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Meteoritic analysis demonstrates that radioactive nuclei heavier than iron were
present in the early Solar System [1]. Among them, '*°I and 4"Cm both have
a rapid neutron-capture process ( process) origin [2,3] and decay on the same
timescale (~ 15.6 Myr). We show that the '*°I/2/"Cm abundance ratio in the
early Solar System (438 + 184) is immune to galactic evolution uncertainties
and represents the first direct observational constraint for the properties of
the last r-process event that polluted the pre-solar nebula. We investigate the
physical conditions of this event using nucleosynthesis calculations and demon-
strate that moderately neutron-rich disk ejecta can produce the observed ratio.
We conclude that a dominant contribution by exceedingly neutron-rich ejecta

is highly disfavoured.

The rapid neutron-capture process (r process) is believed to be the source in the Galaxy of
half of the naturally occurring isotopes heavier than iron. Examples of elements dominated by
r-process contributions are iodine, europium, gold, platinum, and the actinides. However, the
physical conditions in which the r-process elements have been synthesized in the Universe, as
well as which astrophysical sites can host the r process, are still a matter of debate.

The gravitational wave detection GW170817 by LIGO/Virgo [4] and the connection be-
tween its light curve and the presence of lanthanide elements [5, 6], such as europium, showed
that neutron star mergers can synthesize at least some r-process elements. However, it only
provided limited information on the nucleosynthesis, as no signature of a specific element or
isotope has been directly probed, except for strontium [7]. To recover detailed isotopic infor-
mation for the r-process nucleosynthesis, we can instead exploit the composition of our Solar
System. Thanks to the analysis of primitive meteorites, our Solar System is currently the only
system in the Universe for which we can derive abundances for all stable isotopes [8]. The mea-

sured solar composition can therefore be used to address aspects of the production of r-process
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elements that cannot be probed by any other astronomical object. Abundances derived from the
surface of other stars typically provide elemental abundances only [9].

Disentangling the origin of the solar stable isotopic composition, however, requires the use
of Galactic chemical evolution simulations that follow the contribution of all different nucle-
osynthetic events (supernovae, compact binary mergers, etc.) from all stellar generations that
lived and died prior to the formation of the Sun. The uncertainties involved in the modeling of
such evolution can be reduced by considering radioactive isotopes with half-lives of the order
of millions of years (Myr). Meteoritic analysis reveals the presence of such isotopes at the time
of the formation of the first solids (the calcium-aluminium-rich inclusions, CAls) in the early
Solar System! [1]. Because they decay relatively fast relative to Galactic timescales, these ra-
dioactive isotopes carry the signature of a smaller number of nucleosynthesis events compared
to stable isotopes, probing events closer in time to the formation of the Sun. In this work, we
focus on the abundances in the early Solar System of two “short-lived” (half-lives of 15.6 Myr)
radioactive isotopes: '?°I, which is located in the second r-process peak of the Solar System
r-process distribution, and the much heavier actinide isotope, 24”Cm. The relative abundances
of these isotopes, inferred from high-precision meteoritic analysis, are shown in Table 1.

Predicting isotopic ratios with Galactic chemical evolution simulations and connecting them
to actual nucleosynthetic events is subject to many uncertainties. For instance, the abundance
ratio 12°I/127] has a stable isotope in the denominator, which traces the full Galactic chemical
evolution history prior to the formation of the Solar System. This ratio is therefore affected
by uncertainties such as the star formation history, the amount of interstellar gas within the
Milky Way, and the amount of '2“I removed from the interstellar gas by large-scale galactic
outflows [13]. The ?*"Cm/ 235U ratio is less affected by galactic evolution uncertainties because

the longest-lived isotope of the ratio, 2*°U, only has a half-life of 704 Myr, which is short

'"Those radioactive abundances, today all extinct, are traced by the excess of the abundances of the daughter
stable isotopes that the radioactive isotopes decay into.



Short-lived Half-life Reference Half-life Early Solar Refs.

radionuclide (Myr) nucleus (Myr) System ratio

1291 15.7+0.8 1217 stable (1.284+0.03) x 10~ [10]
247Cm 15.6+1.0 25y 704 +£2 (5.6+£0.3) x 107 [11,12]
1291 15.7+0.8 27Cm 15.6+1.0 438+ 184 See main text

Table 1. Radioactive nuclei produced by the r process that were present at the time of the
formation of the Solar System for which we have high-precision data (20 < 6%) on their
half-lives, their reference isotopes, and their early Solar System ratio. All errors are given at
20. The 45% error on the 121/24"Cm is dominated by the 40% (20) uncertainty on the Solar
System elemental abundance of 1. 2#4Pu (80 Myr) is not included here as its early Solar System
abundance suffers from systematic uncertainties by roughly a factor of 2 [1].

relative to Galactic timescales. However, recovering the original r-process nucleosynthetic
ratio for 247Cm/23°U is still affected by the uncertain time interval that elapses between the
time when these isotopes are created in their stellar source and the time when they condense
into the first solids in the early Solar System. During this period of time, which is of the order of
100 — 200 Myr for r-process isotopes [13—15] (see Supplementary Text), 24"Cm and #*°U decay
exponentially. Because their half-lives differ by a factor of 50, the 2*"Cm /233U abundance ratio
will strongly diverge from its original value before being locked into the solids.

