae safely occur many kiloparsecs away, and
during written human history some have even been obscured from view, passing unnoticed (16—
18). But over the ~4.5 Gyr age of the Earth, SNe likely occurred well within ~100 pc. Events
at this uncomfortably close range threaten the biosphere and could even cause a mass extinction.
Furthermore, nearby explosions deliver some of their debris to Earth. Stellar ejecta literally rain
down slowly in minute amounts, accumulating a total of <1 pg for every square centimeter on
Earth. This offers the possibility of recovering this SN debris and using geological samples as
telescopes to probe prehistoric explosions. But to discriminate this tiny dusting of extraterrestrial
matter requires that we search for live radioactivity, which has little or no background. This comes
at the price of an even smaller signal: femtograms per square centimeter.

Remarkably, suitable geological and lunar samples have been identified that serve as natural
archives for prehistorical SN! and kilonova debris; one of these appears in Figure 1. Reading
these isotopic fossils requires the powerful method of accelerator mass spectrometry (AMS), which
permits the detection of individual trace radioactive atoms. As detailed below, AMS measurements
now reach levels of ®Fe/Fe < 107! and, thereby, have found a wealth of data. A pulse of ®“Fe
appears in deep ocean samples around the world (20-24). The signal arrival is around

(SN Plio) >~ 3.5 Myr ago, 1.

and its likely origin has been dubbed the Pliocene supernova (SN Plio) (25) to reflect the
corresponding geological epoch. A second, earlier pulse has been found (23, 24), arriving around

t(SN Mio) >~ 8 Myr ago, 2.

and its likely origin has been called the Miocene supernova (SN Mio). °°Fe is also seen in modern
Antarctic snow (26), in Apollo lunar samples (27), and in cosmic rays (28).

All of these measurements together give compelling evidence that there were multiple near-
Earth explosions—likely SNe—in the past 10 Myr, that their effects linger to the present day, and
that they played a role in sculpting the Local Bubble in which the Solar System resides. These
discoveries have also driven a search for other radioisotopes, leading to the detection of 2**Pu in
samples that are not well dated but overlap both “Fe pulses (24). This discovery has profound
implications because **Pu is one of the heaviest known nuclei and is only made in the so-called
r-process, the cosmic origin of which remains one of the most pressing questions in astrophysics

1“Historical SNe” are those with surviving eyewitness accounts; such records reach back about 2,000 years
(19). Here we are interested in “prehistorical SNe” going back many millions of years, where the evidence is
isotopic and whose observers left no surviving records.
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Figure 1

A ferromanganese (FeMn) crust from the Pacific Ocean, 237KD. AMS measurements of this crust have
found interstellar OFe (21, 22, 35), ¥ Mn (36), and 2¥*Pu (35, 37). It covers more than 20 Myr of nuclide
incorporation. The coin for scale has a diameter of 3.2 cm. Abbreviation: AMS, accelerator mass
spectrometry. Photograph provided by D. Koll.

today. The observed ***Pu may point to a SN or kilonova origin; future 2**Pu measurements could
address the site of the r-process.

In this article, we review the emerging study of near-Earth explosions that deposit ejecta on
the Earth and Solar System, focusing on SNe and kilonovae. The subject is inherently interdisci-
plinary, and we hope this discussion is accessible to a broad audience, particularly for nuclear and
particle physicists as well as astrophysicists. Other recent overviews have focused on astrophysics
(29), nucleosynthesis (30), heliophysics (31), and mass extinctions (32). More details on experimen-
tal aspects of “Fe and **Pu measurements and their interpretations are found in References 33
and 34.

We summarize in Section 2 how this subject arose and evolved in the literature. We then trace
the journey of radioisotopes in Section 3, from their nucleosynthesis to their sequestration into
dust grains, to their transport from the explosion to the Solar System. In Section 4, we explain
the AMS technique that allows for ultrasensitive radioisotope measurements, whose results we
discuss in Section 5. We discuss in Section 6 the consequences that span many areas of astrophysics
and beyond to nuclear physics, heliophysics, astrobiology, geology, and possibly planetary science
and evolutionary biology. In Section 7, we suggest possible future directions for the field, and we
summarize our conclusions and outlook in Section 8.

2. OVERVIEW OF NEAR-EARTH SUPERNOVAE AND KILONOVAE

As the observational and theoretical picture of SNe has come into focus, the question quickly
arose: How would a nearby explosion affect the Earth, and what signatures would nearby events
leave? Early work focused on SN production of ionizing radiation and the possible biological
damage that could result. As early as 1950, the paleontologist Otto Schindewolf suggested that
SNe could play a role in biological mass extinction via their production of cosmic rays (38, 39).
Around the same time, losif Shklovsky and his group pioneered the astrophysics of this idea (40,
41): They calculated rates of nearby explosions, estimated the resulting cosmic-ray enhancement,
proposed a SN origin for specific mass extinctions, and suggested that nearby SNe created large
features in the radio and high-energy sky, now known as the North Polar Spur and Loop 1.
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2.1. Nearby Supernova Damage to the Biosphere

The mechanisms for nearby SN damage to the biosphere stem from the effects of ionizing ra-
diation: high-energy y rays, X-rays, and cosmic rays. These damaging particles are produced in
different phases of the SN and its aftermath and, so, lead to a sequence of distinct threats to biota.

1. About 100 days after the explosion, the remnant becomes transparent to gamma rays, largely
from *°Ni — **Co — *°Fe decay, and the resulting gamma-ray flux is sustained for about
the first year.

2. After months to years, X-rays can arise from collisions between the blast and immediately
surrounding material that had been ejected in a pre-SN wind; in a small but powerful subset
of SNe (Type IIn), these can be bright for up to ~10 years.

3. Finally, after many thousands of years, cosmic rays arrive along with the blast itself that
accelerates them; these remain intense for thousands of years.

Earth’s atmosphere absorbs gamma rays, X-rays, and the lowest-energy cosmic rays, thereby
shielding biota from direct injury by these particles. But Ruderman (42) pointed out that the con-
sequence of this absorption is severe depletion of the stratospheric ozone, and the removal of
this “umbrella” exposes the biosphere to a dramatic increase of harmful solar ultraviolet (UV)
radiation. This effect is thus common to all of the SN damage phases listed above. Subsequent
work explored ozone loss further, and atmospheric models of increasing sophistication were used
to develop detailed predictions (43—45). The Kansas group has characterized how the ozone de-
pletion varies over time and its dependence on the SN location in the sky, the photon energy
spectrum, time of year, and other factors (46, 47). They identified the key factor to be the flu-
ence (time integrated energy flux) of ionizing photons, which break apart N, and O, molecules.
This creates nitrate ions, largely NO and NO,, that catalyze ozone destruction. A lethal dose
of ionizing radiation that destroys ~30% of stratospheric ozone arises from a “kill fluence” of
Fionizing = 100 k] m~2; this leads to a SN “kill distance” of ~8-10 pc (42, 45, 46, 48, 49).

The biological consequences of a large ozone loss and UV increase are subjects of active re-
search and likely to be complex (46). For example, this would lead to destruction of phytoplankton
that represent a large fraction of Earth’s photosynthesis. These organisms also lie at the base of the
food chain, so their destruction would propagate upward to more complex organisms, potentially
leading to a mass extinction.

While ozone loss is common to all three nearby-SN damage phases, cosmic rays pose addi-
tional threats arising from their interactions in the atmosphere (50, 51). Bombarding particles
with energies 21 GeV interact with nucleons in the atmosphere to produce charged pions and
in turn energetic muons, e.g., per + Nam — 7F — p%. The muons penetrate matter and deliver
harmful doses of ionizing radiation on the Earth’s surface and hundreds of meters below. These
likely have particularly damaging effects for large creatures (megafauna) on land and in the sea
(52). Other effects of cosmic rays have been proposed, including increased lightning strikes and
thus global fires (53) and effects on climate (54, 55).

2.2. Nearby Supernova Signatures: Live Radioisotopes

Starting in the 1960s it was noted that live radioisotopes could be a SN signature (58). A search
of Apollo 11 lunar samples for ¥’ Cm and ***Pu—assumed to be SN products—was used to claim
limits on nearby SNe “within the last eon or two” (59, p. 500). Alvarez et al. (§7) also identified
%Py as a close-by SN signature that would have little to no background. While their search
excluded a SN origin of the Cretaceous-Tertiary [K-T, or Cretaceous Paleogene (K-Pg)] mass
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NEARBY SUPERNOVAE AND THE DINOSAURS

Nearby SNe were proposed as the source of the K-Pg mass extinction that saw the demise of the dinosaurs (56).
This possibility was considered in detail in the celebrated Alvarez et al. work (57), as an alternative to the impactor
scenario they ultimately favored. These authors recognized that the SNe would deposit live radioisotopes on the
Earth. They searched for and failed to find ***Pu in material from the K-Pg boundary and used this nondetection
to rule out a SN culprit. It is ironic that now the evidence is that most SNe do not make the r-process and, hence,

do not produce >**Pu (see Section 3.1), so its absence need not exclude a SN; but, of course, the discovery of the

Chixulub crater verifies the Alvarez impactor hypothesis.

370

extinction (see the sidebar titled Nearby Supernovae and the Dinosaurs), live radioisotopes have
proven to be powerful probes of nearby explosions.

Ellis et al. (60) considered the general problem of isotopic signatures from a near-Earth SN.
They identified the importance of live radioisotopes, surveyed intermediate-lived species and
their origins, and estimated signals as a function of SN distance, including for ®Fe and **Pu.
Independently, the Garching group proposed SN “Fe as a promising target for AMS (61) (see
Section 4).

