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Two heavy elements essential to human biology are thought to have been produced by the astrophysical 𝑟-
process, which occurs in neutron-rich environments: iodine is a constituent of thyroid hormones that affect many 
physiological processes including growth and development, body temperature and heart rate, and bromine is 
essential for tissue development and architecture. Collisions of neutron stars (kilonovae) have been identified 
as sources of 𝑟-process elements including tellurium, which is adjacent to iodine in the periodic table, and 
lanthanides. Neutron-star collisions arise from energy loss due to gravitational-wave emission from binary 
systems, leading us to suggest that gravitational waves have played a key role in enabling human life by producing 
iodine and bromine. We propose probing this proposal by searching in lunar material for live 129I deposited by a 
recent nearby kilonova explosion.
1. Introduction

Ever since observations of ‘guest stars’ were first recorded [1,2], 
there has been widespread interest in their possible significance as 
harbingers of life and death. Many of the most important elements in the 
human body, such as carbon and oxygen, originated in large part from 
supernova explosions [3]. Supernovae are thus essential for life, yet ex-
plosions too nearby may have caused one or more mass extinctions of 
life on Earth [4,5]. This motivated the search for nuclear abundance 
anomalies in geological strata from the time when the dinosaurs met 
their demise, which found the first evidence that their extinction was 
in fact due to an asteroid impact [6]. Detailed modeling [7] indicates 
that a supernova explosion within ∼ 20 pc of Earth, which is expected to 
occur every few hundred million years, would cause a mass extinction. 
The presence of live (not decayed) 60Fe in terrestrial and lunar sam-
ples dramatically confirms that near-Earth supernova explosions have 
indeed occurred over the past ∼ 10 Myr and within ∼ 100 pc [8].

In recent years there has been increasing interest in neutron-star col-
lisions (kilonovae) [9–11]. These events are estimated to have a similar 
‘kill radius’ to supernovae [12] unless the Earth is unlucky enough to 
be within the narrow line of sight of a Gamma-Ray Burst emitted in 
the merger event, but are much rarer than supernovae and hence less 
dangerous. In contrast to these existential dangers, we focus in this ar-
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ticle on the benefits to life of kilonova explosions, arguing that they 
produce elements essential to human life, and that they are made possi-
ble by gravitational waves like those discovered recently [13]. In order 
to make this argument, we first review relevant aspects of human bio-
chemistry.

2. The roles of heavy elements in human biology

The human body is largely composed of the elements hydrogen, 
carbon and oxygen, with smaller amounts of other elements. As sum-
marized in [14,15], the total number of elements adjudged essential for 
life exceeds 20. Most of these have atomic numbers 𝑍 < 35 and are 
produced by supernovae [3]. However, two heavier essential elements 
stand out that are produced dominantly by the astrophysical 𝑟-process 
that we discuss below: bromine with 𝑍 = 35 and iodine with 𝑍 = 53.

Iodine is the better known of this pair: the thyroid hormones tri-
iodothyronine and thyroxine play key roles in many physiological 
processes in the human body, including growth and development, 
metabolism, and controlling body temperature and heart rate [16,14]. 
The role of bromine is less commonly known, but it is an essential trace 
element for the assembly of collagen IV scaffolds in tissue development 
and architecture [17].
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We mention in passing some other heavy elements. Gadolinium and 
uranium (𝑍 = 64, 92) are produced mainly by the 𝑟-process, as we dis-
cuss below, and play roles in the biochemistry of some bacteria [18], 
but there is no evidence for any biological action of these elements in 
mammalian biology. Molybdenum (𝑍 = 42) is of human biological in-
terest [19,14], and possibly cadmium (𝑍 = 48) [15]. Both of these can 
be produced by the 𝑟-process, but this mechanism is not as dominant as 
for bromine and iodine.

It is also possible that the 𝑟-process elements thorium and uranium 
have been indirectly important for human life. Plate tectonics has played 
an important role in the evolution of life on Earth, and possibly could 
be similarly important on Earth-like exoplanets [20–22]. Tectonic ac-
tivity is possible because the Earth’s interior remains hot enough to 
enable plate motion. The decays of radioisotopes 235,238U and 232Th in 
the Earth’s interior generate ≳ 50% of geothermal heat today, a fact 
confirmed by measurements of geoneutrinos also produced in these de-
cays [23].

In the following we focus on iodine and bromine and their astrophys-
ical origins.

3. Heavy element production via the 𝒓-process

The rapid neutron-capture process, known as the 𝑟-process, plays an 
important role in the production of atomic nuclei heavier than iron. Seed 
nuclei capture a succession of neutrons in time to avoid radioactive de-
cay before another neutron is captured. The reaction pathway therefore 
lies far from stability, possibly out the neutron drip line, beyond which 
the nuclear force can no longer retain neutrons. The 𝑟-process yields 
characteristic abundance peaks at 𝐴 ∼ 80, 130, and 195, associated with 
the closed nuclear shells at the magic neutron numbers 𝑁 = 50, 82, and 
126. Whether all three abundance peaks owe their origins to the same 
astrophysical site is an open question, e.g. [24]. However, species within 
the same abundance peak, such as the elements tellurium (𝑍 = 52) and 
iodine (𝑍 = 53), are likely co-produced, with a ratio set by the proper-
ties of the unstable nuclear species along the relevant 𝑟-process pathway 
[25].

The 𝑟-process is not the only source of heavy elements in the solar 
system. The main other source is from slow neutron capture via the so-
called s-process. In that case the nuclei remain close to stability, so the 
nuclear physics is very well understood, so that there are relatively tight 
predictions for solar system s-process abundances [26]. The astrophysi-
cal sites are dominated by the late phases of stars with masses above that 
of the Sun but less than that of supernova progenitors. These stars gen-
erate neutrons and forge heavy elements in the asymptotic giant branch 
(AGB) phase that precedes the ejection of the newly-synthesized ele-
ments as a planetary nebula.

The heavy elements present in the Earth’s crust have been produced 
by a combination of 𝑟- and 𝑠-process contributions. Our calculations 
of the production of the 127I that is essential for human life, based on 
the data of [27,28], indicate that the r-process has provided 96% of 
its abundance in the Earth’s crust, as seen in Fig. 1. The 𝑟-process is 
also calculated to have provided most of the abundance of bromine and 
gadolinium in the Earth’s crust, as well as all its thorium and uranium 
and a fraction of the molybdenum and cadmium.

In the following we consider candidate 𝑟-process sites, with a focus 
on kilonovae.