An additional complication arises from the fact that the enrichment of the interstellar gas
from which the Solar System formed was not continuous, but stochastic and sometimes un-
predictable [15-18]. It is difficult to derive with confidence the exact number of enrichment
events encoded in the isotopic ratios derived from meteorites. And because the radioactive
abundances from each of those events have decayed for an unknown amount of time, the rel-
ative contribution of each event to the radioactive composition of the early Solar System is
even more challenging to quantify. Probing the astrophysical conditions and the nature of the
r-process events that polluted the pre-solar nebula is therefore not straightforward when using

the isotopic ratios mentioned above.
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Fig. 1. Evolution of the abundance ratios '2°1/'27I, 247Cm /235U, and '2°I/24"Cm in a given
parcel of gas inside our Galaxy around the time the Sun formed. Each peak is a new r-process
event depositing radioactive material. The green and orange lines show two arbitrary Monte
Carlo realisations for the temporal distribution of those events [19]. Each event is assumed
to eject a flat isotope distribution with production ratios of 1. In a Galactic context, 2°1/127]
and ?*"Cm/?3°U vary by orders of magnitude, while '2°1/24"Cm varies by less than 10% and
remains close to the production ratio.

However, using the '?°I/24"Cm abundance ratio bypasses all the uncertainties presented
above. This is because '*°I and 2*"Cm have the same half-life, within the uncertainties, so
that their ratio is not strongly affected by the passage of time (see Fig. 1). This means that the
ratio does not substantially change between the enrichment events and the formation of solids.
Furthermore, because these isotopes are both short-lived compared to Galactic timescales, their
ratio most likely carries the signature of only one r-process event (see Supplemental Text). We

obtain the 12°I/247Cm ratio in the early Solar System (see Table 1) using the reported 291/ 171



and 247Cm /23%U ratios, together with the 1271/235U ratio of 189 [8]. This '?°I/24"Cm ratio of
438 is a direct window into the nucleosynthesis of the last r-process event that polluted the
pre-solar nebula, and provides new and unique insights for the physical conditions in which the
7 process can occur in nature.

We consider the 2°I/247Cm abundance ratios predicted by theoretical nucleosynthesis cal-
culations based on the physical conditions extracted from hydrodynamic simulations of a variety
of potential r-process sites: dynamical and disk ejecta from neutron star — neutron star (NSNS)
mergers and neutron star — black hole (NSBH) mergers, and magneto-rotational-driven super-
novae (MR SNe). We considered three NSNS and NSBH merger dynamical ejecta simulations
from two research groups [20-23] and three NSNS merger disk simulations with varying initial
conditions [24,25]. For MR SNe, we used the simulation of Ref. [26]. We refer to Table S1 for
more details on those seven simulations. Since r-process nucleosynthesis predictions bear large
uncertainties from unknown nuclear physics properties [27-29], we repeated our calculations
using three different sets of nuclear reaction rates and three different models for the distribu-
tion of fission fragments (see Methods). This generated a total of nine nucleosynthetic model
predictions that are consistently applied to each of the seven hydrodynamic simulations.

In Fig. 2, we compare our predicted '2°I/24"Cm ratios against the meteoritic ratio. For each
hydrodynamic simulation, the plotted range of nucleosynthesis predictions encompasses the
values obtained using the different nuclear physics input mentioned above. The meteoritic ratio
shown in this figure represents the nucleosynthesis product of the last r-process event. The error
bars on the meteoritic ratio (red horizontal bands) include both the uncertainty in the derivation
of the early Solar System ratio (see Table 1) and the uncertainty in the half-lives of 2T and
247Cm. We include the latter to account for the slight ratio variation that could have occurred
during the time elapsed between the last r-process event and the condensation of the first solids

in the early Solar System (see Methods).
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Fig. 2. 12°1/247Cm abundance ratios predicted by our theoretical 7-process models (see Methods
section). The red horizontal line and horizontal bands show the meteoritic ratio along with its
1o and 20 uncertainty (see Methods section).

Since '2°I belongs to the second r-process peak while 247Cm belongs to the actinides, their
relative abundances strongly depend on the physical conditions in which the nucleosynthesis oc-
curs. In fact, the range of predicted ratios covered by all scenarios shown in Fig. 2 spans more
than two orders of magnitude. In the case of the NSNS and NSBH merger simulations con-
sidered here, dynamical ejecta are dominated by very neutron-rich conditions and the actinides
(such as 247Cm) are produced more significantly relatively to the lighter nuclei (*>°I in this case),
as compared to the other r-process scenarios (see also Fig. S2). As a result, their 2°I/247Cm

ratios are all smaller than 100, which is below the 20 uncertainty band derived for the meteoritic
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ratio. Similarly, Ref. [30] showed that dynamical ejecta overproduce the Th/Eu elemental ratio
derived from the surface of actinide-boost stars, which suggests that very neutron-rich condi-
tions cannot entirely be responsible for the enrichment of these stars. Although current merger
simulations tend to predict the presence of very neutron-rich material, these simulations still an
active area of research, such that the dominance of very neutron-rich conditions in dynamical
ejecta remains debatable.