A few rough calculations highlight the likelihood of nearby explosions and the challenge
of detecting them. We can estimate the rate of nearby SNe as follows. The Milky Way core-
collapse (massive star) SN rate is Nsx > 3 events/century. The Milky Way thin disk is the
site of star formation and, thus, SN explosions, and we model it with an exponential scale
radius of Ry, = 2.9kpc and a scale height by, = 95 pe (18, 62). This leads to a SN rate den-
sity Ren = None Ro/Ruin /4 R2 . by at our location Ry = 8.5 kpe. Thus, in a sphere of radius
7 < buin, the rate of SNe is

4m L Dsy Y Ns
Psn(Dsx) ~ 5~ DixRs = (1.5 Myr) 1(10520) <3 Cenﬁfryl), 3.

and we see that on average, SNe within 100 pc occur on ~1-Myr timescales, and events as close
as 10 pc can occur within the 4.5-Gyr lifetime of the Earth. Nearby SNe are thus common on
astronomical and geological timescales, which is an inevitable consequence of life in our star-
forming galaxy. For kilonovae, the rates are more uncertain but ~100 times smaller, so events
over the same timescales occur at greater distances.

What traces will a nearby SN leave on Earth? A rough calculation idealizes the SN blast as
a dense spherical shell that distributes material isotropically (60). This means that the integrated
flux® (i.e., interstellar fluence) of SN ejecta at a distance Dgy from the explosion falls as the inverse
square of the distance. Using this, we can estimate the bulk deposition of all SN heavy elements
(“metals”) delivered to observers, neglecting the gaseous hydrogen and helium that will not leave
direct geological signatures. Adopting an ejected metal mass M ~ 2 Mo, i.e., twice that of the Sun,
and a SN distance Dgx = 10 pc, we find the interstellar fluence impinging on the Solar System
is Fsn = Mj/4m Dl ~ 0.3 pgem=. We see that even at this uncomfortably close distance, the
deposition of bulk SN material is small: Each square centimeter of a Solar System body would
at most collect on the order of a few micrograms of ejecta. This will not leave a visible layer as

2Key radioisotope observables are interstellar flux at the Sun’s location prior to any Solar System screening, the
time-integrated flux (ffuence), and the average surface density on Earth, which includes heliospheric screening
effects and a factor of 1/4 for the ratio of Earth’s cross section to surface area.
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did the impactor that killed the dinosaurs (57). Furthermore, we need a way to ensure, millions of
years after the fact, that the material we have found has an extraterrestrial origin. Clearly the SN
signal will be challenging to find and to confirm.

To confidently identify the origin of matter from nearby explosions, it must be distinguished
from the terrestrial (or lunar) material surrounding it. This excludes stable isotopes that are the
majority of SN ejecta, since these are abundant in Solar System material. However, live radioiso-
topes enjoy the great advantage of having little to no natural background, and thus radioactive
species offer a means of tagging extraterrestrial material from recent nearby events. We can es-
timate the expected signal by computing the average surface density on Earth of a radioisotope
i with mass number A;, lifetime 7;, and SN yield (ejected mass) M,;,;. Accounting as well for ef-
ficiencies in transport f; and sample incorporation efficiency (“uptake”) U, the number of atoms
per square centimeter is

1 M,
N = JUfir P, 4.
4 f4nAl-muD§Ne
2
_ 7 = foo M0 50 pc
N(®Fe,3 Myr) = 2 x 107atomscm ™ Uy (ﬁ) (3 ” 1075Mo> (DSN ) , 5.

where Equation $ is for i = ®Fe from an explosion 3 Myr ago, with fiducial parameter choices we
discuss below. The overall factor of 1/4 represents the ratio of the Earth’s cross section to surface
area. We see that the expected *“Fe signal in Equation 5 (corresponding to ~2 x 1071 gcm™2)
is significantly less than that of the main SN nucleosynthesis products, reflecting the small yields
of intermediate-lived radioisotopes. Thus the background rejection achieved via radioactivity in
turn demands highly sensitive techniques, favoring samples where the signal is concentrated and
remains undisturbed.

Reference 60 showed that stable isotopes, or those long-lived enough to survive from the birth
of the Solar System (such as 2**U), are lost to the terrestrial background. It also noted that SNe
deliver radioisotopes of multiple origins: (#) the explosion ejecta, which generally dominate, but
also (b) any interstellar radioactivity swept up by the blast, and (¢) a “cosmogenic” component from
the irradiation of Earth’s atmosphere by freshly accelerated cosmic rays. Focusing on the ejecta,
it is clear from Equation 4 that favorable radioisotopes are those with the largest SN yields, and
transport and geological considerations pose additional constraints.

Turning to the case of kilonovae, these events arise from neutron star collisions and are
prolific sources of radioisotopes including the longest lived. The same basic formalism holds for
kilonovae, the key difference being that the rates are much smaller. The neutron star merger rate
is not measured precisely but is at most ~1% of the SN rate, making kilonovae within ~100 pc
unlikely to occur within the lifetime of the Earth. But it remains possible that a kilonova can
occur at a larger distance and, subsequently, a SN can sweep up its ejecta and deliver them to
Earth in a two-step process.

3. RADIOISOTOPE PRODUCTION AND DELIVERY
TO THE SOLAR SYSTEM

3.1. Radioisotope Synthesis in Supernovae and Kilonovae

The intermediate-lived radioisotopes we seek have lifetimes of ~1 to a few 100 Myr. Fortuitously,
nature has granted us an array of such isotopes, arising from a variety of nucleosynthesis processes
and astrophysical sites. Here, we summarize the origins of a few key species (see Table 1); recent

www.annualreviews.org o Radioisotopes from Nearby Cosmic Events
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Table 1  Selected radioisotope candidate signatures for nearby explosions

Isotope Half-life #;,, (Myr) Production site
26A]1 0.7 p capture: massive stars, CCSNe, cosmogenic background
> Mn 3.7 NSE: CCSNe, SNIa, cosmogenic background
OFe 2.6 n capture: CCSNe
1291 16.1 r-process
146Sm 103 y/p-process: CCSNe
182hf 8.9 r-process (s-process)
2#py 81 r-process
247Cm 15.6 r-process

Abbreviations: CCSNe, core-collapse supernovae; NSE, nuclear statistical equilibrium; SNIa, supernova type Ia.

discussions of the whole set appear in References 63 and 64. Gamma-ray astronomy provides
direct confirmation of ongoing astrophysical production of some of these species—nuclear lines
are observed from the decays of 2Al and ®Fe (11, 30, 65, 66).

3.1.1. %Fe: supernova indicator. The “Fe isotope (¢;,» = 2.62 Myr) (67, 68) is neutron rich,
and so its synthesis requires the presence of free neutrons. There must also be “seed” nuclei to ab-
sorb them—typically the stable *8Fe isotope. The 8 decay of **Fe (which has a half-life of 45 days)
competes with neutron capture, making this nucleus a branching point. The dominant origin of
0Fe is thought to be core-collapse SNe, which are the endpoints in the evolution of massive stars
M 2 8-10 M. There are several other likely sources of Fe, but these generally are expected to
make less of this isotope. Fortunately, we can use the observed °Fe, and the calculated explosion
yields, to compare these sources and empirically determine which are the most likely.

Core-collapse SNe make ®Fe both in the preexplosion hydrostatic phases and during the ex-
plosion; the *®Fe seeds are preexisting material present at the star’s birth (30, 69-71). Production
occurs via neutron captures of *®Fe(n, y)’*Fe(n, y )Fe, with destruction via ®Fe(n, y)®' Fe and
%0Fe(p, n)*Co. This mainly occurs in the He- and C-burning shells, in the late stages before the
explosions and after it. The need to create neutrons, and competition for them with other neutron
sinks, limits the ®“Fe production to be relatively low, with models giving ®Fe yields roughly in the
range of M6 ~ (4 x 1076-3 x 10~%) M, (71-76). Winds prior to the explosions release very
little 9Fe, so most “Fe is ejected only by the SN outburst.

In addition to SNe, some “Fe may also be produced during helium burning in lower-mass
stars (M ~ 2 to 9M,) that undergo the asymptotic giant branch (AGB) phase. The yield is
model-dependent and is related to the complexities of the dredge-up processes and winds in these
pulsating stars. Recent estimates suggest this channel of Galactic production is relatively small
(77, 78), but some individual events can have yields comparable with SNe.

Several other stellar sources of Fe exist. Electron-capture SNe can produce up to ~10~* M,
of ©Fe per event (79). These lie at the poorly determined lower-mass boundary for SNe, ~8-
10 M, and could be rare today. Another potential source is from Type Ia SNe—the thermonuclear
explosions of white dwarf stars. Most models predict that these have small ®Fe yields (80), though
rare Type Ia events may produce neutron-rich species including *“Fe (81). Finally, neutron star
mergers and the resulting kilonovae are unlikely to be significant sources of ®°Fe in our Galaxy

(66).

3.1.2. **Pu: pure r-process. 2**Pu is unique in several ways. With a half-life of 81.3 Myr, it is
among the longest-lived radioisotopes that do not have any remaining component from the birth
of the Solar System. >**Pu is also one of the heaviest known nuclei, and is highly neutron rich, with
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56 excess neutrons. This points to an origin in an environment with a high neutron abundance.
In fact, the microphysics of 2*Pu synthesis indeed calls for rapid neutron capture: the r-process
(82, 83).

The basic nuclear physics of the r-process is well understood (84-86): A high neutron flux ir-
radiates preexisting seed nuclei, creating neutron-rich species far from stability, all on a timescale
of <1s. Subsequent decays populate stable and long-lived states. The r-process is the only
mechanism known to produce actinides, including ***Pu as well as 2*’Cm; these species thus
unambiguously indicate r-process activity and probe its nature.

