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Although the multimessenger detection of the neutron star merger event GW170817 confirmed that mergers are
promising sites producing the majority of nature’s heavy elements via the rapid neutron-capture process (r-process), a
number of issues related to the production of translead nuclei—the actinides—remain to be answered. In this short
review paper, we summarize the general requirements for actinide production in r-process and the impact of nuclear
physics inputs. We also discuss recent efforts addressing the actinide production in neutron star mergers from
different perspectives, including signatures that may be probed by future kilonova and y-ray observations, the
abundance scattering in metal-poor stars, and constraints put by the presence of short-lived radioactive actinides in

1 Introduction
The detection of the kilonova accompanying the gravita-
tional wave emissions from the binary neutron star merger
(BNSM) event GW170817 [1, 2] provided a first direct evi-
dence that the rapid neutron-capture process (r-process)
takes place in BNSMs (see refs. [3-7] for recent reviews
and references therein). This discovery also offers new
insights on a number of key issues including, e.g., the
nature of dense matter and the expansion rate of the uni-
verse [8-22]. However, the comparison of the observed
spectroscopic and photometric data to theory models
only confirmed the existence of heavy elements with high
atomic opacity [23-27], likely lanthanides, as well as the
potential signature of lighter r-process elements such as
strontium [28] (see also [29-31]). Whether or not even
heavier nuclear isotopes—the actinides—can be produced
in BNSM events remain unclear (cf. [32]).

On the other hand, quite a number of metal-poor stars
in our galaxy enriched by the r-process also contain tho-
rium whose relative abundance to the lanthanides are
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similar to those in our Solar system (see, e.g., Refs. [33, 34]
for reviews). This indicates that the major r-process(es)
producing astrophysical sites should also produce certain
amount of actinides. Attempts to use the actinide abun-
dances in metal-poor stars to date their ages and therefore
connect to the age of the Universe through the so-called
nuclear cosmochronometry have been made in [35-40].
Moreover, short-lived radioactive actinide isotopes whose
life times are on the order of few million years (Myrs),
have been shown to be present currently in the Earth’s
deep-sea crusts. Additionally, isotopic anomalies in mete-
orites clearly show that such radioactive isotopes were
present at the time of formation of the Solar system. These
detection have been used as direct evidence of the produc-
tion of actinides by BNSMs or to constrain the r-process
conditions in potential production sites [41-46].

In this article, we review recent efforts that addressed
the issue of actinide production by 7-process in BNSMs. In
Section 2, we discuss the astrophysical conditions allow-
ing for actinide production in BNSMs and the impact of
uncertain nuclear physics inputs. In Section 3, we high-
light recently proposed features associated with actinide
production that may be detected by future kilonova obser-
vations or the next-generation y -ray telescopes. Section 4

© The Author(s). 2022 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The

images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1007/s43673-022-00048-1&domain=pdf
http://orcid.org/0000-0003-4960-8706
mailto: mwu@gate.sinica.edu.tw
mailto: projjwal.banerjee@gmail.com
http://creativecommons.org/licenses/by/4.0/

Wu and Banerjee AAPPS Bulletin (2022) 32:19

focuses on the observation of actinide abundances in
metal-poor stars and their implications. Section 5 dis-
cusses the implications of measurements of the short-
lived radioactive isotopes on actinide production in
BNSMs. We conclude this review in Section 6.

2 Theoryrequirements and nuclear physics inputs
Earlier r-process nucleosynthesis studies that adopted
either the parametrized BNSM ejecta properties or the
outflow trajectories extracted from numerical simulations
modeling the post-merger evolution of BNSMs, revealed
that a significant amount of actinides with mass fraction
Xact = 1073 is only produced in ejecta with Y, < 0.2 [47—
60]. This can be qualitatively understood from relating the
averaged nuclear mass number at the end of the r-process
({A)r) to the averaged initial seed nuclear mass number
({A)s) and the abundance ratio of free neutrons to seed
nuclei (R,;/5) before the onset of r-process by

(A>f = (A)s + Rn/s- (1)

Assuming that right before the onset of r-process (usu-
ally around T >~ 3 — 5 GK), the nuclear composition is
dominated by free neutrons, with the presence of a small
amount of seed nuclei formed via charged-particle reac-
tions (or the «-process) [61], the neutron-to-seed ratio

Rys can be related to the electron fraction Y. of the ejecta
by

(Z)s — Ye(A)s

Y, . (2)