For the MR SN ejecta of Ref.[26], the abundance ratio is always larger than 1000 be-
cause most of the ejecta are not sufficiently neutron-rich to produce the actinides in significant
amounts. We expect that other and next-generation MR SN simulations may generate differ-
ent '2°I/247Cm ratios. However, recent models with improved neutrino transport lead to more
pessimistic predictions for the production of actinides [31]. For the three accretion-disk ejecta
considered in Fig. 2, Disk 1 is remarkably consistent with the meteoritic value, Disk 2 just over-
laps with the 20 uncertainty band, while Disk 3 is below the 20 uncertainty band and therefore
not compatible.

To reinforce the suggested behavior of Fig. 2, we performed further nucleosynthesis calcula-
tions on the dynamical ejecta of Refs. [20-22] using a different nucleosynthesis code along with
a wider input variety of 14 nuclear physics models (see Methods). As shown in Tables S2 and
S3, the vast majority of those predictions have '2°1/247Cm ratios below 100, which is consistent
with the results presented in Fig. 2, except for a small number of cases, for which dynamical
ejecta could reach the meteoritic ratio. This highlights the need for reducing nuclear physics
uncertainties. Overall, our additional calculations confirm that the scenario where the pre-solar
nebula was predominantly enriched by very neutron-rich ejecta is strongly disfavoured. This
result applies to the last r-process event that polluted the pre-solar nebula with radioactive iso-
topes, not to the collective contribution of all previous events that built up the stable r-process

solar composition.



So far we have considered every r-process site as independent. Another complication is that
the portion of the ejecta which was introduced into the pre-solar nebula may not represent the
full ejecta from the r-process source(s). If we assume this portion of ejecta to be representative
of the event(s), a possible way to generate a ratio similar to the meteoritic value could be that
the enrichment was a mixture of scenarios. However, we find that a mixture of dynamical and
MR SN ejecta is very unlikely, with an occurrence probability of less than 10% (see Supplemen-
tary Text). We should also consider that the full ejecta of a compact binary merger is composed
of both dynamical and disk ejecta [5,32]. Even if Disk 1 is already consistent with the mete-
oritic value, the uncertainties in the measured and modeled values allow us to build a mixture
of dynamical and disk ejecta within the observed error bars. Although such an investigation
is affected by nuclear physics uncertainties, selecting as a test case the set of nuclear physics
input that produces the highest ratio for both Disk 1 and the dynamical ejecta of Ref. [23] (dyn.
NSNS (B)), we found that the maximum allowed contribution of dynamical ejecta to generate
a ratio at the 20 lower limit of the meteoritic value is 46%, in mass fraction.

Despite the nuclear astrophysics uncertainties involved when interpreting the site origin of
meteoritic abundance ratios, the '2°I/24"Cm abundance ratio is immune to galactic evolution
uncertainties and provides for the first time a direct view into the nucleosynthesis of an r-
process event that occurred in our Galaxy. This is the only meteoritic ratio that can probe with
such high confidence the physical conditions of the last r-process event that polluted the pre-
solar nebula. Our results currently favour moderately neutron-rich ejecta over very neutron-rich
ejecta, but hydrodynamic simulations and nuclear physics are continuously improving. We
therefore expect the '2°1/247Cm abundance ratio to become an important diagnostic tool for

next-generation r-process nucleosynthesis calculations.
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Supplementary Materials

Methods

Nuclear Physics Uncertainties

The r process proceeds via a synthesis of very neutron-rich isotopes that are currently in-
accessible by experimental nuclear physics facilities. Calculations therefore must rely on the-
oretical data for the reaction and decay processes which determine the abundances of 1?°I and
247Cm. Since such theoretical data can vary greatly outside experimentally probed nuclei, this
introduces uncertainties in the predicted '2°1/24"Cm ratio.

In the case of 4”Cm production, we find that this depends mostly on the model strength of
the N = 126 shell closure 2, which determines how r-process material proceeds into the actinide
region, along with the 5-decay treatment which determines the decay path of nuclei which even-
tually populate this species. Currently available theoretical fission treatments suggest fission to
not greatly impact the production of ?4”Cm since it lies in a region of the nuclear chart just be-
low where fission typically begins to participate in the r process, however a-decay feeding from
heavier species introduces a small sensitivity to how fission is treated at higher mass numbers.
In contrast, the production of 1?1 is influenced by the fission treatment via the fission fragment

distributions of heavy, neutron-rich species which can deposit into the second r-process peak,

2N refers to the number of neutrons.
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but is also dependent on the predicted structure of the N = 82 shell closure. All of these pieces
of nuclear data governing how '?’I and ?*’Cm are populated in the r process have yet to be

determined experimentally.

Nucleosynthesis Models

The nucleosynthesis results presented in Fig. 2 have been obtained with the nuclear network
code WINNET [26]. For each hydrodynamic simulation (see Table S1 for setup details), we
post-processed all tracer particles that recorded the evolution of the physical conditions (density
and temperature) as a function of time within different parts of the ejecta. Those temporal
profiles are typically referred to as trajectories and represent the fundamental inputs for our
nucleosynthesis calculations. During the post-processing, we included the additional heating
caused by nuclear reactions, following the description of Ref.[33]. Wherever possible, we
used experimental nuclear reaction rates, but most of the nuclear physics input necessary for r-
process nucleosynthesis calculations is based on theoretical models that are still rather uncertain
for nuclei far from stability.