4. The 𝒓-process in neutron star collisions (kilonovae)

The 𝑟-process may occur wherever there is a high number of free 
neutrons per seed nucleus, and the nature of the dominant type of site 
has long been a subject of debate [30]. One of the possibilities is in the 
material ejected during rebound from the core of a core-collapse super-
nova (CCSN) [31], as part of supernova nucleosynthesis, and another is 
in the decompressed neutron-star matter ejected during a neutron star 
2

merger (kilonova) [11].
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Fig. 1. Top Panel: A comparison of measured element abundances in the Earth’s 
crust [29] (dotted line) with 𝑟-process portion (solid line) calculated using the 
𝑟-process fractions from [28]. Elements for which the calculated 𝑟-process frac-
tions exceed 75% are labeled. These include the elements bromine, iodine, 
thorium and uranium, whose relevance to life on Earth is discussed in the text. 
Bottom Panel: 𝑟-process fractions for each element, summed over isotopes; from 
[28]. Elements of particular interest are labeled.

Galactic chemical evolution models [32,33] have tended to favor 
an 𝑟-process site connected to massive stars, and a variety of possibil-
ities have been proposed, ranging from standard CCSNe to rare events 
such as collapsars [34–36], MHD SNe [37,38], common-jet envelope 
SNe [39], and SNe triggered by a quark-hadron phase transition [40]. 
There is, nevertheless, considerable uncertainty in CCSN calculations of 
the 𝑟-process, e.g., in the physics of neutrinos and their impact on the 
neutron abundance [41] and in the effects of relativistic magnetohy-
drodynamic jets that can expel neutron-rich material from the proto-
neutron star [42]. In this connection, we note that JWST observations 
of the supernova associated with GRB 221009A have not found any ev-
idence for 𝑟-process elements [43], in conflict with MHD and collapsar 
𝑟-process predictions. Moreover, it is particularly difficult in CCSN mod-
els to produce the actinides such as thorium and uranium, which may 
have played in indirect role in the evolution of life on Earth, as dis-
cussed above. The presence in deep-ocean deposits of the live isotope 
244Pu (half-life 80 million years) suggests that there has been 𝑟-process 
production of actinides near Earth within the (cosmologically) recent 
past [44]. In view of the difficulties with CCSN calculations, we con-
sider the possibility that this material is attributable to a neutron star 
merger (kilonova) [45].

Observations of the kilonova associated with the first binary neutron 

star merger observed by the LIGO and Virgo experiments to emit grav-
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itational waves (GW170817, see below) indicate that it produced both 
tellurium and lanthanides as predicted in 𝑟-process calculations [46,47], 
with hints also of iodine production [46], and evidence for the pro-
duction of tellurium and lanthanides by the kilonova associated with 
GRB 230307A has also been presented [48,49]. We recall that tellurium 
(𝑍 = 52) is adjacent to iodine (𝑍 = 53) in the periodic table and in 
the same abundance peak predicted by the 𝑟-process, indicating that 
GW170817 and GRB 230307A probably also produced iodine. State-of-
the-art simulations of neutron star merger nucleosynthesis [50–53] are 
generally consistent with these observations. This supports the sugges-
tion [45] that the kilonova postulated to have produced the terrestrial 
244Pu also produced iodine.

These remarks motivate the following question: Why do neutron 
stars collide?

5. Gravitational waves cause neutron-star collisions

The first, indirect evidence that gravitational waves control the evo-
lution of neutron-star binary systems came from measurements of the 
binary pulsar PSR B1913+16 that was discovered by Hulse and Tay-
lor in 1974 [54]. Following its observation, measurements of the rate of 
change of the periodicity of electromagnetic pulses from this system over 
four decades have verified with high accuracy the predictions based on 
gravitational-wave emission according to the general theory of relativ-
ity, which causes energy loss and inspiral of the binary components. The 
ratio of the observed rate of change compared to the predicted value is 
0.9983 ± 0.0016 [55], a verification of the predicted gravitational wave 
emission at the level of 1.6 ×10−3. However, this measurement has now 
been surpassed by observations of the binary pulsar system PSR J0737-
3039 A, B, whose rate of change of periodicity is 0.999963 ± 0.000063
of the value predicted from gravitational wave emission in general rel-
ativity [56], a verification of the prediction at the level of 6 × 10−5.

The first direct evidence for the role of gravitational wave emis-
sion in neutron star collisions came with the detection by the LIGO and 
Virgo experiments of a sequence of gravitational waves of increasing fre-
quency (GW170817) as a pair of neutron stars approached merger [13]. 
The rate of increase of the gravitational-wave frequency over an ob-
servation period of ∼ 100 s again agreed perfectly with predictions for 
gravitational-wave emission during the infall stage of a neutron-star bi-
nary system as predicted by general relativity.

We emphasize that these two sets of observations confirm the ex-
pected evolution of neutron-star binaries during very different stages 
of their evolution. The Hulse-Taylor pulsar is calculated to have a life-
time to merger of 3 × 108 y, whereas GW170817 was measured dur-
ing its death throes. The combination of these measurements confirms 
gravitational-wave domination of the evolution of neutron-star binaries 
during very different stages of their existence.

Neutron-star collisions are caused by gravitational waves.

6. Lunar tests of iodine production by kilonovae

The chain of argument presented above suggests that the iodine es-
sential for human life was probably produced by the 𝑟-process in the 
collisions of neutron stars that were induced by the emission of gravita-
tional waves, along with other essential heavy elements. However, there 
are two weak points in this reasoning: one is that there are other possi-
ble sites for the 𝑟-process such as some CCSNe, and the other is that the 
evidence for iodine production in kilonovae is still only circumstantial.

Regarding the first point, calculations indicate that a kilonova ori-
gin for the 244Pu detected in oceanic deposits would require the event 
to have taken place within a few hundred parsecs [57] within the last 
(100) million years. It is expected that kilonovae leave behind black 
hole remnants weighing (3) solar masses, so discovery of a nearby 
black hole in this mass range could provide supporting evidence for the 
kilonova origin of any lunar 129I, particularly if its age could be estab-
3

lished as ≲ 100 million years. Measurements of the black hole proper 
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Fig. 2. Lunar abundances of 244Pu and 129I, for supernova (left) and kilonova 
(right) models. Supernova models are for an event at 3 Myr ago with flux spread 
over 1 Myr; left points are for a forced neutrino wind and right points are for a 
magnetohydrodynamic supernova. Kilonova models are for events 10, 20, and 
50 Myr ago. The vertical bars include estimates of the nuclear uncertainties 
influencing the abundance predictions, as described in [57]. The cosmic-ray 
background (shown in yellow) is proportional to the abundance of barium in 
the regolith; the band shown is for a barium mass fraction 𝑋Ba = 42 −850 ppm. 
The regolith and rock results shown are for sources with high 𝑋Ba. We see that 
the supernova signal is above background, while the kilonova signals are not, 
unless 𝑋Ba is small. A regolith measurement of 129I in conjunction with barium 
could distinguish between these cases.

motion on the sky would allow it to be tracked back to its location at 
the time of the 244Pu production, in a similar way that a high proper 
motion neutron star has been proposed as the remnant of the supernova 
that delivered 60Fe to the Earth and Moon 3 Myr ago [58].