The r-process conditions clearly demand an explosive environment, and two sites are the main
candidates: SN explosions and neutron star mergers. Supernovae were long thought to be the
dominant site, as they broadly have the right characteristics of a dynamic site and a neutron-rich
core. But as models have become more sophisticated, it has proven difficult to reproduce the solar
r-process pattern with SNe (84, 86). Furthermore, SNe particularly struggle to make actinides,
due to a lack of both sufficient neutrons per seed and neutrino environment around the proto—
neutron star that suppresses neutron excesses. In many models SNe make no actinides and, thus,
no ***Pu at all! In addition, observations of r-process elements in the most primitive stars in our
Galaxy, as well as in nearby dwarf galaxies, give insight into the population of r-process sources.
These complex patterns are not consistent with a single r-process origin in any one source (87),
but abundances of the heaviest species including actinides (which include ***Pu) show variations
that imply most SNe do not make these r-process species (85, 88, 89).

For these reasons, in the past two decades there has been increasing attention in the other
potential r-process source: neutron star mergers (13, 90). The inspiral and collision of binary
neutron star pairs leads to tidal tails and winds that eject neutron star matter at speeds of
v ~ ¢/4. Models predict that as this material decompresses, it undergoes a vigorous r-process
that may include actinide production (12, 86). As the newborn r-process material decays toward
stability, the energy release powers an electromagnetic display that marks a kilonova event. This
basic scenario has strong observational support from the kilonova observations associated with
the neutron star merger gravitational-wave event GW170817. The observed luminosity time his-
tory (light curve) and spectra are consistent with a robust r-process and the ejection of ~10~*
to 1073 My of material, although the available data do not directly unveil the details of the
nucleosynthesis pattern in that event (15, 91).

It is thus clear that neutron star mergers/kilonovae contribute significantly to the Galactic r-
process inventory today and could be the dominant source. But it remains an open question how
much SNe contribute to the r-process and whether some SNe produce actinides (92). For example,
SN models that created magnetohydrodynamic jets, or rapidly rotating massive stars giving rise to
“collapsars,” do undergo an r-process that can yield ***Pu and other actinides (though collapsars
are less likely to occur in the modern, metal-rich Milky Way) (93-98). These SNe are expected
to be rare but could provide a way to produce **Pu and the rest of the r-process along with “°Fe.
Confirming that such events occur in nature would have important consequences for the r-process
and for heavy element production in the cosmos generally.

An important distinction between the SN and kilonova production of actinides is that in gen-
eral the SN models struggle to reach the actinide region while making much more of the lighter
r-process species, including radionuclei such as ?°I. By contrast, the kilonova models robustly
produce actinides and go on to initiate fission, leading to a fission cycling equilibrium between ac-
tinides and lighter r-process species. This means that the ratio of radioisotopes such as 12°1/2*Pu
are signatures of the nature of actinide nucleosynthesis; measurement of multiple r-process ra-
dioisotopes thus promises to offer a unique and sharp probe of the r-process site and mechanism

(64).
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3.1.3. Other radioisotope messengers. In addition to ®“Fe, SNe produce other intermediate-
lived radioisotopes. We summarize these here; more details of their nucleosynthesis pathways were
recently summarized in Reference 76. If multiple SN species are detected from the same event,
this can allow determination of the SN mass and probes the details of the burning processes as
well as transport properties discussed in the next sections.

SNe produce *°Al and **Mn via proton capture, with yields of M,; ~ few x 10=> M, which is
comparable with ®Fe (69, 72). Heavier SN radioisotopes have substantially smaller abundances,
typically on the order of M,; ~ 107 Mo, and so would be more challenging to detect (76). The
neutron-rich %1, 1% Cs, 182 Hf, and ?**Pb are formed by neutron capture on preexisting seed nuclei
in ordinary hydrostatic and explosive burning (in addition to any r-process production around the
proto-neutron star). The proton-rich species *Sm, " Tc, and *¥Tc are produced largely by the
y process of photodisintegration of heavier species.

Turning to the r-process, this mechanism makes a wide array of intermediate-lived radioiso-
topes. As noted in the previous section, kilonova models give a robust r-process that makes all
species including actinides. But it remains unproven whether SNe can produce the r-process at
all, and it is particularly challenging for SNe to produce actinides. Thus, the ratios of ***Pu to other
r-process radionuclides make for particularly powerful diagnostics. Because SNe only barely reach
the actinide region, they should have much higher ratios of lighter species to ***Pu; these include
P 7r,197Pd, 12T, and '82Hf. For example, production ratios (after 0.1 Myr) for two different models
each for SNe and kilonovae give (64)

1291

129
( I ) =7.1x10%to 4.5 x 10° and (W
SN Pu

W )KN =41 to 180. 6.

The large ratios in the SN case reflect their difficulty in producing actinides, and the large range
reflects a strong model dependence as well as nuclear physics uncertainties. On the other hand, the
kilonova ratios are smaller, and they cover a much narrower range determined mostly by nuclear
physics uncertainties. We see that measurements of 12T, '2Hf and similar light r-process species
could distinguish these two cases despite the nuclear uncertainties.

It is also noteworthy that for SN models that make actinides, the ratios among isotopes within
this group are similar to the ratios in kilonova calculations. Thus, both SN and kilonova models
make similar predictions for the ratios of 2’ Cm, *’Np, and #9U relative to ***Pu. This means
that because 2**Pu has been detected, these other species should also be present, in amounts that
are relatively well-determined (64). These species thus serve as a consistency check of the basic
r-process physics.

3.2. Radionuclides After the Explosion: Incorporation of Interstellar
Dust and Cosmic Rays

Once a nearby SN or kilonova explosion produces radioisotopes, they must be delivered to us
in order to be observable. We divide this journey into two steps. In this section, we consider
propagation in the explosion remnant that engulfs the Solar System. In the next section, we turn
to propagation within the heliosphere to reach the Earth and Moon.

Consider first the simplest case of an isolated SN explosion, embedded in the interstellar
medium (ISM). Relatively rapidly, the hot gas in the blast sweeps up a mass of interstellar gas
comparable with the ejecta mass and then forms a thin shell enclosing a hot and rarefied interior.
This basic structure persists as the remnant expands and sweeps up more matter. Conservation of
energy and momentum leads the blast to slow as it grows. Finally at late times up to ~1 Myr and
sizes of ~100 pc, the supersonic shock wave slows to become a sound wave, and the blast “fades
away” to become part of the ISM (99).
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Within the SN remnant, the ejecta take two forms. The bulk of the ejecta is gas (plasma)
dominated by hydrogen and helium. The gas phase also dominates for heavy elements having a low
condensation temperature—“volatile” species such as nitrogen and argon. In contrast, “refractory”
elements that have a high condensation temperature can form microscopic solids—dust grains.
Dust is observed in young SN remnants (100), and SN dust seen as presolar grains in meteorites
confirm both that grains form rapidly and that some survive the remnant (101).

Iron, plutonium, and most of the elements hosting intermediate-lived radioisotopes are refrac-
tory, and so we expect some of the SN yields of these species to be locked into dust grains. In the
next section, we show that these grains play a crucial role in radioisotope delivery to the Earth.
Dust is also a major constituent of the heavy element component of the ISM of the Milky Way
and other galaxies, and the role of SNe in producing and destroying dust is a subject of intense
research (102) for which live ®“Fe and ***Pu detections provide important new information.

Supernova blasts are also the engines of cosmic-ray acceleration (103), most likely via shock
acceleration (104). The elemental composition of cosmic rays shows enhancements in refrac-
tory species, implying that species in dust are preferentially incorporated into cosmic rays.
Reference 105 argues that this fits into a picture in which dust grains undergo mild accelera-
tion in supernovae, with sputtered elements forming the seed population for heavy elements in
cosmic rays. Sputtered grains from the supernova might be the origin of ®“Fe detected in cosmic
rays (28). On the other hand, grains surviving the supernova can eventually lead to radioisotope
deposition on the Earth and Moon.

‘We turn now to the blasts of kilonovae, which are rarer than SNe and not well understood. The
total kinetic energy for the kilonova seen with GW170817 is estimated at Eyi, ~ (1 —2) x 10°! erg
(91), comparable to the value for a typical SN. Given the similar explosion energies, some of
the kilonova remnant features and evolution will broadly remain the same as in SN remnants—
including supersonic shock wave, and a swept-up shell. But the kilonova ejecta have lower mass
and higher speed, and are likely significantly anisotropic, so that some of the blast features and
evolution can be different in detail (106). It is also unclear whether dust grains are able to form in

the high-speed kilonova ejecta (107, 108).

3.3. Transport Into the Solar System: Supernovae and Interstellar
Medium Models

Upon reaching the Solar System, the radioisotope-laden SN blast encounters the outward flow
of the solar wind. This wind-wind collision reshapes the heliosphere—the domain of the un-
perturbed solar wind—from its present configuration, which extends to ~100 AU today. This
compressed heliosphere is the arena in which SN debris—including radioisotopes—must be
brought to the Earth and Moon.

An order-of-magnitude calculation illuminates the key question of how SN debris reaches
the Earth. The solar wind at our 1-AU location has a proton number density of z, ~ 10 cm™>
and a speed vy, ~ 400 kms™!, which gives a ram or dynamic pressure Py, (1 AU) = m,m,vdy, ~
2 x 1078 ergem™. A SN blast at distance Dgy has pressure Psy ~ Esn/Diy- Using a SN energy
Esx = 10°! erg, we find that momentum (i.e., pressure) balance Psx = Psw occurs for a SN dis-
tance Dgn ~ 10 pc. That is, for SN gas to reach 1 AU, the explosion must be very close—indeed,
at the kill distance! A more common nearby SN at a larger distance will not reach the Earth and
Moon.