To illustrate the impact of nuclear physics uncertainties, we repeated all of our calculations
using nine combinations of nuclear physics input. For the first set, labeled FRDM, we used the
default JINA Reaclib reaction rate library® [34] with reaction rates based on the Finite-Range
Droplet Model (FRDM) [35]. For the second set, labeled FRDM(D3C*), we used JINA Rea-
clib but replaced the default theoretical 5-decay rates of Refs. [36,37] with those of Ref. [38].
For the third set, labeled DZ10, we used neutron-capture and charged-particle rates (and their
reverse reactions) based on the Duflo-Zuker mass model with 10 parameters [39], together with
the 5-decay rates of Refs. [36,37]. The complete setup for those sets is summarized in Table 1
of Ref. [40]. The possible fission of actinides in very neutron-rich conditions [20,41] adds an-

other layer of nuclear physics uncertainty to our predictions [29]. To test this, for each input set

3http://reaclib.jinaweb.org/; version from 10/20/2017
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(FRDM, FRDM(D3C*), and DZ10), we ran our nucleosynthesis calculations with three differ-
ent fission fragment distribution models: Panov et al. (2001) labeled as Panov [42], Kodama &
Takahashi (1975) labeled as K & T [43], and the ABLAO7 model [44].

Fig. S1is a version of Fig. 2 where we explicitly show the 2°1/24"Cm ratios predicted using
the nine different nuclear physics model combinations described above. For each site (i.e.,
hydrodynamic simulation), the large, opaque symbols show the isotopic composition of the
total ejected mass, while the smaller, transparent symbols represent trajectories for individual
parts of the ejecta that build up the total ejecta. Although the total ejecta are the most relevant
quantities to focus on for the purpose of this study (see Fig. 2), the different trajectories illustrate

the wide range of physical conditions that can take place within a single r-process event.

Additional Calculations for Dynamical Ejecta

Since the nucleosynthesis calculations presented in Fig.2, and outlined in more detail in
Fig. S1, strongly suggest that very neutron-rich dynamical ejecta (dyn. NSNS (R) and dyn.
NSBH (R)) produce '2°1/%4"Cm ratios below the meteoritic value, we performed additional, in-
dependent network calculations to investigate this conclusion. To do so, we used the nucleosyn-
thesis network PRISM developed jointly at the University of Notre Dame and the Los Alamos
National Laboratory [45]. We applied experimentally known decay rates from NUBASE2016
[46] where available. For theoretical nuclear data, we considered ten mass models (FRDM2012,
FRDM1995, DZ33, Thomas-Fermi (TF), ETFSI, ETFSI-Q, HFB-17, HFB-21, SLY4, and UN-
EDFO) matched with the most appropriate available fission barrier set (TF barriers [47] are
applied with TF masses, ETFSI barriers [48] with ETFSI masses, HFB barriers [49] with HFB
masses, and FRLDM barriers [50] in all other cases). We used the statistical Hauser-Feshbach
framework from Ref. [37,51,52] to produce neutron-capture, 5-decay, neutron-induced fission

and [-delayed fission rates which are consistent with the theoretical masses and fission barriers
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as in Refs. [29, 53]. For the fission yields of heavy neutron-rich nuclei, we used GEF2016 [54].
As was done with WINNET calculations, for a selection of mass models, we considered 3-decay
rates derived from both the Moller QRPA [55] and D3C* [38] frameworks.

The PRISM results for the 12°1/24"Cm ratio with the different theoretical data sets are given
in Tables S2 and S3. When using Moller QRPA [-decay, the ranges given by the simulation
trajectories are typically lower than the meteoritic '2°I/24"Cm ratio, with ETFSI-Q predicting
the highest possible value. The mass weighted average of all trajectories lies below the mete-
oritic ratio for all models. When using D3C* -decay, however, the nuclear data combination of
TF masses and fission barriers predicts 12°1/24"Cm ratios that are consistent with the meteoritic
value. Our calculations suggest that although very neutron-rich conditions in dynamical ejecta
cannot be entirely ruled out as the last pre-solar r-process source, such conditions are strongly

disfavoured by current mass models.

Error Bars of the Observed '?°1/24"Cm Ratio

To compare meaningfully with our nucleosynthesis predictions, the '2°1/24"Cm ratio de-
rived from meteoritic analysis must reflect the nucleosynthesis production of the last r-process
event. As described in the main text, because '?I and 24”Cm have very similar mean lives, their
ratio did not vary significantly between the time when the r-process event that produced them
occurred and the formation of the first solids in the early Solar System. This time interval can be
determined using the 12°1/'2"I and ?*"Cm/23°U ratios, and is currently estimated to be between
100 and 200 million years (Myr) (See Supplementary Text).

The mean lives of '?°I and ?*"Cm have 20 uncertainties of 5% and 6%, respectively, and

their isotopic ratio decays with an equivalent mean life

T1T2

(1

Teq = H?

where 7; and 7, represents the mean life of 2°T and #*"Cm, respectively. We derived the prob-
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ability distribution function of 7., by running Monte Carlo calculations where we randomly
sampled the mean lives of *°I and 2*"Cm individually assuming a normal distribution based on
their 20 uncertainty (see Table 1). We found that 7., ranges from ~ 100 Myr to several billion
years. The relatively short timescales covered by the tail of the distribution implies the possi-
bility that the ejected *2°1/24"Cm ratio could have somewhat deviated from its original value
before being locked into solids.