Concerning the latter point, we reiterate that the iodine isotope es-
sential for human life is the stable isotope 127I, whose astrophysical 
origin is challenging to verify directly. However, astronomical obser-
vations of other elements in kilonova explosions, see, e.g., [48], provide 
a means of verifying that these outbursts are an important r-process 
sites, and recent observations of kilonovae indicate that they produce 
tellurium, which is adjacent to iodine in the periodic table and thought 
to be produced at a similar rate.

Moreover, novel astrophysical messengers can now offer comple-
mentary information. In particular, the unstable isotope 129I (half-life 
16 Myr) from astrophysical sources can in principle be detected using 
the ultraprecise accelerator mass spectrometry (AMS) technique. This 
has been used in terrestrial searches, which are unfortunately subject 
to anthropogenic contamination. Accordingly, we have suggested using 
AMS to looking for 129I in conjunction with 244Pu in samples of lunar 
regolith (soil) [57], which have no anthropogenic contamination in situ.

Fig. 2 shows predictions for 129I abundances in lunar regolith for su-
pernova and kilonova explosion models (left and right, respectively), 
normalized to the observed 244Pu flux. Details of the models and back-
ground appear in ref. [57]. The supernova models are chosen because 

they are able to produce r-process actinides, forcing the 𝑛∕𝑝 ratio to 
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appropriate values as might happen in a neutrino wind, or expelling 
neutron-rich material via a magnetohydrodynamic jet. The kilonova 
models are for explosions 10, 20 and 50 Myr ago, with constant flux 
thereafter. We see that a kilonova should produce one or two orders of 
magnitude more 129I than 244Pu [57], reflecting fission cycling yields. 
However, the chosen supernova models produce higher 129I/244Pu ratios 
because they are less neutron-rich and struggle to reach the actinides. 
We note also that the extrasolar 129I signal competes with the back-
ground from cosmic-ray 129I production in the lunar regolith, mostly 
from spallation of barium. This cosmogenic component scales with the 
barium abundance, and appears in the yellow band which corresponds 
to barium content as measured in lunar regolith samples. We see that the 
supernova 129I signal can be far above the cosmic-ray background, while 
the kilonova signal is generally below–though it could be discernible if 
there were a sample with a barium mass faction 𝑋Ba ≲ 1.5 × 10−6 =
1.5 ppm. Thus a lunar measurement of 129I in conjunction with barium 
could test the kilonova origin of the 244Pu signal.

A caveat is that iodine is volatile, unlike 244Pu and most other 𝑟-
process radioisotopes of interest, which are refractory. This volatility 
affects the inclusion of iodine into cosmic dust and hence its propagation 
through the interstellar medium. Another factor affecting the relative 
abundances of 129I and 244Pu is the factor ∼ 5 difference in half-lives: 
244Pu might have accumulated for period that is longer by a similar 
ratio. For these reasons, there is considerable uncertainty in the kilonova 
prediction for the abundance of 129I in the lunar regolith relative to 
244Pu (which can be estimated from terrestrial measurements [44]). The 
latter uncertainty could be mitigated by the simultaneous detection of 
129I and 247Cm, which has a similar half-life. As discussed in [59], the 
129I/247Cm production ratio is sensitive to the 𝑟-process environment, 
and is expected to be preserved between production and incorporation 
into the Solar System. Current and upcoming radioactive beam facilities 
[60,61] will probe the unknown nuclear physics crucial for a detailed 
interpretation of this signal.

A successful search for lunar 129I would have significant impact: it 
would provide circumstantial evidence that the 𝑟-process in kilonovae 
does indeed produce iodine, suggesting a positive answer to the question 
in the title of this paper.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

The work of JE was supported by the United Kingdom Science and 
Technology Facilities Council Grants ST/X000753/1 and ST/T00679X/1. 
The work of BDF was supported by National Science Foundation grant 
AST-2108589. The work of RS was supported in part by the US Depart-
ment of Energy Grant DE-FG02-95-ER40934.

References

[1] Z. Xu, W. Pankenier, Y. Jiang, East-Asian Archaeoastronomy: Historical Records of 
Astronomical Observations of China, CRC Press, Japan and Korea, 2000.

[2] F.R. Stephenson, D.A. Green, Historical Supernovae and Their Remnants, Interna-
tional Series in Astronomy and Astrophysics, vol. 5, 2002.

[3] F. Hoyle, The synthesis of the elements from hydrogen, Mon. Not. R. Astron. Soc. 
106 (5) (1946) 343–383, https://doi .org /10 .1093 /mnras /106 .5 .343.

[4] M.A. Ruderman, Possible consequences of nearby supernova explosions for atmo-
spheric ozone and terrestrial life, Science 184 (4141) (1974) 1079–1081.

[5] J. Ellis, D. Schramm, Could a nearby supernova explosion have caused a mass ex-
4

tinction?, Proc. Natl. Acad. Sci. USA 92 (1995) 235.
Physics Letters B 858 (2024) 139028

[6] L.W. Alvarez, W. Alvarez, F. Asaro, H.V. Michel, Extraterrestrial cause for the 
Cretaceous-Tertiary extinction, Science 208 (4448) (1980) 1095–1108.

[7] B.C. Thomas, A.M. Yelland, Terrestrial effects of nearby supernovae: updated mod-
eling, Astrophys. J. 950 (1) (2023) 41.

[8] B.D. Fields, A. Wallner, Deep-sea and lunar radioisotopes from nearby astrophysical 
explosions, Annu. Rev. Nucl. Part. Sci. 73 (2023) 365–395, https://doi .org /10 .1146 /
annurev -nucl -011823 -045541.

[9] E. Symbalisty, D.N. Schramm, Neutron star collisions and the r-process, Astrophys. 
Lett. 22 (4) (1982) 143–145.

[10] D. Eichler, M. Livio, T. Piran, D.N. Schramm, Nucleosynthesis, neutrino bursts and 
𝛾 -rays from coalescing neutron stars, Nature 340 (6229) (1989) 126–128.

[11] B.D. Metzger, Kilonovae, Living Rev. Relativ. 23 (1) (2020) 1, https://doi .org /
10 .1007 /s41114 -019 -0024 -0, arXiv :1910 .01617 [astro -ph], http://arxiv .org /abs /
1910 .01617.

[12] H.M.L. Perkins, J. Ellis, B.D. Fields, D.H. Hartmann, Z. Liu, G.C. McLaughlin, R. 
Surman, X. Wang, Could a kilonova kill: a threat assessment, Astrophys. J. 961 (2) 
(2024) 170, https://doi .org /10 .3847 /1538 -4357 /ad12b7, arXiv :2310 .11627.