Rn/s =
where (Z); is the averaged initial seed nuclear charge
number. To produce a significant amount of actinides, the
r-process nucleosynthesis needs to proceed beyond the
third peak at A >~ 195, which corresponds to (A)r 2
150 [51]. Using this condition together with Eqs. (1) and
(2), and considering typical values of (Z); ~ 30 and
(A)s ~ 80, one gets Y. < 0.2 as the rough threshold
value for actinide production in BNSM ejecta. Figure 1
shows the actinide mass fractions X,¢t as a function of Y,
computed after a time evolution of one day (24 hrs) for
a typical parametrized BNSM ejecta trajectory, with an
initial entropy per nucleon s = 10 kg and a dynamical
timescale T = 10 ms used in [62] (see [51] for the form
of parametrization), but supplied with different nuclear
physics inputs. It clearly shows that although different
nuclear physics inputs give rise to quantitatively different
amount of actinides for a given value of Y,, the actinide
mass fractions all drop to less than 10™* at values of Y, >
0.2. Current BNSM and post-merger simulations suggest
that actinides with Xyt 2 1073 can be produced in out-
flows containing a non-negligible component of Y, < 0.2,
ejected dynamically during the merging phase (due to
tidal disruption or BNS collision) as well as from post-
merger accretion disk outflows with a central black hole
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Fig. 1 The actinide mass fraction Xact as a function of Y for a
trajectory with an initial entropy per nucleon s = 10 kg and a
dynamical timescale T = 10 ms. The red dotted, blue solid, and black
dashed lines are obtained with different combinations of theoretical
nuclear mass models (FRDM or DZ31) and (“+") B-decay rates
(Moller03 or D3C*)

or short-lived hyper-massive neutron star that collapses to
a black hole within ~ tens of ms [47-50, 52, 53, 57-60].

Let us now discuss the impact of nuclear physics
inputs on actinide production. As studied in Refs. [54,
56, 62-72], the theoretical nuclear physics inputs such
as the nuclear mass predictions, the S-decay half-lives of
translead nuclei, and their fission properties can all greatly
impact the production of actinides. This is clearly demon-
strated by Fig. 1, where variation of up to a factor of
~ 10 in Xyt is found for the same Y, when using dif-
ferent nuclear physics inputs based on two nuclear mass
models—the Finite Range Droplet Model (FRDM) [73]
and the Duflo-Zuker mass formula with 31 parameters
(DZ31) [74]—used in [52, 66], combined with two differ-
ent B-decay rates from [75] (labeled by Moller03) and [76]
(labeled by D3C*).

The effect of nuclear masses comes in mainly through
the change of the r-process path, which can be defined by
a set of nuclei, each of which is the most abundant one in
an isotopic chain. For r-process that operates at tempera-
ture that is high enough (T 2 0.7 GK) so that the balance
between the neutron captures and photo-dissociations,
i.e, the (n,¥) < (y,n) equilibrium, can be maintained,
the r-process path locates at nuclei that have two-neutron
separation energy Sy, just above [77]

Ty 3
89, = ) (34.075 — logn, + - log T9> , (3)

where Ty is the temperature in GK and #, is the free
neutron number density. Thus, changes in nuclear mass
prediction affect how far away from stability the r-process
path locates on the nuclear chart. Then, due to the typical
condition close to the steady g flow during the r-process,
the abundances of neighboring isotopic chains satisfy [78]

Y(2)(rp(Z)) = Y(Z + D(Ap(Z + 1)), (4)
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where Y(Z) = ) 4, Y(Z,A) is the total nuclear abun-
dance of an isotopic chain with proton number Z, and
(Ag(2)) = D4 rp(Z,A)Y(Z,A)/Y(Z) is the averaged -
decay rate of the same chain. Because (Ag(Z)) may be
well approximated by Ag of the nuclei on the r-process
path, Eq. (4) implies the following: for two different r-
process calculations that have the same S-decay inputs,
the case where the r-process path locates further away
from the stability in a certain region will have lower
nuclear abundances in that region when compared to the
other case.