To account for this possible variation, we decayed the Solar System value backward in time
for 200 Myr using a Monte Carlo approach. In each run, we randomly sampled the equivalent
mean life from the probability distribution of 7.4, as well as the early Solar System value from
a normal distribution based on the 20 uncertainty presented in Table 1. After running this
calculation 10 million times, we found values for the 2°1/24"Cm ratio between 300 and 700 at
1o, and between 190 and 1100 at 20. These confidence intervals are shown in Figs. 2 and S1 and
represent the uncertainty in the observed 129/ 247Cm ratio, as it was just after the last r-process
event that occurred prior the formation of the Solar System. Those are conservative error bars
because our calculations suggest that the last r-process event occurred less than 200 Myr before
the condensation of the first solids in the early Solar System (see Supplementary Text and

Fig. S3).
Supplementary Text

Deriving Physical Conditions from the 12°1/24"Cm Ratio

As shown in Fig. S1, the isotopic ratio of the dynamical ejecta of Ref.[23] (dyn. NSNS
(B)) is lower than the meteoritic value by roughly an order of magnitude. However, this model
contains a significant number of individual trajectories (i.e., sets of physical conditions, see
Methods) that cover a wide range of ratios, both lower and higher than the meteoritic value.

Considering all those trajectories as a collection of possible physical conditions from which we
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can sample, we searched for a combination of trajectories that would lead to the early Solar
System value of 438 + 92 (within 1o uncertainty), as reported in Table 1.

To do so, we employed an iterative random sampling procedure (see also Ref. [30]). In each
iteration, we randomly selected ten trajectories, summed the abundances of '2°I and 24"Cm, and
calculated the integrated '2°I/2*"Cm abundance ratio. If the ratio was in the allowed range of
438 £ 92, the ten trajectories were added to the sampled ejecta, and this process was repeated
until the integrated 12°1/247Cm ratio of the sampled ejecta did not change by more than a factor
of 107% when ten new trajectories were added. This sampled ejecta therefore represents a subset
of trajectories that, once combined together, fits the early Solar System ratio.

In Fig. S2, we show the distribution of electron fractions Y, of the fitted ejecta. This quantity

probes the amount of available neutrons, and is defined as follows,

n
P
Y., = ,
Ny, =+ Ny

(2)

where n,/, is the particle density of protons and neutrons, respectively. The lower Y. is, the
more neutron-rich are the conditions. As shown in Fig.S2, the Y, distribution of the fitted
ejecta is less neutron-rich than the original dynamical ejecta. In fact, the bulk of the fitted
Y, distribution is in between 0.2 and 0.3, with a very small contribution on the very neutron-
rich side (Y, < 0.15), which is the opposite of the original ejecta from which we sampled.
We note that these fitted ejecta are not associated with any r-process site in particular, it only
represents an example of what is needed to reproduce the '2°1/24"Cm ratio in the early Solar
System. Nevertheless, and interestingly, the Y, distribution of the fitted ejecta is comparable to
the distribution of one of the disk ejecta of Refs. [24,25] (Disk 1), which successfully reproduces
the early Solar System *2°I/24"Cm ratio (see Figs. 2 and S1). Using the different nuclear physics

input labeled in Fig. S1 leads to similar conclusions.

Rarity of r-Process Events Nearby the Solar Neighborhood
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An important ingredient in modeling the amount of r-process isotopes that was introduced
into the pre-solar nebula, and in determining whether the 2*1/24"Cm ratio probes only one
event, is the frequency of r-process events occurring in the solar neighborhood. For compact
binary mergers (CBMs), even if there are some constraints for their cosmic and Galactic rates
[4,56,57], it is still challenging to derive the frequency at which a given parcel of gas is expected
to be enriched by those mergers. Back-of-the-envelope calculations suggest that regular core-
collapse supernovae (CCSNe) could pollute a parcel of gas of the Milky Way every 5 — 10 Myr,
when considering a “snowplough” scenario [58]. Because CBMs are more rare than regular
CCSNe by a factor of ~ 100 — 1000 [59], within the same scenario we expect the occurrence
frequency of CBMs within a parcel of gas to be at least of the order of 500 Myr [1]. For rare
classes of CCSNe capable of producing heavy r-process elements up to Cm, if they exist in
nature, their frequency is even more uncertain.

Ref.[16] investigated the evolution of 2#*Pu from the formation time of the Solar System
until today, using a diffusive mixing prescription to spread radioactive isotopes throughout the
interstellar medium. Their best model to explain the variation of ?**Pu observed across this
time window, which is probed by meteoritic analysis and deep ocean crust measurements [60],
involves rare r-process events that would occur every ~ 500 Myr, on average, nearby the Sun.
This low frequency was also derived by Ref. [15], while Ref. [18] obtained a somewhat lower

value of ~ 100 Myr when assuming a site four times more frequent.

Time Since the Last r-Process Event

Calculating the time elapsed between the last r-process event and the condensation of the
first solids in the early Solar System, Aty g, allows us to decay backward the early Solar System
1291/247Cm ratio and recover the nucleosynthesis production of the last event (see Methods).

For the r process, this can be done by predicting the isotopic ratios *2°I/27I and 24"Cm/%*°U
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in the parcel of gas from which the Sun formed, just after that last enrichment event, and decay
them until they reach the early Solar System composition, which sets At [1, 14]. Calculating
Atpg also provides a consistency check for the nucleosynthesis models presented in Figs. 2 and
S1. Not only a given model should be able to reproduce the 2°1/24"Cm ratio, the At derived
independently from 2°1/1%7T and 2*"Cm/?3°U should also be the same, if '2°T and ?*"Cm are
co-produced by the same event.