[13] B.P. Abbott, et al., Observation of gravitational waves from a binary neutron 
star inspiral, Phys. Rev. Lett. 119 (16) (2017) 161101, https://doi .org /10 .1103 /
PhysRevLett .119 .161101, arXiv :1710 .05832.

[14] N.R.C. (US), Trace elements, in: Diet and Health: Implications for Reducing Chronic 
Disease Risk, National Academies Press (US), 1989, p. 14, https://www .ncbi .nlm .
nih .gov /books /NBK218751/.

[15] K. Schwarz, Essentiality versus toxicity of metals, in: Clinical Chemistry and Chem-
ical Toxicology of Metals, Elsevier/North-Holland Biomedical Press, Amsterdam, 
1977, pp. 3–22.

[16] S. Nussey, S. Whitehead, The thyroid gland, Chapter 3, in: Endocrinology: An Inte-
grated Approach, BIOS Scientific Publishers, Oxford, 2001.

[17] A.S. McCall, C.F. Cummings, G. Bhave, R. Vanacore, A. Page-McCaw, B.G. Hudson, 
Bromine is an essential trace element for assembly of collagen iv scaffolds in tissue 
development and architecture, Cell 157 (6) (2014) 1380–1392.

[18] L.J. Daumann, Essential and ubiquitous: the emergence of lanthanide metallobio-
chemistry, Angew. Chem., Int. Ed. Engl. 58 (37) (2019) 12795–12802.

[19] C. Kisker, H. Schindelin, D.C. Rees, Molybdenum-cofactor–containing enzymes: 
structure and mechanism, Annu. Rev. Biochem. 66 (1) (1997) 233–267.

[20] J. Korenaga, Plate tectonics and planetary habitability: current status and future 
challenges, Ann. N.Y. Acad. Sci. 1260 (1) (2012) 87–94, https://doi .org /10 .1111 /j .
1749 -6632 .2011 .06276 .x.

[21] E.A. Frank, B.S. Meyer, S.J. Mojzsis, A radiogenic heating evolution model for cos-
mochemically Earth-like exoplanets, Icarus 243 (2014) 274–286, https://doi .org /
10 .1016 /j .icarus .2014 .08 .031.

[22] L. Noack, M. Godolt, P. von Paris, A.C. Plesa, B. Stracke, D. Breuer, H. Rauer, Can 
the interior structure influence the habitability of a rocky planet?, Planet. Space Sci. 
98 (2014) 14–29, https://doi .org /10 .1016 /j .pss .2014 .01 .003.

[23] B. Collaboration, Comprehensive geoneutrino analysis with Borexino, Phys. Rev. 
D 101 (1) (2020) 012009, https://doi .org /10 .1103 /PhysRevD .101 .012009, arXiv :
1909 .02257.

[24] I. Roederer, N. Vassh, E.M. Holmbeck, M.R. Mumpower, R. Surman, J.J. Cowan, 
T.C. Beers, R. Ezzeddine, A. Frebel, T.T. Hansen, V.M. Placco, C.M. Sakari, Element 
abundance patterns in stars indicate fission of nuclei heavier than uranium, Science 
382 (6675) (2023) 1177–1180, https://doi .org /10 .1126 /science .adf1341.

[25] M.R. Mumpower, R. Surman, G.C. McLaughlin, A. Aprahamian, The impact of in-
dividual nuclear properties on r-process nucleosynthesis, Prog. Part. Nucl. Phys. 86 
(2016) 86–126, https://doi .org /10 .1016 /j .ppnp .2015 .09 .001, arXiv :1508 .07352.

[26] F. Käppeler, R. Gallino, S. Bisterzo, W. Aoki, The 𝑠 process: nuclear physics, stellar 
models, and observations, Rev. Mod. Phys. 83 (2011) 157–193, https://doi .org /10 .
1103 /RevModPhys .83 .157, https://link .aps .org /doi /10 .1103 /RevModPhys .83 .157.

[27] F. Kaeppeler, H. Beer, K. Wisshak, D.D. Clayton, R.L. Macklin, R.A. Ward, S-
process studies in the light of new experimental cross sections - distribution of 
neutron fluences and r-process residuals, Astrophys. J. 257 (1982) 821–846, https://
doi .org /10 .1086 /160033.

[28] J. Simmerer, C. Sneden, J.J. Cowan, J. Collier, V.M. Woolf, J.E. Lawler, The rise of 
the s-process in the Galaxy, Astrophys. J. 617 (2004) 1091–1114, https://doi .org /
10 .1086 /424504, arXiv :astro -ph /0410396.

[29] A. Yaroshevsky, Abundances of chemical elements in the Earth’s crust, Geochem. 
Int. 44 (2006) 48–55.

[30] F.-K. Thielemann, A. Arcones, R. Käppeli, M. Liebendörfer, T. Rauscher, C. Winteler, 
C. Fröhlich, I. Dillmann, T. Fischer, G. Martinez-Pinedo, et al., What are the astro-
physical sites for the r-process and the production of heavy elements?, Prog. Part. 
Nucl. Phys. 66 (2) (2011) 346–353.

[31] B.S. Meyer, G.J. Mathews, W.M. Howard, S.E. Woosley, R.D. Hoffman, R-process 
nucleosynthesis in the high-entropy supernova bubble, Astrophys. J. 399 (1992) 656, 
https://doi .org /10 .1086 /171957.

[32] D. Argast, M. Samland, F.K. Thielemann, Y.Z. Qian, Neutron star mergers versus 
core-collapse supernovae as dominant r-process sites in the early Galaxy, Astron. 
Astrophys. 416 (2004) 997–1011, https://doi .org /10 .1051 /0004 -6361 :20034265, 
arXiv :astro -ph /0309237.