"This conclusion is borne out in detailed calculations: Figure 2 shows the heliospheric response
to a SN at Dsy = 63 pc (109), which is a plausible distance to the SNe detected with ®Fe. We
see that the closest approach of SN material is about 25 AU—much closer than the heliospheric
boundary today but far from the inner Solar System. Only the rare lethal SN can directly deliver
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Figure 2

Simulation of a SN blast colliding with the solar wind, for an explosion 63 pc away. The Sun is located at the
origin, and the SN blast is a plane wave moving from left to right; cylindrical coordinates are shown in
astronomical units, and axisymmetry is enforced. In this map of gas density, we see the heliosphere region of
the solar wind is violently compressed, with the SN closest approach around z = —25 AU, at the heliopause
discontinuity. Note that the SN gas (plasma) does not reach Earth’s orbit at 1 AU (bottom center).
Abbreviation: SN, supernova. Figure adapted from Reference 109.

gaseous ejecta to Earth, while more common events—including those responsible for the ®“Fe
pulses—cannot (109, 110).

How can “Fe arrive at Earth if the SN gas does not? The key is that some of these refractory
elements are in the form of dust grains (111). When dust in the SN blast encounters the solar wind,
the fast micron-sized grains decouple from the gas and travel through the solar wind, reaching the
Earth and Moon (111-113).

Thus, we see that to reach Earth, SN radioisotopes must be in the form of dust grains. For-
tunately, most intermediate-lived radioisotopes—including Fe and Pu—should readily form dust
grains. But not all such atoms go into dust, and the harsh environment of the SN remnant can
destroy some grains. We account for these losses via an efficiency factor f; giving the fraction of
SN mass in  that can arrive at 1 AU. This “dust fraction” is not well known but estimates are
around f; ~ 1% to 10% (114). We see that the detection of radioisotopes on Earth is tied up with
the astrophysics of SN dust.

Having delivered newly synthesized radioisotopes to Earth, it remains to be determined where
and how to detect them. We now turn to these questions.

4. DETECTION METHOD: ACCELERATOR MASS SPECTROMETRY

The ®Fe fluence in Equation 5 arrives over ~1 Myr, leading to deposition rates into terrestrial
archives on the order of atoms per square centimeter per year. For >#*Pu, this drops to a few atoms
per 100,000 years. Only the most sensitive methods are able to detect these minute amounts of
interstellar signatures. The most sensitive techniques for identifying longer-lived radionuclides
are direct atom counting techniques, in particular AMS (115-117). While in principle other tech-
niques have also demonstrated high measurement sensitivity (118, 119) or also high selectivity
(120), only AMS has been successful in detecting traces of interstellar radionuclides in terrestrial
or lunar archives.

AMS is a mass spectrometric technique that is able to identify radionuclides at their natural
abundances, which can be 10 to 17 orders of magnitudes lower than the stable (terrestrial) iso-
tope (e.g., radionuclide ®Fe versus stable Fe) (117, 121). Different than other mass spectrometric
techniques, the use of an accelerator allows complete suppression of any interfering background
molecules of the same mass from the beam (115-117).
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AMS provides high measurement selectivity and sensitivity and is able to detect single atoms.
This capability requires efficient suppression of background ions and a high measurement effi-
ciency for the rare isotope. The major background sources in AMS are interferences by isobars
(particles with the same mass) and isotopes (particles of the same element, but different mass)
many orders of magnitude more abundant. Isobaric interferences can be reduced by dedicated
chemical purification protocols, by destroying molecules of the same mass, and finally by particle
identification techniques in a final particle detector. Isotopes cannot be separated by dedicated
chemical treatments but must be removed from the ion beam by mass-selective processes (mass
filters) during the ion transport, sometimes combined with high-resolution energy (or velocity)
measurements by particle detectors.

Owing to the high particle energies provided by the accelerator, the radionuclides can be
identified via nuclear physics-based particle detection methods. Isobaric background suppression
improves with particle energy, thus large accelerators providing high particle energies are often
necessary; this is especially the case for ®“Fe detection (121, 122). By contrast, >**Pu has no stable
isobar (note, molecules are completely destroyed in AMS), thus it faces background from iso-
topic interference only. However, because of the low content of 2**Pu in a sample, the highest
measurement efficiencies are mandatory (see below).

A simplified schematic of an AMS system appears in Figure 3. In the following, we trace the
path of a sample through this system, from preparation to final detection.

4.1. Sample Preparation: Separation, Purification, and Element Enrichment

The main aim in sample preparation is to separate, purify, and enrich the isotope of interest
for a measurement. The radionuclide concentration in the measurement sample is accordingly

ﬁ
@ Energy filter ]

@ Mass filter
Single ion identification
particle detector

@ Mass filter . 2 a

@ Million volt accelerator
+ Molecules destroyed
« Generates high-energy positive ions

== Negative ions

P Positive ions @ lon source for solid samples (mg)
generates negative ions

Figure 3

Simplified schematic of an accelerator mass spectrometry system, with blue arrows indicating negative ion
trajectories and red arrows positive (highly energetic) ion trajectories. Samples with mass of a few milligrams
are slowly consumed and negative ions are extracted from the ion source. After energy and mass filtering,
the ions are injected into a particle accelerator. Here, negative ions are accelerated to high energies
(~1-100-MeV energy). Stripping off electrons produces positive ions for further acceleration, and molecules
will split into their individual constituents. High-energy mass and energy filters remove further background
before the individual ions are counted one by one in the final particle detector.

www.annualreviews.org o Radioisotopes from Nearby Cosmic Events

377



Annu. Rev. Nucl. Part. Sci. 2023.73:365-395. Downloaded from www.annualreviews.org

Access provided by 72.36.119.116 on 09/27/23. See copyright for approved use.

378

increased by orders of magnitude: If a deep-sea crust sample contains ~10% Fe, then a pure Fe
sample yields a factor of 10 enrichment; selective leaching procedures of Fe in a sediment may
lead to enrichment factors greater than 100 (123). Still, spurious amounts of other elements at
the per-mille to ppm level may remain, which in the case of isobars may be the limiting factor in
measurement sensitivity.

%Py, having no stable Pu isotopes, is embedded into a matrix of a different element, often Fe
powder. In this way, e.g., Pu can be extracted from a 100-g sample and recovered within 1 mg Fe,
which means an enrichment by a factor of 10,000 to 100,000.

4.2. Ton Production, Ion Transport, and Single-Atom Counting

AMS identifies single ions and counts them one by one. This process involves several steps from
ion production to background filtering and final particle detection.

m Ion production: Figure 3, step 1. A few milligrams of processed sample material is slowly
consumed in an ion source by sputtering the sample at rates on the order of milligrams per
hour. A fraction of the sputtered atoms become negatively charged and can be extracted and
accelerated away from the iron source.

m First low-energy filtering: Figure 3, steps 2 and 3. The negative ions are then filtered in
mass, energy, and charge by electrostatic and magnetic deflectors. Still present in the beam
are—besides the isotope of interest—isobars and some small fraction of residual background
ions. While conventional low-energy mass spectrometers would at this stage measure the
ion beam intensity, AMS applies additional filtering elements that improve the measurement
sensitivity by several orders of magnitude.

m Particle acceleration and molecule destruction: Figure 3, step 4. After the low-energy fil-
tering, the beam is sent toward an accelerator producing on the order of million-electronvolt
particle energies, which is typical for nuclear physics applications. Stripping off electrons
produces positive ions where molecules become unstable and consequently split into their
constituents.

m High-energy mass filter: Figure 3, steps 5-7. The now positively charged high-energy
particles must pass another magnet that selects a certain combination of mass, energy, and
charge state. This removes the molecule fragments whose constituents have lower masses
than the radionuclide.

m Final ion identification in a particle detector: Figure 3, step 8. The ions of interest are
finally counted one by one with a particle detector. A fraction of background ions may still
also enter the detector and must be identified against the rare isotope. Such particles can be
isobars or tails of neighboring isotopes and some scattered particles or other ions that are
not completely filtered away. The ions are stopped in the detector, and their energy loss in
this stopping process is characteristic for a specific element.

Isobar suppression becomes more efficient for particles having a higher initial energy. There-
fore, ®Fe detection requires sufficient particle energy that is only provided by the largest tandem
accelerators used for AMS. Presently, only one facility exists that provides the required sensitivity
to detect interstellar ®Fe (see the sidebar titled Accelerator Mass Spectrometry of Fe).

A different situation exists for the second interstellar isotope, 2**Pu (see the sidebar titled Ac-
celerator Mass Spectrometry of 2**Pu). In contrast to ®Fe, Pu does not have any stable isobars
that need to be separated; rather, neighboring isotopes need to be removed efficiently. Most im-
portant here is the abundance sensitivity, considering the fact that interstellar ***Pu is many orders
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ACCELERATOR MASS SPECTROMETRY OF 6Fe

A typical sample for AMS consists of a few milligrams of powder. An Fe-oxide sample is prepared and pressed into a
sample holder. A 5-mg sample contains ~5 x 10'® 6Fe atoms, which at a ratio of ®“Fe/Fe ~ 5 x 107! corresponds
to ~25,000 ©°Fe atoms. A fraction of 2 x 10~ ions in the sample will eventually be transmitted and identified with
the particle detector (35, 68, 121), which is equivalent to yielding about five detector events for this sample. Such
a sample would last for several hours of measurement before it is fully consumed, i.e., sputtering rates in the ions
source are on the order of milligrams per hour. Accordingly, the “°Fe count rate measured with the particle detector
will be ~1 event every one or two hours for this example.