Given the rarity of r-process events in the solar neighbourhood (see above), we start by
considering that '?°T and ?*"Cm in the early Solar System mostly came from one r-process
event only (we quantitatively consider the likelihood of this assumption in the next section). In
this case, their abundance ratio in the parcel of gas that constituted the pre-solar matter at time
T4 when the event occurred (where time zero is the birth of the Galaxy) is simply proportional
to the respective nucleosynthesis yield, Yiz2o; and Y2s7¢y,, of the event. The abundance of the
stable '27I, instead, reflects the contribution of all the previous r-process events that enriched
the parcel of gas. Assuming an average time interval () between r-process events, the total

gal

number of 27 isotopes within that parcel of gas is proportional to Yisry (%) The iodine

isotopic ratio can be written as [1, 14]

129] Vi ( (6)
1 = K (502 (Tgal , 3)

where /K| is a correction factor extracted from galactic chemical evolution models to account for

the temporal evolution of the star formation rate in our Galaxy and the amount of stable isotopes
locked inside stellar remnants [61, 62], as well as for the amount of stable isotopes ejected
outside the Galaxy by galactic outflows [13]. The abundance of ***U at T, because of its
relatively long half-life, includes the contribution of several r-process events and is proportional

to Yassy | —— = |, which leads to an isotopic ratio of
l1—e 235y

2ty Yoar
_— m — e (0)/2
g = Ko (o) (1= e 0rmne), @

22



where K7 is equivalent to K but taking into account that U is radioactive.

Fig. S3 shows our predictions for At as a function of the recurrence time () between r-
process events, using the correction factors K1 and Ky from the “best” galactic chemical evolu-
tion model of Ref. [13], and using the yields of three selected nucleosynthesis models presented
in Fig. S1. The error bars represent the uncertainty band generated by the 20 uncertainties in
the half-life of 1*°T and ?"Cm. Within a plausible range of (§) (see the previous section), the
time between the condensation of solids in the early Solar System and the last r-process event
ranges between 100 and 200 Myr. This range is consistent with previous estimates [13-15,18].

For the dynamical ejecta of Ref. [23] (Dyn. NSNS (B)) and the disk ejecta of Refs. [24,25]
(Disk 1), the times derived from '2°1/'27T and ?*"Cm/?3>U are consistent with each other within
the uncertainties, while it is not the case for the MR SN model of [26]. Using the different
nuclear physics input shown in Fig. S1 does not alter those conclusions. This means the physical
conditions met in Disk 1 can synthesize '*° and ?*"Cm in such a way that both isotopes trace
back the same r-process event, in addition of being consistent with the '2°I/24"Cm meteoritic
ratio.

The experiment described above assumed that all r-process events generate the same nu-
cleosynthesis product every time. But uncertainties in the nuclear physics and in the physical
conditions of r-process calculations are currently too large (see, e.g., Disks 1, 2, and 3 in Figs. 2
and S1) to reliably include yield variations in our experiment. Once those uncertainties will be
reduced, the calculation should be repeated to strengthen our conclusions. Finally, we note that
our calculations do not consider explicitly any transport of material in the interstellar medium,
but simply assume that all the isotopes are diluted by the same factor. Because such mixing

processes are complex [63—66] and cannot properly be captured with non-hydrodynamic ap-
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proaches, the timescales estimated above should be taken as first approximations.

Probability of Probing One r-Process Event

Metal-poor stars exhibit different levels of actinide enrichment relative to rare-Earth peak
elements, as shown by their elemental ratio between thorium and europium [67,68]. This in-
directly suggests that actinide isotopes such as 24’Cm are not always synthesized in the same
amount from one r-process event to another. Verifying quantitatively that the early Solar Sys-
tem 2°I/247Cm ratio most likely encodes the signature of one event is therefore crucial for
connecting this ratio to r-process nucleosynthesis calculations.

Ref. [19] investigated the stochastic evolution of radioactive isotopes in a given parcel of gas
within the interstellar medium as a function of their mean life 7 and the average time interval
(0) between two consecutive enrichment events. They found that the probability of probing one
event with a radioactive isotope varies from 0 to 100% when the timescale ratio 7/(J) varies
from 1 to 0.01. Because the mean life of '?°I and ?*"Cm is 22.5 Myr, and because () for
r-process events is probably between 100 and 500 Myr (see first part of Supplementary text),
the 7/(d) ratio is roughly between 0.05 and 0.2. According to Fig. 10 in Ref. [19], this range
implies that for more than 90% of the time, 90% of the abundances of '?°I and ?*"Cm in the
interstellar medium were produced by only one event.

Ref. [18] also found that a single 7-process event could account for 50 to 100% of all 24"Cm
present in the early Solar System, using an approach similar to Ref. [16]. In addition, Ref. [15]
suggested that this last r-process event could have contributed to about 80% the amount of 2#4Pu
present in the early Solar System, leaving a 20% contribution from other previous events. Since
244Py has a half-life five times longer than *°I and ?*"Cm, we expect that their models would

predict the latter isotopes to be even more dominated by the last r-process event.