[33] C. Kobayashi, A.I. Karakas, M. Lugaro, The origin of elements from carbon to 
uranium, Astrophys. J. 900 (2) (2020) 179, https://doi .org /10 .3847 /1538 -4357 /

abae65, arXiv :2008 .04660.

http://refhub.elsevier.com/S0370-2693(24)00586-0/bib665F222BD041C9006AAD3FBE20DD98B3s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib665F222BD041C9006AAD3FBE20DD98B3s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib55F01B7EFF88A853AA1D0281C268743Cs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib55F01B7EFF88A853AA1D0281C268743Cs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib89B2D5DE5D6D844AFC0C17F20F590ED0s1
https://doi.org/10.1093/mnras/106.5.343
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib89B2D5DE5D6D844AFC0C17F20F590ED0s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibEE14022E15E1A0D0712640DE79E1D181s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibEE14022E15E1A0D0712640DE79E1D181s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD132A890362DD6A50516A8DF0F3B3A4Cs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD132A890362DD6A50516A8DF0F3B3A4Cs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBCF8E008933473BA572C04EE3C06433Fs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBCF8E008933473BA572C04EE3C06433Fs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8DF246FDAA4AA39EBC82DCCF35B1269Bs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8DF246FDAA4AA39EBC82DCCF35B1269Bs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA9AE405578D4500EE0CAB2EF56E7A5E5s1
https://doi.org/10.1146/annurev-nucl-011823-045541
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA9AE405578D4500EE0CAB2EF56E7A5E5s1
https://doi.org/10.1146/annurev-nucl-011823-045541
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA9AE405578D4500EE0CAB2EF56E7A5E5s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib37FB436213BAD79164AB50E79499FADBs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib37FB436213BAD79164AB50E79499FADBs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib3403236A5017C915CC5907511816E1A0s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib3403236A5017C915CC5907511816E1A0s1
https://doi.org/10.1007/s41114-019-0024-0
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib35DFC22711BFCA566F9BB0D673B86AA0s1
https://doi.org/10.1007/s41114-019-0024-0
http://arxiv.org/abs/1910.01617
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib35DFC22711BFCA566F9BB0D673B86AA0s1
http://arxiv.org/abs/1910.01617
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib35DFC22711BFCA566F9BB0D673B86AA0s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib310E271FB92BB63BED804F3B9EF471B8s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib310E271FB92BB63BED804F3B9EF471B8s1
https://doi.org/10.3847/1538-4357/ad12b7
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib310E271FB92BB63BED804F3B9EF471B8s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib50B6E87F493FCD3F14C74E9B9C139345s1
https://doi.org/10.1103/PhysRevLett.119.161101
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib50B6E87F493FCD3F14C74E9B9C139345s1
https://doi.org/10.1103/PhysRevLett.119.161101
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib50B6E87F493FCD3F14C74E9B9C139345s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib5490337D90729901B9BAA527784CA8CFs1
https://www.ncbi.nlm.nih.gov/books/NBK218751/
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib5490337D90729901B9BAA527784CA8CFs1
https://www.ncbi.nlm.nih.gov/books/NBK218751/
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib5490337D90729901B9BAA527784CA8CFs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB8B8A25B2EC80DF867F1B22C9DD198ECs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB8B8A25B2EC80DF867F1B22C9DD198ECs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB8B8A25B2EC80DF867F1B22C9DD198ECs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib613127CB876EF468601EBF72540FB566s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib613127CB876EF468601EBF72540FB566s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib6F97BAF7E33F5852F0187018C2ACE637s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib6F97BAF7E33F5852F0187018C2ACE637s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib6F97BAF7E33F5852F0187018C2ACE637s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib322E5B4FEF8E89BBD7BD1706D9C11EB4s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib322E5B4FEF8E89BBD7BD1706D9C11EB4s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib05972659CCEB0C9C32F8D58A5779A2C7s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib05972659CCEB0C9C32F8D58A5779A2C7s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib7333AED6A045FACA731B239E9363C1D0s1
https://doi.org/10.1111/j.1749-6632.2011.06276.x
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib7333AED6A045FACA731B239E9363C1D0s1
https://doi.org/10.1111/j.1749-6632.2011.06276.x
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib7333AED6A045FACA731B239E9363C1D0s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD4936CE8FD789B474A7161CE36A24029s1
https://doi.org/10.1016/j.icarus.2014.08.031
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD4936CE8FD789B474A7161CE36A24029s1
https://doi.org/10.1016/j.icarus.2014.08.031
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD4936CE8FD789B474A7161CE36A24029s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibF02F0AEBC7DE3AAFCFD421D7C0CA815Es1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibF02F0AEBC7DE3AAFCFD421D7C0CA815Es1
https://doi.org/10.1016/j.pss.2014.01.003
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibF02F0AEBC7DE3AAFCFD421D7C0CA815Es1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib5DAA967713714FB0906DB313F4B1EED0s1
https://doi.org/10.1103/PhysRevD.101.012009
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib5DAA967713714FB0906DB313F4B1EED0s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib5DAA967713714FB0906DB313F4B1EED0s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib74496CD66CB2439B439C1F46D1EF565Bs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib74496CD66CB2439B439C1F46D1EF565Bs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib74496CD66CB2439B439C1F46D1EF565Bs1
https://doi.org/10.1126/science.adf1341
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib74496CD66CB2439B439C1F46D1EF565Bs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD85CB9DC505371DEAB4CBD9312780B5s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD85CB9DC505371DEAB4CBD9312780B5s1
https://doi.org/10.1016/j.ppnp.2015.09.001
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD85CB9DC505371DEAB4CBD9312780B5s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib44C71075875AB1B7DBDEE923BBD85A13s1
https://doi.org/10.1103/RevModPhys.83.157
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib44C71075875AB1B7DBDEE923BBD85A13s1
https://doi.org/10.1103/RevModPhys.83.157
https://link.aps.org/doi/10.1103/RevModPhys.83.157
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib44C71075875AB1B7DBDEE923BBD85A13s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib29FE358E49500675527A96EA58622318s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib29FE358E49500675527A96EA58622318s1
https://doi.org/10.1086/160033
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib29FE358E49500675527A96EA58622318s1
https://doi.org/10.1086/160033
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib29FE358E49500675527A96EA58622318s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibED382EA94E9F8C066AB7345316755D41s1
https://doi.org/10.1086/424504
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibED382EA94E9F8C066AB7345316755D41s1
https://doi.org/10.1086/424504
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibED382EA94E9F8C066AB7345316755D41s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibE9B740F51DFD9FFCF1D15992ACCA2299s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibE9B740F51DFD9FFCF1D15992ACCA2299s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibFD5F3D3D9EFF71581E3DD64D998BFE77s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibFD5F3D3D9EFF71581E3DD64D998BFE77s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibFD5F3D3D9EFF71581E3DD64D998BFE77s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibFD5F3D3D9EFF71581E3DD64D998BFE77s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib0715A302B559E1FE43A3AFFDDA0C2F32s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib0715A302B559E1FE43A3AFFDDA0C2F32s1
https://doi.org/10.1086/171957
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib0715A302B559E1FE43A3AFFDDA0C2F32s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib86685AD206DDB81BEBF1DAAC90FEC46As1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib86685AD206DDB81BEBF1DAAC90FEC46As1
https://doi.org/10.1051/0004-6361:20034265
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib86685AD206DDB81BEBF1DAAC90FEC46As1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib86685AD206DDB81BEBF1DAAC90FEC46As1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8C2DE64F96ECB5AB6FEBB24A43A9E5EDs1
https://doi.org/10.3847/1538-4357/abae65
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8C2DE64F96ECB5AB6FEBB24A43A9E5EDs1
https://doi.org/10.3847/1538-4357/abae65
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8C2DE64F96ECB5AB6FEBB24A43A9E5EDs1


Physics Letters B 858 (2024) 139028J. Ellis, B.D. Fields and R. Surman

[34] R. Surman, G.C. McLaughlin, W.R. Hix, Nucleosynthesis in the outflow from gamma-
ray burst accretion disks, Astrophys. J. 643 (2) (2006) 1057–1064, https://doi .org /
10 .1086 /501116, arXiv :astro -ph /0509365.