The stable isobar to ®°Fe is ®“Ni. Despite the best efforts of the chemist, its relative abundance in the AMS sample
will still be at a ppm (107%) level, meaning ®“Ni is 9 to 10 orders of magnitudes more abundant. If sent unattenuated
to the detector, its intensity would completely overwhelm the detector with ~1,000,000 particles per second. Thus,
the °“Ni beam intensity needs to be reduced before entering the detector, e.g., by the use of a gas-filled magnet,
which spatially separates the °Ni from the ““Fe beam (20, 121).

of magnitude less abundant than the rare ®Fe. This is best achieved today with dedicated smaller
AMS systems (124, 125).

5. MEASURED RADIONUCLIDES IN DEEP-SEA AND LUNAR ARCHIVES

Interstellar messengers of recent cosmic nucleosynthesis events comprise the direct detection of
interstellar radionuclides in geological archives (the topic of this section) and additional samples of
extraterrestrial origins (cosmic rays, meteorites, stardust grains), as well as the many astronomical
observations. For a recent review, see Diehl et al. (66).

Both °Fe and 2**Pu are perfect candidates for the search of interstellar signatures in terrestrial
and lunar archives:

m Both were present at the time of Solar System formation, but owing to their short half-life
compared to the age of the Solar System, both are essentially extinct now.

ACCELERATOR MASS SPECTROMETRY OF 244Pu

%Py, having no stable isotopes, is typically extracted together with another Pu isotope, usually >* Pu, which is added
as a measurement tracer and allows monitoring of chemical yields. The final Pu-AMS sample is Pu embedded in
another matrix element, usually an ~1-mg Fe powder mixed with other metals to improve negative formation in
the ion source. The AMS ratio ***Pu/?**Pu allows calculation of the number of >***Pu atoms in the sample because
the number of ?*Pu added is known. A fraction of 10=? Pu ions in the sample will eventually be transmitted and
identified with the particle detector (125).

AMS of ***Pu is background-free, meaning that no detector event will be registered over several hours of mea-
surement time. If we require five detector events for a significant signal, at least 500 **Pu atoms need to be present
in the sample. If these 2**Pu atoms were extracted from a 100-g sample, atom concentrations of <10~2! 2Py atoms
per atom in the archive can be detected; this means 2*Pu-AMS is sensitive at the zepto-scale level. Such a “Pu-
sample” would last for more than five hours of measurement before it is fully consumed. Accordingly, the ***Pu
count rate measured with the particle detector will be ~1 event every 1 or 2 hours for such a sample.
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m The high neutron densities required for their production prevent natural production of “Fe
and **Pu on Earth in significant amounts.

m Live ®“Fe on Earth indicates nearby SN activity within the past ~10 Myr.

m 2*Pu present on Earth indicates r-process nucleosynthesis within the past few 100 million
years. Influx of 2**Pu can help to identify the site for the heavy r-process.

m Finally, AMS can measure both ions with high sensitivity or nearly background-free.

The influxes (terrestrial fluence) of “Fe were shown to be distributed over time periods of
several 100,000 to million years with distinct peak-like time profiles.

5.1. Archives and Terrestrial Deposition

Once the interstellar particles have arrived at the Moon or Earth via ISM dust grains as transport
vehicles, they either will be implanted into the lunar surface or will rain down onto Earth (113).
In the latter case, the dust grains ablate and vaporize, i.e., the nuclides are released from the grain
within the atmosphere. Eventually these particles are deposited on land or the ocean, where they
take part in geological processes in the same way as their terrestrial isotopic counterparts.

Interstellar particles can accumulate over millions of years in deep-ocean archives and in lunar
soil, imprinting isotopic fingerprints. Lunar soil integrates over timescales of some ten to hundred
million years. In contrast, Earth’s surface faces continuous change. Soil movement, erosion, etc.,
redistributes material over large volumes; i.e., an interstellar signal will be diluted before it decays
away. Geological archives can retain the temporal signal if they grow undisturbed over long time
periods. In the following, we discuss deposition into various archives for the two most prominent
radionuclides, ®“Fe and >**Pu, in more detail.

Proper geological archives include ice cores, deep-sea sediments, and crusts. Antarctic ice cores
record time periods of a few 100,000 years (126), whereas deep-sea sediments and ferroman-
ganese crusts (FeMn crusts; see Figure 1) and nodules grow over millions of years (127, 128).
They all allow a retrospective search of interstellar influx onto Earth. Lunar soil has no definite
growth pattern because the top surface is continuously reworked by the bombardment of inter-
planetary particles such as (micro) meteorites and possibly interstellar particles over long time
periods.

In the following, we assume that the interstellar particles are distributed homogeneously across
the globe. Here, we neglect that local atmospheric disturbances and latitudinal effects might lead
to variations in their deposition. Similarly, the complex thermohaline circulation of the ocean
might transport the extraterrestrial nuclides away from the location where they arrived at the
ocean surface (113).

Different geological archives grow at different rates. 1,000 years of accumulation in an ice
core corresponds to ~10 m of sample length, while the same integration time will be only a few
millimeters in a deep-sea sediment. Finally, even more compact archives are deep-sea crusts or
nodules with a growth rate of a few micrometers in 1,000 years.

The incorporated radionuclide concentrations are a function of the archive’s growth rate. We
discuss the expected deposition for two cases, where the interstellar signal is extended in time over
10,000 and 1,000,000 years. This corresponds to an average terrestrial ““Fe particle flux of 2,000
and 20 °Fe atoms per square centimeter and year, respectively (see the sidebar titled Expected
Concentrations of Fe and ***Pu in Geological Archives).

Note that sampling of individual layers representing 10,000 years is possible for sediments (a
few centimeters sample length) but not for deep-sea crusts, where the experimental limit for an
individual layer is at best fractions of millimeters; i.e., time resolution in a crust will be limited to
some 100,000 years per individual layer.
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EXPECTED CONCENTRATIONS OF 60Fe AND 244Pu IN GEOLOGICAL ARCHIVES

®Fe concentrations are 10°~10° “°Fe atoms g~! sediment (10-17-107!% g ®Fe g~! sediment) and 10°-107 “Fe
atoms g~! crust (10710717 g ®Fe g~! crust). Here, we took into account that a deep-sea crust incorporates Fe
arriving at its surface with efficiency Uge cruse ~ 10% (for terrestrial and interstellar Fe). In contrast, ice cores and
sediments are assumed to take up 100% of the arriving particles.

%Fe is measured with AMS as an isotope ratio; i.e., “Fe is counted relative to the stable terrestrial Fe in the
archive. With a stable Fe content of a few % (deep-sea sediments) and up to 20% (crusts), we find isotopic ratios of
interstellar ®Fe relative to terrestrial Fe, ®“Fe/Fe, of ~10~" or less for both archives for a signal distributed over a
time period of one million years. Only in the case of the short-term influx scenario of 10,000 years would the signal
be condensed within a few centimeters of sediment, and the isotope ratio would scale accordingly with ®“Fe/Fe up
to 1071,

For ***Pu a much lower influx is expected, yielding concentrations on the order of 1072° *#*Pu atoms per crust
atom or lower (see above), i.e., sensitivities at the zepto scale. For other interstellar candidates, such as >*Mn and 2°Al,
nucleosynthesis yields and consequently concentrations in the terrestrial archive would be of similar magnitude as
®Fe (assuming similar transport and incorporation efficiencies).

We note, micrometeorites (and meteorites) would also transport continuously some cosmo-

genically produced ®Fe to Earth, which has its origin in the Solar System, and this had been
suggested as another source for the observed ®Fe influx (129, 130). It had been shown that the
measured ®Fe influx is much higher than expected from any interplanetary “°Fe source (22-24,
131). Furthermore, recent *He measurements (with dominant production in the Solar System)
found no *He-"Fe correlation in the same deep-sea sediments that showed ®Fe excess in support
of its interstellar origin (132).

Owing to continuous growth over time, sediments and crusts exhibit a depth-age correlation.

Layers can be dated by taking advantage of the natural decay of radionuclides in the archive.
The best-suited radionuclide is °Be, with a half-life of #;,, = 1.387 Myr (133; see also 128 and
131), which is produced naturally in Earth’s atmosphere. Another nuclide for dating would be
cosmogenic **Mn (¢, = 3.7 Myr). It would allow for a longer dating range, but this nuclide is
more difficult to measure (36).

5.2. 9Fe Measurements: Supernova Detections

The ®Fe influx observed on Earth could originate from different sources (see discussion in
Section 3.1.1), such as (2) high-energy cosmic ray particles; (5) cosmogenic “Fe, produced within
the Solar System by nuclear reactions (spallation) induced by cosmic rays and deposited through
micrometeorites raining down on Earth; and finally (¢) nuclides, freshly produced in stars, ejected
into space and transported to Earth via interstellar dust grains. The first two components are
negligible for ®Fe, as is natural production on Earth.

Various archives have been studied for signatures of interstellar ®“Fe. In particular, the group

at the Technical University of Munich (TUM) pushed the limits in background suppression to
achieve the required sensitivity for detection of interstellar ®Fe. Based on their large 14-MV
Emperor (MP) tandem accelerator, this group pioneered this research in the late 1990s (20,
21). The AMS group of Australian National University (ANU) Canberra developed the AMS
technique at their 14-MV Pelletron tandem accelerator as well (68). This is now the only such
facility since TUM shut down its activities in 2020. The AMS group at ANU reports for “Fe a
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COUNTING ATOMS WITH AMS

AMS counts individual atoms of rare isotopes. Over the past ~20 years, the total number of interstellar °Fe atoms
detected in all samples to date is around ~1,500, most of which were found in the latest measurements in the
last few years where efficiencies were the highest. For 2*Pu a higher detection efficiency somewhat offsets the
lower abundances, yielding so far a total of ~190 counts above background—with only six detector events, which

is compatible with anthropogenic sources, prior to 2021.

measurement background of ®“Fe/Fe as low as 3 x 10717 (35, 121), which is equivalent to about
one ®Fe background event over 1 day of measurement.