Possible Contribution by Two r-Process Events
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To support the conclusions that 12°1/24"Cm only probes one event, and to better understand
the implications of probing multiple events, we designed a Monte Carlo experiment to calculate
the possible contributions from the two last r-process events that preceded the formation of the
Solar System, using a specific subset of the nucleosynthesis calculations presented in Fig. S1.
For these tests, we used the dynamical ejecta of Ref.[23] (dyn. NSNS B), the MR-SN of
Ref.[26], and the disk of Refs. [24,25] (Disk 1), as these three models predict very different
1291/247Cm ratios from one another (see Fig. S1). This allows us to quantify the chance that a
mixture of two events matches the observed ratio, even if the single events do not. For all these
models, we considered the ABLAOQ7 fission fragment distribution model and the DZ10 mass
model to make sure that one of our three models (Disk 1) precisely reproduces the meteoritic
ratio. This allows us to quantify the chance of mixing a single non-matching event with a
matching event, and remaining within the uncertainties of the observed ratio. We assumed that
all events are independent and can occur at different times, even if disk and dynamical ejecta
are ejected together in the case of compact binary mergers.

We start our calculations by randomly sampling two r-process events and separating them
by a time delay §. This delay is randomly sampled from the probability distribution functions
calculated in Ref [19], which depend on the nature and average frequency of the enrichment
source. We decay the ejecta of the first event for a time ¢ using an equivalent half-life 7,
drawn randomly from the distribution derived in the Methods section, based on the half-life
uncertainties of 12°I and ?*"Cm. Then, we mix the decayed ejecta of the first event with the
ejecta of the second event (i.e., the last event before the formation of the Solar System). We
then compare the mixture against the meteoritic ratio, which was already decayed backward in
time to the last r-process event (see Methods). To decide whether the scenario is a successful
realisation, we account for the probability distribution function of the meteoritic value, using a

Monte Carlo approach. This means the scenario has more chance to be picked if its 12°I/24"Cm
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abundance ratio is close to the center of the meteoritic distribution, while it has less chance
to be picked is its ratio falls on the tail of the meteoritic distribution (e.g., on the edge of the
20 uncertainty band). We repeated this process many times to derive the probability of each
successful scenario.

The results are summarized in Table S4. All refers to all the successful scenarios, while
Two disks, One disk, and No disk refer to the number of disk event(s) among the two r-process
events. Two percent estimates are reported in each cell of the table: the left-hand values were
calculated by minimizing the chance of pollution by two events using an average frequency of 1
event per 500 Myr and a meteoritic ratio decayed backward for 100 Myr, as opposed to 200 Myr
as shown in Figs.2 and S1. The right-hand values were calculated by maximizing the chance
of pollution by two events using a higher frequency of 1 event per 100 Myr and a meteoritic
ratio decayed backward for 200 Myr. A longer decay time implies a larger 20 uncertainty band
for the meteoritic ratio, allowing more scenarios to be successful, and a higher event frequency
enhances the chance of generating two events close-by in time.

Two main conclusions can be drawn from our experiment. First, there is less than 6%
chance that two events other than a disk (No disk scenario) combine their ejecta to generate the
observed value. Second, if the ejecta of one disk is mixed with another type of ejecta (One disk
scenario), the probability for the disk to contribute to more than 99% the amount of 1?1 and
247Cm in the early Solar System is between ~ 51 and 95%. And those probabilities increase
to ~ 84 and 98% when that contribution is lowered from 99 to 90%. The overall probability
of probing two events with production ratios significantly different from the meteoritic value is

highly disfavoured.
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Fig. S1. 1%°1/247Cm abundance ratios predicted by our theoretical 7-process models. This figure
is a more detailed version of Fig. 2, where the ratios from the individual trajectories are shown
as small, transparent symbols, while the integrated ejecta are represented by the larger, opaque
symbols. Different shaped symbols denote different fission fragment distribution models, while
different colors denote different sets of nuclear reaction rates. We refer to the Methods section
for more information. The meteoritic ratio along with the error bars are the same as in Fig. 2.
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Fig. S2. Distribution of the electron fraction (Y,) within the fitted r-process ejecta that suc-
cessfully reproduced the early Solar System meteoritic '2°1/24"Cm ratio of 438 + 92 (green
histogram). This ejecta corresponds to the sum of a subset of the trajectories available with the
dynamical ejecta of Ref. [23] (dyn. NSNS (B)), for which its original Y, distribution, consisting
of all trajectories taken at a temperature of 8 GK, is shown by the yellow histogram. We refer
to the Supplementary Text for more details.
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Fig. S3. Time Aty elapsed between the last r-process event and the formation of the first
solids in the early Solar System, using different nucleosynthesis models (different panels) to
generate the last r-process enrichment of the pre-solar nebula. The dashed and solid lines show
our predictions using the abundances of ?°T and 24"Cm, respectively, as independent tracers
of that time. The uncertainty bands surrounding each line represent the 20 uncertainty due to
uncertainties in the half-life of 2T and 24"Cm. We refer to the Supplementary Text for more
details.
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Label Type of scenario Setup Reference Name in reference
NSNS () 4 il eeta ShenEos 2021 Runl
NSBH(R) o ieea Shengos 120221 Run22
NSNS (B) dggfnsicge;gefw 1.25 Sl\f:%(; E(z)ss Mo [23] SFHO-M1.25