[35] D.M. Siegel, J. Barnes, B.D. Metzger, Collapsars as a major source of r-process el-
ements, Nature 569 (7755) (2019) 241–244, https://doi .org /10 .1038 /s41586 -019 -
1136 -0, arXiv :1810 .00098.

[36] J.M. Miller, T.M. Sprouse, C.L. Fryer, B.R. Ryan, J.C. Dolence, M.R. Mumpower, 
R. Surman, Full transport general relativistic radiation magnetohydrodynamics for 
nucleosynthesis in collapsars, Astrophys. J. 902 (1) (2020) 66, https://doi .org /10 .
3847 /1538 -4357 /abb4e3, arXiv :1912 .03378.

[37] C. Winteler, R. Käppeli, A. Perego, A. Arcones, N. Vasset, N. Nishimura, M. 
Liebendörfer, F.K. Thielemann, Magnetorotationally driven supernovae as the origin 
of early Galaxy r-process elements?, Astrophys. J. Lett. 750 (1) (2012) L22, https://
doi .org /10 .1088 /2041 -8205 /750 /1 /L22, arXiv :1203 .0616.

[38] P. Mösta, L.F. Roberts, G. Halevi, C.D. Ott, J. Lippuner, R. Haas, E. Schnetter, 
R-process nucleosynthesis from three-dimensional magnetorotational core-collapse 
supernovae, Astrophys. J. 864 (2) (2018) 171, https://doi .org /10 .3847 /1538 -4357 /
aad6ec, arXiv :1712 .09370.

[39] A. Grichener, N. Soker, The common envelope jet supernova (CEJSN) r-process 
scenario, Astrophys. J. 878 (1) (2019) 24, https://doi .org /10 .3847 /1538 -4357 /
ab1d5d, arXiv :1810 .03889.

[40] T. Fischer, M.-R. Wu, B. Wehmeyer, N.-U.F. Bastian, G. Martínez-Pinedo, F.-K. Thiele-
mann, Core-collapse supernova explosions driven by the hadron-quark phase tran-
sition as a rare r-process site, Astrophys. J. 894 (1) (2020) 9, https://doi .org /10 .
3847 /1538 -4357 /ab86b0, arXiv :2003 .00972.

[41] X. Wang, R. Surman, Neutrinos and Heavy Element Nucleosynthesis, Springer Na-
ture, Singapore, 2023, pp. 3735–3753.

[42] M. Reichert, M. Obergaulinger, M.Á. Aloy, M. Gabler, A. Arcones, F.K. Thielemann, 
Magnetorotational supernovae: a nucleosynthetic analysis of sophisticated 3D mod-
els, Mon. Not. R. Astron. Soc. 518 (1) (2023) 1557–1583, https://doi .org /10 .1093 /
mnras /stac3185, arXiv :2206 .11914.

[43] P.K. Blanchard, et al., JWST detection of a supernova associated with GRB 221009A 
without an r-process signature, Nat. Astron. 8 (3) (2024), https://doi .org /10 .1038 /
s41550 -024 -02237 -4, arXiv :2308 .14197.

[44] A. Wallner, M.B. Froehlich, M.A.C. Hotchkis, N. Kinoshita, M. Paul, M. Martschini, S. 
Pavetich, S.G. Tims, N. Kivel, D. Schumann, M. Honda, H. Matsuzaki, T. Yamagata, 
60Fe and 244Pu deposited on Earth constrain the r-process yields of recent nearby 
supernovae, Science 372 (6543) (2021) 742–745, https://doi .org /10 .1126 /science .
aax3972.

[45] X. Wang, A.M. Clark, J. Ellis, A.F. Ertel, B.D. Fields, B.J. Fry, Z. Liu, J.A. Miller, 
R. Surman, R-process radioisotopes from near-Earth supernovae and kilonovae, As-
trophys. J. 923 (2) (2021) 219, https://doi .org /10 .3847 /1538 -4357 /ac2d90, arXiv :
2105 .05178.

[46] J.H. Gillanders, S.A. Sim, S.J. Smartt, S. Goriely, A. Bauswein, Modelling the spectra 
of the kilonova AT2017gfo – II: beyond the photospheric epochs, arXiv :2306 .15055, 
2023.

[47] K. Hotokezaka, M. Tanaka, D. Kato, G. Gaigalas, Tellurium emission line in kilonova 
AT 2017gfo, Mon. Not. R. Astron. Soc. 526 (1) (2023) L155–L159, https://doi .org /
10 .1093 /mnrasl /slad128, arXiv :2307 .00988.

[48] A. Levan, B.P. Gompertz, O.S. Salafia, M. Bulla, E. Burns, K. Hotokezaka, L. Izzo, 
G.P. Lamb, D.B. Malesani, S.R. Oates, et al., Heavy element production in a compact 

object merger observed by JWST, Nature 626 (2024) 737–741, https://doi .org /10 .
1038 /s41586 -023 -06759 -1.

[49] J.H. Gillanders, E. Troja, C.L. Fryer, M. Ristic, B. O’Connor, C.J. Fontes, Y.-H. Yang, 
N. Domoto, S. Rahmouni, M. Tanaka, O.D. Fox, S. Dichiara, Heavy element nucle-
osynthesis associated with a gamma-ray burst, arXiv :2308 .00633, 2023.

[50] D. Radice, A. Perego, K. Hotokezaka, S.A. Fromm, S. Bernuzzi, L.F. Roberts, Bi-
nary neutron star mergers: mass ejection, electromagnetic counterparts, and nucle-
osynthesis, Astrophys. J. 869 (2) (2018) 130, https://doi .org /10 .3847 /1538 -4357 /
aaf054, arXiv :1809 .11161.

[51] A. Henkel, F. Foucart, G. Raaijmakers, S. Nissanke, Study of the agreement be-
tween binary neutron star ejecta models derived from numerical relativity simu-
lations, Phys. Rev. D 107 (6) (2023) 063028, https://doi .org /10 .1103 /PhysRevD .
107 .063028, arXiv :2207 .07658.