Interstellar °Fe has been detected so far in nine different deep-sea FeMn crust samples (20-24,
134), six different deep-sea sediment cores (23, 135, 136), and two deep-sea nodules (23), as well
as in lunar soil samples from three Apollo missions (27) and in Antarctic snow (26). Interstellar
%Fe was found in a biogenic reservoir (fossilized magnetotactic bacteria in deep-sea sediments)
(136). Both groups used AMS for these measurements (see the sidebar titled Counting Atoms with
AMS).

Figure 4 shows an extensive set of AMS data from deep-sea sediments, crusts, and nodules.
Plotted are isotope ratios Fe/Fe with Fe assumed to be interstellar and stable Fe assumed to
be terrestrial. This ratio is a function of the stable Fe content in the archive and may depend
also on the chemical extraction efficiencies in the sample preparation (e.g., when leaching to ex-
tract authigenic Fe), which can modulate the absolute scale of the final isotope ratio. However,

Supernova radioactivity: ®°Fe on Earth and Moon
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Figure 4

Summary of terrestrial and lunar data on ®“Fe. Measured ®Fe/Fe isotope fractions are shown without
correction for decay. All measurements show a pulse ~2-3 Myr ago (SN Plio), while References 23 and 24
find for two crust samples a second pulse at ~6 to 7 Myr ago (SN Mio). Abbreviations: SN Mio, Miocene
supernova; SN Plio, Pliocene supernova. Data from References 21-24, 27, and 136. Figure adapted from
Reference 25.
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when comparing different archives and measurements of different groups one should focus on the
relative shape of the temporal influx pattern as this will not be affected. The data show that ®“Fe
was found in all major oceans, demonstrating that the ®“Fe signal is a global signal; ®°Fe influx is
extended in time and must be of interstellar origin from multiple events, as no other sources are
known to explain this influx. Two broad signals point to long-term influxes of ®“Fe, possibly caused
by several close-by SN explosions. The measurement background for the most recent data (since
2016) corresponds to a ratio ®“Fe/Fe of 0.03 x 1071% i.e.,a ratio that is negligible for the two peaks
in influx; for the earlier measurements the background was assumed to be ®“Fe/Fe ~ 0.2 x 1071,

The general time profile of the “Fe influx is reproduced in all archives: It peaks at about 2.5
to 3 Myr before present and continues throughout the Holocene (evidenced in modern deep-
sea sediments) (135) until present (as evidenced in modern Antarctic snow) (26). Sediments show
influx rates of up to ~40 atoms cm~2 year~! (23), but are reduced to between one and a few atoms
per square centimeter per year in recent times.

The crust data provide a time profile beyond the 5 Myr covered by sediment data. Overall,
no significant influx was observed between 4 and 5.5 Myr ago, but a significant second influx was
detected between 6 and 8 Myr in two crust samples (23, 24). A continuous record of individual
®Fe data is plotted for a crust sample from the Pacific Ocean in Figure 5a. Here, a time period of
10 Myr is covered, where single data points represent 1 mm of crust, which is equivalent to a cov-
erage of ~300,000 years per layer. These data have been converted into ®Fe deposition rates into
the crust sample. The same crust was also used for parallel >**Pu measurements (see below) (24).
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Figure 5

(4) Multiple radioisotope species detected in a deep-ocean FeMn crust spanning the past 10 Myr. (/) ®°Fe flux, showing two clear peaks,
one at ~7 Mya (SN Mio) in addition to a confirmation of the peak around 3 Mya (SN Plio). (i) 2**Pu flux showing the presence of this
r-process species in the same time window. Note the change in scale in the vertical axes from atoms per square centimeter per year for

%0Fe to atoms per square centimeter per million years for 2**Pu, respectively. Panel adapted with permission from Reference 24.

(b) Detection of extraterrestrial “Fe on the Moon. Specific activity shown in decays per minute per kilogram measures radioisotope
atoms per gram of cosmic-ray target. Meteoritic data (crosses) follow expected correlation for cosmic-ray production of ®“Fe and **Mn
(thick gray band). Apollo lunar regolith samples (sofid points) do not follow this trend, showing an excess in %*Fe. Reference 131 gives

more details on the > Mn-%Fe correlation. Panel adapted with permission from Reference 27. Abbreviations: SN Mio, Miocene

supernova; SN Plio, Pliocene supernova.
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We can estimate the total ®Fe interstellar fluence from the sediment data as published in
Reference 23 with the assumption of 100% incorporation and a homogeneous distribution across
Earth’s surface. Using the crust data to include the time period not covered by sediments, we find
~1.5 x 108 ©Fe atoms cm™ arrived at Earth orbit during the past 4 Myr and for the older peak
~1/3 of this, ~0.5 x 10% ®“Fe atoms cm™2 (23, 24, 135). This can also be compared to the lunar
data in Figure 5b, which suggest some 0.8-4 x 10% ®°Fe atoms cm™2 arrived at Earth’s orbit (27).

From the “Fe data, one can conclude that Earth was exposed to SN ejecta, or alternatively the
Solar System could also have moved through clouds of **Fe-enriched dust. The lunar detection
confirms that the signal reached the entire inner Solar System and is thus extraterrestrial.

5.3. 2%Pu Measurements: r-Process Detection

Detection of ***Pu is even more challenging because the expected influx would be much lower
compared to ®“Fe—if SNe produce actinides at all (see Section 3.1.2). An archive might also
contain additional older ***Pu from the ISM.

Thanks to the extraordinary improvement in detection efficiency for actinide-AMS in the past
decade (124, 125), searches for extraterrestrial 2**Pu have become feasible in recent years. Dedi-
cated systems quote now a detection efficiency for Pu of >1% (125), about a factor of 100 better
than the present detection efficiency for Fe. This partly compensates for the about 4 to 5 orders
of magnitude of lower deposition rates compared to “°Fe.

Parallel to that for ©Fe, the AMS technique for detection of interstellar 2**Pu was also devel-
oped, at the Hebrew University (137, 138) and at TUM (139, 140). First results confirmed low
influx values, however, giving only upper limits.

About 10 years later and using the same crust that showed the first clear ®Fe peak (237KD)
(21), but with 2**Pu extracted from kilogram samples of material, new measurements at the Uni-
versity of Vienna produced limits that were much lower than expected from regular r-process
production of ***Pu in SNe (37). However, these and previous data were based on detections of
only one or two events (***Pu events registered with the detector).

A clear signal of **Pu, well above anthropogenic production, was found only recently (24)
owing to the improved detection sensitivity. *Pu is thus the second radionuclide for which a
significant interstellar signal has been observed in terrestrial archives. The measured >**Pu fluence
is consistent with the previous measurements that provided only upper limits (37, 137-139).

Because of the low influx rate into the crust sample of only ~10 and ~70 **Pu
atoms cm~2 Myr~! on average (see Figure 54, subpanel i), only integrals over long time peri-
ods of several million years have been analyzed; i.e., the data were obtained from two thick layers
that represent time periods of 4 to 5 Myr.

When compared with the total r-process content of heavy elements in the Galaxy, the Pu data
suggest that regular core collapse SNe are not the dominant producers of heavy r-process nuclides
for the past few hundred million years. Experimental data are consistent with a predominant con-
tribution of compact-object mergers or a rare subset of SNe that are 100 to 1,000 times less
frequent than core-collapse SNe. Nevertheless, the data would not exclude that more common
SNe might contribute to some extent as a minor but frequent source to the total r-process budget
in the Galaxy.

5.4. The 2**Pu/%°Fe Ratio

The combined search for 2*Pu and °Fe signals in the same archive links r-process nucleosyn-
thesis and massive star (SN) nucleosynthesis. Despite the low temporal resolution in the **Pu
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data obtained so far, the ***Pu influx seems to correlate with the ®“Fe time profile. The data in
Figure 5a give an atom ratio of **Pu/%Fe = (3—5) x 107°.

We note the different half-lives of these two nuclides with 2**Pu being 30 times longer lived
compared to ““Fe. While ““Fe decays within ~10 Myr to undetectable levels, 2**Pu could in
principle be found in a few hundred-million-year-old archives. Also, considering ***Pu’s slow
decay, it could have been synthesized long before the ®Fe-producing SNe. Swept up, it might
have been moved toward the Solar System together with the ®“Fe, resulting in synchronous
deposition.

Certainly, better time-resolved ***Pu data are necessary to confirm or better understand the
apparently concomitant influx of ““Fe and ***Pu.

5.5. Other Radioisotope Experiments

In 1996, Ellis et al. (60) suggested a number of other promising radionuclides that would provide
additional information about the local ISM. This includes **Mn (t;,; = 3.7 Myr), 2°Al (0.7 Myr),
182Hf (8.9 Myr) and several more. While production yields in SNe would be similar to *“Fe and
much higher than for ***Pu, detection of them was not successful or needs at least confirmation.
Both 26Al and **Mn measurements suffer so far from a prolific constant cosmogenic background
production that might be much stronger than the interstellar influx, despite the fact that AMS of
26Al and **Mn has improved significantly. In contrast to ®“Fe and ?**Pu, neither nuclide is rare on

Earth.