MR SN Mag:srt)(;-rﬁ);?;ional B, :lg 1::[?612 G [26] w/ v heating
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Dik2 et sy kg 0y 2425 6
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Table S1. Description of the hydrodynamical models of r-process scenarios shown in Figs. 2
and S1. The labels in the first column correspond to the model labels found in those two figures.
The setup column contains information on the the initial parameters of the simulations: masses
and equation of state (EOS) for binary mergers; progenitor mass and initial magnetic field
strength B, for the magneto-rotational supernova; torus and BH mass, initial entropy s, and
viscosity parameter « for the disk scenarios.
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129 247 129 247
NSNS merger scenario Mass model Illlanggm Weighltic d a(vjtla:age
TF (D3C¥*) 113.82 — 615.01 360.69
ETFSI-Q 42.21 — 127.57 92.29
ETFSI 37.94 — 108.56 80.04
FRDM2012 (D3C*) 9.01 — 98.78 67.19
ETFSI (D3C*) 3.55 — 126.40 54.01
SLY4 8.79 — 37.31 28.62
TF 11.77 — 25.74 21.79
NS1.2-NS1.4 HFB-17 (D3C¥*) 2.34 — 36.20 16.20
FRDM2012 5.10 — 23.69 13.72
UNEDEFO0 8.28 — 17.50 13.72
HFB-21 4.99 — 16.05 9.24
HFB-17 6.18 — 13.21 9.11
DZ33 5.16 — 8.74 6.43
FRDM1995 2.44 — 8.31 5.52
TF (D3C¥*) 223.93 — 599.49 387.29
ETFSI 58.71 — 86.03 69.06
ETFSI-Q 53.62 — 83.21 67.60
FRDM2012 (D3C*)  15.72 — 89.16 50.14
ETFSI (D3C*) 7.55 — 109.17 38.91
SLY4 15.37 — 33.35 27.18
TF 15.22 — 23.36 19.83
NS1.4-NS1.4 FRDM2012 11.39 — 28.60 16.65
HFB-21 6.82 — 15.45 12.18
UNEDF0 11.19 — 13.06 11.97
HFB-17 (D3C*) 2.66 — 30.54 10.83
HFB-17 8.45 — 10.73 9.33
DZ33 6.09 — 8.58 7.40
FRDM1995 2.46 — 7.48 4.33

Table S2. The '2°1/24"Cm ratio predicted by PRISM network calculations using different mass
models given the NSNS merger dynamical ejecta simulations from Refs. [20-22]. When labeled
(D3C*), we used the Marketin [3-decay rates [38], otherwise we used the Moller QRPA -decay
rates [55]. The numbers in the first column refer to the mass of the neutron stars in units of solar
masses. The third column shows the range covered by all trajectories, while the fourth column
shows the mass weighted average of those trajectories.
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129 247 129 247
NSBH merger scenario Mass model II{/angSm WeighIt:e d asgage
TF (D3C¥*) 123.91 — 231.83 187.56
ETFSI 43.92 — 282.60 83.01
ETFSI-Q 41.04 — 321.49 81.59
SLY4 10.07 — 22.15 14.94
TF 12.15 — 15.61 13.80
FRDM2012 (D3C¥*) 8.65 — 15.61 13.16
UNEDFO0 8.43 — 14.01 10.92
NS1.4-BHS HFB-21 5.30 — 14.05 10.43
HFB-17 7.39 — 22.95 10.19
FRDM2012 5.37 — 13.43 9.27
DZ33 5.20 — 13.11 7.05
ETFSI (D3C*) 3.70 — 8.71 6.02
HFB-17 (D3C¥*) 2.52 — 5.04 3.45
FRDM1995 2.31 -17.19 3.42
TF (D3C*) 143.51 — 531.01 235.37
ETFSI-Q 39.80 — 567.25 84.49
ETFSI 38.39 — 73.23 61.19
FRDM2012 (D3C¥*) 9.15 — 88.10 23.80
SLY4 12.37 — 105.77 23.33
ETFSI (D3C*) 3.96 — 116.48 17.82
TF 11.51 — 21.94 15.48
NS1.4-BHIO FRDM2012 7.92 — 17.66 12.17
HFB-21 6.49 — 15.33 11.55
UNEDFO0 6.52 — 15.29 11.27
HFB-17 8.00 — 14.37 9.75
DZ33 4.63 — 13.39 7.44
HFB-17 (D3C%*) 2.47 — 32.40 6.38
FRDM1995 2.47 — 36.30 4.97

Table S3. Same as Table S2, but for NSBH mergers.
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Type of successful Occurrence One event contributing One event contributing

scenario probability to more than 90 % to more than 99 %
Two disks 33 — 40% - -

One disk 66 — 54% 98 — 84% 95 —51%

No disk 1—6% - -

Table S4. Probability for two r-process events to combine their ejecta and generate a mixture
consistent with the meteoritic 12°I/24"Cm ratio. In each cell, the two percentages correspond to
the minimum and maximum cases described in the Supplementary Text. Two disks, One disk,
and No disk refer to the number of disk event(s) among the two r-process events. The third and
fourth columns show the probability that a single disk event contributed to more than 90% and
99% of the amount of both '?°T and ?*"Cm in the early Solar System. Such probabilities are not
meaningful for the Two disks scenario because in our experiment the nucleosynthesis products
were the same for both disks. For the No disk scenario, the two events individually did not have
an '2°1/247Cm ratio consistent with the meteoritic ratio.
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