[52] S. Curtis, P. Mösta, Z. Wu, D. Radice, L. Roberts, G. Ricigliano, A. Perego, R-process 
nucleosynthesis and kilonovae from hypermassive neutron star post-merger rem-
nants, Mon. Not. R. Astron. Soc. 518 (4) (2023) 5313–5322, https://doi .org /10 .
1093 /mnras /stac3128, arXiv :2112 .00772.

[53] T.M. Sprouse, K.A. Lund, J.M. Miller, G.C. McLaughlin, M.R. Mumpower, Emergent 
nucleosynthesis from a 1.2 s long simulation of a black hole accretion disk, As-
trophys. J. 962 (1) (2024) 79, https://doi .org /10 .3847 /1538 -4357 /ad1819, arXiv :
2309 .07966.

[54] R.A. Hulse, J.H. Taylor, Discovery of a pulsar in a binary system, Astrophys. J. Lett. 
195 (1975) L51–L53, https://doi .org /10 .1086 /181708.

[55] J.M. Weisberg, Y. Huang, Relativistic measurements from timing the binary pulsar 
PSR B1913+16, Astrophys. J. 829 (1) (2016) 55, https://doi .org /10 .3847 /0004 -
637X /829 /1 /55, arXiv :1606 .02744.

[56] M. Kramer, et al., Strong-field gravity tests with the double pulsar, Phys. Rev. X 11 (4) 
(2021) 041050, https://doi .org /10 .1103 /PhysRevX .11 .041050, arXiv :2112 .06795.

[57] X. Wang, A.M. Clark, J. Ellis, A.F. Ertel, B.D. Fields, B.J. Fry, Z. Liu, J.A. Miller, R. 
Surman, Proposed lunar measurements of r-process radioisotopes to distinguish the 
origin of deep-sea 244Pu, Astrophys. J. 948 (2) (2023) 113, https://doi .org /10 .3847 /
1538 -4357 /acbeaa, arXiv :2112 .09607.

[58] R. Neuhäuser, F. Gießler, V.V. Hambaryan, A nearby recent supernova that ejected 
the runaway star 𝜁 Oph, the pulsar PSR B1706-16, and 60Fe found on Earth, 
Mon. Not. R. Astron. Soc. 498 (1) (2020) 899–917, https://doi .org /10 .1093 /mnras /
stz2629, arXiv :1909 .06850.

[59] B. Côté, M. Eichler, A. Yagüe López, N. Vassh, M.R. Mumpower, B. Világos, B. Soós, 
A. Arcones, T.M. Sprouse, R. Surman, M. Pignatari, M.K. Pető, B. Wehmeyer, T. 
Rauscher, M. Lugaro, 129I and 247Cm in meteorites constrain the last astrophysical 
source of solar r-process elements, Science 371 (6532) (2021) 945–948, https://
doi .org /10 .1126 /science .aba1111, arXiv :2006 .04833.

[60] O.B. Tarasov, A. Gade, K. Fukushima, M. Hausmann, E. Kwan, M. Portillo, M. Smith, 
D.S. Ahn, D. Bazin, R. Chyzh, S. Giraud, K. Haak, T. Kubo, D.J. Morrissey, P.N. 
Ostroumov, I. Richardson, B.M. Sherrill, A. Stolz, S. Watters, D. Weisshaar, T. Zhang, 
Observation of new isotopes in the fragmentation of 198Pt at FRIB, Phys. Rev. Lett. 
132 (7) (2024) 072501, https://doi .org /10 .1103 /PhysRevLett .132 .072501.

[61] G. Savard, M. Brodeur, J.A. Clark, R.A. Knaack, A.A. Valverde, The N = 126 factory: 
a new facility to produce very heavy neutron-rich isotopes, Nucl. Instrum. Methods 
Phys. Res. B 463 (2020) 258–261, https://doi .org /10 .1016 /j .nimb .2019 .05 .024.
5