5.5.1. Search for interstellar **Mn. The terrestrial production of **Mn is small but it is pro-
duced in larger quantities by cosmic ray interaction within the Solar System and is transported
via (micro)meteorites to Earth at rather constant flux. Cosmogenic production is a factor of a few
100 higher compared to ®“Fe. That makes the detection of **Mn difficult as interstellar **Mn sits
on top of this huge “naturally existing” ** Mn signal. Interstellar ** Mn is exclusively SN-produced.

The first evidence for interstellar 3*Mn was recently found for the same time period as that
observed for the younger ““Fe peak between 2 and 3 Myr before present (36). Data from four
deep-sea crust samples were combined, and the measured data were found consistent with models
for a mass range of 11-25 M, for the SN progenitor (36, 141).

5.5.2. Search for interstellar 2°Al. 26Al is another interstellar radionuclide candidate that is
produced in massive stars and ejected into the ISM (30, 123, 142). It is, however, produced in
large quantities naturally on Earth by cosmic-ray-induced nuclear reactions, and some deposition
can also occur via interplanetary dust grains that also contain minor amounts of 26Al.

Feige et al. (123) analyzed the same deep-sea sediment samples that showed a clear ®Fe influx
(23) for ages between 1.7 and 3.2 Myr, i.e., the younger larger ““Fe peak. The data confirmed a
dominant cosmogenic terrestrial component, and a lower limit for the atom ratio ®Fe/?6Al of
0.187043 was deduced. This limit can be compared to the observed “*Fe/*°Al y-ray flux ratio in
the ISM and with nucleosynthesis yields from models (30, 123).

5.5.3. Search for interstellar ?°I. 2T is commonly studied with AMS, but modern levels are
dominated by a global anthropogenic background from release of fission products in the envi-
ronment. Detection of >’ has been claimed in a FeMn crust (143) that is consistent with the
background from fission of natural uranium in the ocean, with limits of 21/127T < 10~!! in deep
layers. This crust has not been independently dated but likely extends to 20 Myr ago or more and,
so, likely overlaps with the ““Fe and ***Pu pulses.
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RADIOACTIVITY DISTANCE

The formal similarity between the inverse square laws for radioisotope fluence and electromagnetic flux means that
the “radioactivity distance” is the analog of the luminosity distance Dy, ~ /L /F, with the radioisotope yield M,;j; and
fluence F; playing the roles of luminosity L and flux F, respectively.

386

6. CONSEQUENCES OF NEARBY SUPERNOVAE AND KILONOVAE

The detection of live, geologically recent extrasolar “Fe and 2**Pu offers a new probe of
astrophysics and beyond. Here, we summarize the numerous implications.

6.1. Origin of ®*Fe and Distances to Supernovae

Equation 4 shows that radioisotope abundances (fluence as well as flux) depend on the distance
to the source. We can therefore turn the problem around and use the observed ®Fe fluence to
estimate the distance to the explosion. If we neglect the distance dependence on the travel time
from the source, the fluence simply varies as the inverse square of the distance, and so it is straight-
forward to solve for the “radioactivity distance” Dy,q ~ \/m (60, 144, 145) (see the sidebar
titled Radioactivity Distance). We see that D,,q depends on the yield M, ¢, which is not measured
empirically, and thus we must rely on the results from stellar models. In fact, this exercise allows
us not only to systematically compare results for core-collapse SNe of different masses but also to
survey the outcomes for all astrophysical sources of “Fe.

Figure 6 shows the radioactivity distance to the “Fe pulse 3 Myr ago, adapted from
Reference 114. Results are plotted for a range of core-collapse SNe progenitor masses, but also
for AGB stars, Type Ia SNe, and kilonovae. The adopted decay-corrected interstellar fluence is
Fimerstellar — 1.5 % 10% cm~2 as noted in Section 5.2, and a dust fraction f = 3% is assumed (146,
147). Horizontal lines show limits to the plausible distances: The lower limit at 10 pc is the SN
“kill distance” inside of which a mass extinction would occur, and the upper limit around 160 pcisa
typical fadeaway distance that is the maximum size of a SN remnant. We see that all core-collapse
SNe and the electron capture SN fit comfortably between these limits. By contrast, Type Ia (ther-
monuclear) SNe and kilonovae fall inside of the kill distance, because they produce very little “Fe.
These objects are thus ruled out. For AGB stars, the radioactivity distances are reasonable—AGB
stars exist at these distances, but the transport of “Fe is an issue. These stars eject “Fe-bearing
dust in winds with speeds an order of magnitude slower than a SN, and so it is not clear how the
material can be delivered to Earth.

We conclude that core-collapse SNe are the only viable candidates and that a wide range of
progenitor masses are possible given the uncertainties. The SN points also give a distance estimate
of

D.q ~ 12-150 pc. 7.

This range is large, but it is important to note that the calculation inputs—measured fluence and
yields—have no astronomical distances built in. Thus, there was no guarantee that the radioactivity
distance would fit in this plausible range at all. The agreement we find thus marks a nontrivial
success: We have identified the astrophysical source of the “Fe as SN Plio and have a distance
estimate. We also note that the earlier ®“Fe pulse, SN Mio, has a similar though somewhat smaller
fluence, so the distance will be similar as well.
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Figure 6

Radioactivity distance to SN Plio 3 Myr ago based on ®*Fe abundances (interstellar fluence) given in
Section 5.2. Distances are shown for a range of progenitors. Solid and dotted error bars estimate uncertainty
due to the %Fe fluence and also nuclear reaction rates, respectively. Also plotted are kill radius Ry and the
fadeaway radius Rg,de that bound the SN distance from below and above, respectively. We see that core-
collapse, ECSN, and AGB events lie between theses limits, while a KN and SNTa are ruled out.
Abbreviations: Az, AGB star of mass 7 Mo; ECSN, electron capture SN; KN, kilonova; SN, supernova;

Sn, core-collapse SN of mass 7 Me; SN Plio, Pliocene supernova; SNIa, Type Ia SNe. Figure adapted from
Reference 114, with updated °Fe fluence and dust fraction f = 3%.

Another possibility is that the SN enriches a cloud, through which the Sun later moves (23,
148, 149). This raises issues of cloud survival and ®Fe transport to Earth (147), but in this picture,
D, roughly corresponds to the distance from the SN to the cloud.

6.2. Implications for r-Process Nucleosynthesis

Because the actinides arise exclusively in the r-process, the detection of live 2**Pu is the smoking
gun for a recent near-Earth r-process event (24). The observed 2**Pu flux overlaps with the two
Fe pulses, though the 2**Pu measurements have poor time resolution. The most straightforward
interpretation would seem to be that the 2**Pu was made in the same SNe that produced *“Fe.
But as detailed in Section 3.1, SN models struggle to make the r-process, with particular diffi-
culty making actinides. To study this scenario, Wang et al. (64) introduced two models in which
SN actinide production occurs, either by modifications to standard neutrino physics or via the
jets of magnetohydrodynamic explosions. Using the ***Pu yields from these events, the resulting
radioactivity distances around 100 pc overlaps with the results for “Fe.

Yet while the SN distance analysis is encouraging, it still requires an unusual SN, and the two
®Fe pulses imply that this rarity happened twice in succession! It is conceivable that the two
most recent nearby SNe both happened to be actinide producers, but such a coincidence invites
consideration of other explanations.

An alternative is that the 2**Pu was made in a kilonova explosion, where actinide production is
vigorous and its yields are large. Indeed the yields are so large that the naive radioactivity distance
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required for a kilonova origin of the observed ***Pu is D,,q = 10kpc, i.e., at least as far as the
Galactic center. It is unlikely that radioisotopes can be transported over this distance. Instead, a
possibility could be a two-step process, in which a kilonova explosion creates the 2**Pu and later
SN explosions create the ®“Fe and help deliver both radioisotopes to Earth (24, 64). Reference 64
constructed a model in which the kilonova explosion enriches the Local Bubble that gave rise to
the later SNe. This allows for the kilonova to occur at a ~1-2 kpc distance consistent with rate
expectations.

Fortunately these two scenarios are testable, because the kilonova and SN r-process patterns are
very different. As described in Section 3.1, SNe produce actinides weakly at best, so that ratios of
lighter species to ***Pu are much higher for SNe than for kilonovae. Thus, measurements of other
r-process radioisotopes can discriminate between these scenarios. Indeed, 1?1 data in a FeMn crust
(143) already challenge the SN models in Equation 6, though this might also reflect the fragility
of volatile iodine in dust grains. Future deep-sea and lunar (150) observations of this or other
isotopes such as '82Hf could offer powerful new insight into the site of the r-process.

6.3. Implications for Supernova Dust Production, Evolution, and Survival

We have seen in Section 3.3 that for SNe more distant than 10 pc, the blast does not reach the
Earth and Moon. This is the case for SN Mio and Plio, with distances in Equation 7. Radioisotopes
from these events therefore arrived in dust grains.

There is additional information about this process in the timescale for °Fe deposition. Sed-
iment data place a lower limit on the *°Fe flux duration of 1.65 Myr (23, 25, 136). This is a full
order of magnitude longer than the timescale for the passage of a SN blast (109, 114). This implies
that the dust grains moved independently from the gas in the SN remnant. This is consistent with
the model of Fry et al. (151) in which SN dust grains can acquire electric charge and encounter a
shocked, magnetized ISM.

Finally, we note another scenario proposed to account for the ®“Fe and ***Pu detections: the
possibility that the Solar System passed through a dense atomic cloud 2-3 Myr ago (149). If the
cloud is very dense, it would compress the heliosphere to within the orbit of Mercury, exposing
the Earth directly to the cloud material. ®“Fe and 2**Pu in the cloud would rain upon the Earth
regardless of whether they are in the gas or dust phase. One can view this picture as a sort of
modified two-step model, because it is still necessary that nearby SNe in the Local Bubble produce
the radioisotopes and deliver them to the cloud. Observations of local cloud geometry, mass, and
kinematics can shed light on this proposal.

6.4. Implications for the Solar Neighborhood: The Local Bubble

The detection of two distinct ®Fe pulses implies that there were two recent SNe. This is consistent
with a wealth of evidence that massive stars are “social”—they are often formed together in clus-
ters, and furthermore many massive stars have a binary partner, often another massive star (152).
Within the distance range given by Equation 7, two candidate star clusters have been suggested
as the source of the ®“Fe. Scorpius-Centaurus (Sco-Cen) is the nearest OB association hosting a
cluster of massive stars, and its distance 3 Myr ago was ~100 pc away (111). A smaller but closer
cluster is the Tucana-Horologium Moving Group (153, 154). These occupy different regions of
the sky, and so if the signal arrives as a plane wave, the distribution of ®“Fe on the Moon could
distinguish them (113).

A nearby SN should create a black hole or neutron star, which likely receives a “kick” in the
explosion. One can thus search for a nearby compact object moving at high speed across the sky
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(high proper motion) (155). Indeed, the kinematics of the nearby radio pulsar PSR B1706-16 are
consistent with an origin in Sco-Cen about 2 Myr ago (156). This is a candidate for SN Plio.

Fortunately, the Solar Neighborhood retains considerable information about the environment
giving rise to nearby explosions—in particular, the Sun resides within the Local Bubble. That is,
the Sun is presently near the center of a region 2100 pc in size, filled with hot and low-density
gas, and surrounded by a dense shell of cold gas and dust (157, 158). Models for the formation of
the Local Bubble call for multiple SNe over the past ~10 Myr (159-161). For example, one of
the Local Bubble simulations by the Berlin group (160) invokes 13 SNe over the past 13 Myr and
includes calculations of the resulting Fe flux. They find that each explosion leads to a distinct
%Fe peak, supporting the conclusion that the two observed pulses point to two distinct explosions.

On scales greater than the Local Bubble, effects of inhomogeneity, mixing, and stochasticity
continue to play importantroles (162, 163). Our larger Galactic environment thus sets the context
for the Local Bubble’s formation and for possible enrichment by prior events that is modeled in
the two-step scenario mentioned above.

6.5. Impact on the Heliosphere and Biosphere

Nearby SNe are among the most spectacular events the heliosphere can experience (164). As
shown in Figure 2, the recent nearby SNe can leave the outer planets Uranus and Neptune directly
exposed to the remnant. The SN should also create cosmic rays, bathing the heliosphere with
newly accelerated high-energy particles.

These effects are unlikely to cause a mass extinction on Earth—the distance in Equation 7 is
well beyond the ~10-pc “kill radius” (Section 2)—but the stress to the biosphere may threaten
the most vulnerable biota. While the visible light and ozone effects of the SN are small (47, 165),
the cosmic-ray effects can be significant. The level of the cosmic-ray flux increase depends on the
magnetic fields between Earth and the SN, which act to steer the charged particles. For plausible
cases in which the fields in the Local Bubble are weak due to prior SN explosion, teraelectronvolt
to petaelectronvolt cosmic rays can be enhanced by two orders of magnitude, leading to a muon
flux increase by a factor of ~150 for many thousands of years (166). These have numerous effects
(47), including a sharp rise in atmospheric ionization, increases in cancer and mutation rates, and
possible climate forcing (21, 165).

Recent nearby SNe may also explain several anomalies in cosmic rays. An event ~2 Myr ago
can account for the observed excess of positrons and antiprotons (167). This would also lead to
observable features in the B/C ratio as a function of energy, which are testable (168).

7. PROSPECTS FOR FUTURE WORK

The study of near-Earth explosions is growing but still in its infancy, with many open ques-
tions and opportunities for future laboratory experiments, theoretical models, and astronomical
observations.

m Experiments: New AMS measurements on extant and new radioisotopes can address a
number of open questions. For isotopes already detected, perhaps the most pressing mea-
surement is improved time resolution of >**Pu to investigate the correlation with the ®Fe
pulses and to test the possibility of signals >10 Myr ago that would point to a prior explo-
sion. Measurements of >**Pu in sediments would allow for better 2**Pu/%Fe ratios. Improved
methods for finding astrophysical 2°Al and **Mn signals above the cosmogenic background
would be welcome.

Aprtemis and Chang’e lunar sample returns can allow mapping of the Fe distribution with
latitude, particularly around the Lunar South Pole; this can probe the arrival directions of
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the SN signal (113). Lunar measurements of ***Pu and other r-process species benefit from
a lack of anthropogenic contamination (150).

New radioisotopes offer new light on nucleosynthesis and dust astrophysics. Of particular
interest are '*°I and "2 Hf, which can discriminate among possibilities for the origin of the
r-process. In addition, '*Sm can reach back to early mass extinctions and probe proton-rich
SN nucleosynthesis.

Progress in isobar suppression may open up new options for the search for additional
interstellar signatures. This includes new isobar-suppression capabilities in AMS (170-172).
Other potential methods of interest are resonant-ionization mass spectrometry (RIMS) (118,
119) and atom trap trace analysis (AT'TA) (120), which can provide ultrasensitivity.

Recent progress in AMS for the detection of 82 Hf seems promising (173-175). How-
ever, the present measurement background in AMS for other nuclides as identified by Ellis
et al. (60), such as ¥7Pd or some p-process nuclides (such as *?Nb, 1¥Sm) remains too high
compared to the expected interstellar signature.

We note that high particle energies remain the most important factor in providing suffi-
cient isobar suppression (121), which is the case for “Fe and **Mn, and becomes even more
crucial for the medium-mass nuclides (e.g., “’Nb, 1Pd, 1**Sm).

A new large AMS system (14 to 20 MV with all the modern equipment and isobar sup-
pression capabilities included) does not exist but would clearly represent a boost in both
measurement efficiency and background reduction. It would bear an enormous potential for
the detection of many nuclides not accessible today and would provide new opportunities
for the search of ISM signatures in terrestrial and in lunar or Mars samples. Improved mea-
surement sensitivities are also a crucial asset considering the planned sample return missions
from the Moon as well as Mars.

The success in detecting recent nearby explosions impels searches at earlier times, possibly
in association with mass extinctions. Nearby SNe have been suggested (176) as the cause for
dramatic ozone reduction (177) during the Hangenberg Crisis extinction event 359 Myr ago
at the end of the Devonian period. Possible radioisotope signals are 2**Pu (if made in SNe)
and *Sm.

Nouclear physics experiments are crucial to improve radioisotope nucleosynthesis calcula-

tions. These include reaction rate measurements, such as **Fe(1, y ) Fe, and also the Facility
for Rare Isotope Beams (FRIB), which will measure rare isotopes relevant for the r-process
(178).
Theoretical Models: Increasingly realistic studies of stellar nucleosynthesis will remain
crucial, particularly radioisotope production in SNe and kilonovae. A consensus among dif-
ferent models for SN ®Fe production would be very useful, as would a firmer understanding
of r-process radioisotope production, particularly actinides, in kilonovae and SNe. Improved
models are needed for the formation and propagation of SN dust, and for transport of ra-
dioisotopes in the dynamic ISM. For kilonovae future work is needed to clarify radioisotope
production, ejection, and propagation to Earth.

m Astronomical Observations: Infrared observations can help give a deeper understanding of

SN dust and its evolution. We eagerly await JWST studies of dust in Galactic SN remnants,
and of dust in high-redshift galaxies. These will inform improved theoretical models for dust
production and propagation, including in magnetic fields.

At high energies, the upcoming MeV gamma-ray line mission, the Compton Spectrome-
ter and Imager (COSI) (179), will probe ®°Fe and °Al nucleosynthesis across the Galaxy. On
smaller scales, we look forward to improved maps of the Local Bubble in dust, gas, and stars.
On the scale of the heliosphere, the proposed Interstellar Probe mission will blaze a new path
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into the local ISM and provide a detailed picture of dust, gas, magnetic fields, and cosmic
rays outside of the heliosphere.

Other messengers can shed important new light. Additional detections of kilonovae in
concert with gravitational waves will provide invaluable information about their physics
and nucleosynthesis. Similarly, cosmic-ray measurements of new radioisotopes including
r-process species would open new windows.

8. CONCLUSIONS AND OUTLOOK

Deep-sea and lunar radioisotopes represent a new cosmic messenger and a new source of extrasolar
material available for laboratory study. This opens a new window onto recent close-by cosmic
explosions. There is a close and complementary relationship to presolar grains that also probe
individual nucleosynthesis events (101) and early Solar System radioisotopes that sample nearby
nucleosynthesis activity at the time of the Sun’s birth (63).

There is a wealth of data on ®Fe, which indicates multiple SNe exploded near the Earth. This
picture is broadly consistent with our location in the Local Bubble, and has implications for many
areas of astrophysics, as well as heliophysics, and possibly even biology.

The discovery of deep-sea ***Pu indicates recent near-Earth r-process activity. This opens a
new window on the physics of the r-process and its astrophysical site. Future ***Pu measurements
with better time resolution will be illuminating, particularly in concert with measurements of
other radioisotopes.

It is therefore our view that this young field holds a bright future. The data in hand allow
for a range of interpretations. We look forward to new insights and likely new surprises that will
come with new laboratory measurements and astronomical observations as well as theoretical
models—and perhaps above all—from new ideas.
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