http://refhub.elsevier.com/S0370-2693(24)00586-0/bib1D7329616E58C8B2F880FD7E0369A229s1
https://doi.org/10.1086/501116
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib1D7329616E58C8B2F880FD7E0369A229s1
https://doi.org/10.1086/501116
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib1D7329616E58C8B2F880FD7E0369A229s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA73FF2EB14F5FD2198CB25034A1E9B77s1
https://doi.org/10.1038/s41586-019-1136-0
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA73FF2EB14F5FD2198CB25034A1E9B77s1
https://doi.org/10.1038/s41586-019-1136-0
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA73FF2EB14F5FD2198CB25034A1E9B77s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib1F777B918DD9C82067644F3557FB9BBFs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib1F777B918DD9C82067644F3557FB9BBFs1
https://doi.org/10.3847/1538-4357/abb4e3
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib1F777B918DD9C82067644F3557FB9BBFs1
https://doi.org/10.3847/1538-4357/abb4e3
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib1F777B918DD9C82067644F3557FB9BBFs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8BF951FCB4608E286C26E813D42809D9s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8BF951FCB4608E286C26E813D42809D9s1
https://doi.org/10.1088/2041-8205/750/1/L22
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8BF951FCB4608E286C26E813D42809D9s1
https://doi.org/10.1088/2041-8205/750/1/L22
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8BF951FCB4608E286C26E813D42809D9s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8CF9466DC0C5EFAF05869A5C668BB6E8s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8CF9466DC0C5EFAF05869A5C668BB6E8s1
https://doi.org/10.3847/1538-4357/aad6ec
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8CF9466DC0C5EFAF05869A5C668BB6E8s1
https://doi.org/10.3847/1538-4357/aad6ec
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib8CF9466DC0C5EFAF05869A5C668BB6E8s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib47218F69F87AC8B8F8BC05EE6A35B083s1
https://doi.org/10.3847/1538-4357/ab1d5d
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib47218F69F87AC8B8F8BC05EE6A35B083s1
https://doi.org/10.3847/1538-4357/ab1d5d
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib47218F69F87AC8B8F8BC05EE6A35B083s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibAC409B54675069D8E4E480A5A5670DF9s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibAC409B54675069D8E4E480A5A5670DF9s1
https://doi.org/10.3847/1538-4357/ab86b0
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibAC409B54675069D8E4E480A5A5670DF9s1
https://doi.org/10.3847/1538-4357/ab86b0
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibAC409B54675069D8E4E480A5A5670DF9s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib7CE83CA7ACC9A501B5B3CD614B2F8B6As1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib7CE83CA7ACC9A501B5B3CD614B2F8B6As1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib46F083B44611045B95F4CFB16CC113CEs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib46F083B44611045B95F4CFB16CC113CEs1
https://doi.org/10.1093/mnras/stac3185
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib46F083B44611045B95F4CFB16CC113CEs1
https://doi.org/10.1093/mnras/stac3185
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib46F083B44611045B95F4CFB16CC113CEs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib4F6F88AF71854769709434D3FBD9EC7Es1
https://doi.org/10.1038/s41550-024-02237-4
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib4F6F88AF71854769709434D3FBD9EC7Es1
https://doi.org/10.1038/s41550-024-02237-4
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib4F6F88AF71854769709434D3FBD9EC7Es1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD5E7450DCB7342EE473AD9F07AD0773s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD5E7450DCB7342EE473AD9F07AD0773s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD5E7450DCB7342EE473AD9F07AD0773s1
https://doi.org/10.1126/science.aax3972
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD5E7450DCB7342EE473AD9F07AD0773s1
https://doi.org/10.1126/science.aax3972
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibBD5E7450DCB7342EE473AD9F07AD0773s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib43E4FE0CB22E7F35FE2B4EBF31E4CE36s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib43E4FE0CB22E7F35FE2B4EBF31E4CE36s1
https://doi.org/10.3847/1538-4357/ac2d90
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib43E4FE0CB22E7F35FE2B4EBF31E4CE36s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib43E4FE0CB22E7F35FE2B4EBF31E4CE36s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib816449FE9E9D98574E56BB389EC5F9EFs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib816449FE9E9D98574E56BB389EC5F9EFs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib816449FE9E9D98574E56BB389EC5F9EFs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA39A16B4E13F13AB04E17708527DFDF5s1
https://doi.org/10.1093/mnrasl/slad128
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA39A16B4E13F13AB04E17708527DFDF5s1
https://doi.org/10.1093/mnrasl/slad128
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA39A16B4E13F13AB04E17708527DFDF5s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibEEFE22BF24FCC116B4B11656CC7FA944s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibEEFE22BF24FCC116B4B11656CC7FA944s1
https://doi.org/10.1038/s41586-023-06759-1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibEEFE22BF24FCC116B4B11656CC7FA944s1
https://doi.org/10.1038/s41586-023-06759-1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibEEFE22BF24FCC116B4B11656CC7FA944s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibE9AC8520CCE391AF3850DB6EB492E399s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibE9AC8520CCE391AF3850DB6EB492E399s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibE9AC8520CCE391AF3850DB6EB492E399s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib977476FA51F195EC3AF092A41AC49953s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib977476FA51F195EC3AF092A41AC49953s1
https://doi.org/10.3847/1538-4357/aaf054
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib977476FA51F195EC3AF092A41AC49953s1
https://doi.org/10.3847/1538-4357/aaf054
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib977476FA51F195EC3AF092A41AC49953s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib614E27362E493915777D66E47D9B91B3s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib614E27362E493915777D66E47D9B91B3s1
https://doi.org/10.1103/PhysRevD.107.063028
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib614E27362E493915777D66E47D9B91B3s1
https://doi.org/10.1103/PhysRevD.107.063028
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib614E27362E493915777D66E47D9B91B3s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib521BD51476F553B58045619BD3088AB2s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib521BD51476F553B58045619BD3088AB2s1
https://doi.org/10.1093/mnras/stac3128
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib521BD51476F553B58045619BD3088AB2s1
https://doi.org/10.1093/mnras/stac3128
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib521BD51476F553B58045619BD3088AB2s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib215E5B7065EA767B8A62BCBBB4B3BEF1s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib215E5B7065EA767B8A62BCBBB4B3BEF1s1
https://doi.org/10.3847/1538-4357/ad1819
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib215E5B7065EA767B8A62BCBBB4B3BEF1s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bib215E5B7065EA767B8A62BCBBB4B3BEF1s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibDDD4208CD7A21792F5CED23909E03505s1
https://doi.org/10.1086/181708
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibDDD4208CD7A21792F5CED23909E03505s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA72013DE288D824421AA5FC9AC55E8A2s1
https://doi.org/10.3847/0004-637X/829/1/55
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA72013DE288D824421AA5FC9AC55E8A2s1
https://doi.org/10.3847/0004-637X/829/1/55
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibA72013DE288D824421AA5FC9AC55E8A2s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibC36C1C49987D8258E5A6D2D6E3370D69s1
https://doi.org/10.1103/PhysRevX.11.041050
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibC36C1C49987D8258E5A6D2D6E3370D69s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibC4FD8235F50A240D9F9C5740792C02FAs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibC4FD8235F50A240D9F9C5740792C02FAs1
https://doi.org/10.3847/1538-4357/acbeaa
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibC4FD8235F50A240D9F9C5740792C02FAs1
https://doi.org/10.3847/1538-4357/acbeaa
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibC4FD8235F50A240D9F9C5740792C02FAs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB165B73DD1C1DB2AC91F7286C5DEEB5Cs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB165B73DD1C1DB2AC91F7286C5DEEB5Cs1
https://doi.org/10.1093/mnras/stz2629
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB165B73DD1C1DB2AC91F7286C5DEEB5Cs1
https://doi.org/10.1093/mnras/stz2629
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB165B73DD1C1DB2AC91F7286C5DEEB5Cs1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD26EBE448EEFA9E16E5EE3F224607A75s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD26EBE448EEFA9E16E5EE3F224607A75s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD26EBE448EEFA9E16E5EE3F224607A75s1
https://doi.org/10.1126/science.aba1111
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD26EBE448EEFA9E16E5EE3F224607A75s1
https://doi.org/10.1126/science.aba1111
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibD26EBE448EEFA9E16E5EE3F224607A75s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB2CF03F4875A73903CB0A1B95FEA76F4s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB2CF03F4875A73903CB0A1B95FEA76F4s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB2CF03F4875A73903CB0A1B95FEA76F4s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB2CF03F4875A73903CB0A1B95FEA76F4s1
https://doi.org/10.1103/PhysRevLett.132.072501
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibB2CF03F4875A73903CB0A1B95FEA76F4s1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibDC34F4D65F29EE587562295B6E2D758As1
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibDC34F4D65F29EE587562295B6E2D758As1
https://doi.org/10.1016/j.nimb.2019.05.024
http://refhub.elsevier.com/S0370-2693(24)00586-0/bibDC34F4D65F29EE587562295B6E2D758As1

	Do we owe our existence to gravitational waves?
	1 Introduction
	2 The roles of heavy elements in human biology
	3 Heavy element production via the r-process
	4 The r-process in neutron star collisions (kilonovae)
	5 Gravitational waves cause neutron-star collisions
	6 Lunar tests of iodine production by kilonovae
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