In Fig. 2, we show in panel (a) the comparison of the
abundance Y(A) at the time when R,,/s = 1 for Y, = 0.07
for cases with FRDM+Modller03 and DZ31+Modller03, in
panel (b) the corresponding r-process paths, and in panel
(c) the Sy, (N) for Z = 78 around A = 230. Panel (b)
clearly shows that the FRDM mass model results in a path
further away from the stability than the DZ31 case. The
corresponding Y (A) around the same mass number range
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Fig. 2 Comparison of the abundance Y(A) (a), r-process path (b), and
the two-neutron separation energy S, (N) for Z = 78 (c) from
calculations with Y, = 0.07, for trajectory with an initial entropy per
nucleon s = 10 kg and a dynamical timescale = 10 ms. The red
dotted and blue solid lines are obtained with the FRDM and the DZ31

mass model, respectively. For both cases, Sgn ~ 3 MeV
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are also a factor of a few smaller than the DZ31 case as
shown in panel (a). This difference originates from dif-
ferent evolution of Sy, in mass models shown in panel
(c). The DZ31 model predicts a faster decline of Sy,, than
FRDM in the actinide region, which results in an r-process
path closer to stability and higher actinide abundances as
discussed above.

For $-decays, their impact on the actinide abundances
comes in directly through Eq. (4). Models that predict rel-
atively faster decay rates in region of actinides compared
to other parts of the nuclear chart lead to generally smaller
amount of actinide production [54]. Comparing the two
example B-decay models, Moller03 and D3C*, Fig. 3a
shows that D3C* predicts shorter half-lives than Moller03
by ~ a factor of O(10) for A 2 200. This then results
in smaller actinide abundances during the r-process as
shown in panel (b) for cases with Y, = 0.07, and is the pri-
mary reason for the generally lower X,t shown in Fig. 1
for D3C*.

The properties of nuclear fission can also substan-
tially affect the actinide abundances in r-process with low
enough initial Y, < 0.1 obtained in, e.g., the tidally dis-
rupted material in BNSMs or NS—black hole mergers [68,
70, 72]. These impacts can be generally classified as direct
and indirect ones [70]. The theory dependent prediction
of fission barrier and fission path for neutron-rich nuclei
of A 2 250 directly determines the relevant fission rates.
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Fig. 3 a The ratio of -decay rates from D3C* [76] and Mdller03 [75]
models. The blue line shows the r-process path obtained from a
calculation with Y, = 0.07, an initial entropy per nucleon s = 10 kg,
and a dynamical timescale T = 10 ms, using the FRDM mass model
and the D3C* B-decay rates at the time when R, /s = 1.b The
comparison of abundances for A > 170 using the same trajectory.
Both lines are with the FRDM mass model, while the D3C* (Méller03)

B-decay rates are used for the blue (red) line
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After the r-process freeze-out, when all decay channels
(including fission) start to compete, higher fission barri-
ers (or lower fission rates) along relevant isobaric chains
can lead to a higher amount of actinides surviving against
fission [68, 70]. Consequently, this can result in a larger
amount of actinides with A 2 250 at times relevant for
kilonova observation (see next section for the particular
importance of 2>*Cf).

The fission rate predictions, together with other rates,
also determine the free neutron abundance post the
r-process freeze-out via a quasi-equilibrium condition
found in [70]. This can lead to more than one order of
magnitude difference in free neutron abundance. Cases
with larger post freeze-out free neutron abundances
undergo more neutron-induced fission, which then results
in less A 2 250 actinides that survive against fission.
Moreover, a larger amount of free neutrons can also trans-
port non-fissioning actinides of 220 < A < 230 to higher
masses, which then affects the «-decay heating relevant
for kilonovae (see also next section).

The above discussions outline the major impact of
uncertain nuclear physics inputs on the actinide produc-
tion in merger ejecta. Further development in nuclear
theory modeling, e.g., [79-84], will continue to improve
our understanding in this aspect. In the next section,
we will discuss how they can possibly leave imprints on
kilonova emission of BNSMs.

3 Potential electromagnetic observables

The unstable nuclei produced by r-process in the BNSM
ejecta within the timescale of ~ O(1) s gradually decay
back to the stability while the ejecta expands. The released
nuclear energy from all possible decay channels, includ-
ing B-decays, a-decays, and different kinds of fission
(neutron-induced, B-induced, spontaneous, y-induced,
etc.) directly powers the electromagnetic emission—
kilonova—at epochs when thermalized photons can
escape, which happens roughly after O(1) days post the
merger [3, 85-88]. Modeling the kilonova lightcurve and
spectral evolution plays a decisive role in extracting the
underlying properties of the expanding ejecta from obser-
vation [23, 27, 89-97].

For this purpose, it was realized in recent years that the
exact amount of actinide present in BNSM ejecta can crit-
ically affect the amount of the radioactive heating relevant
for kilonovae [62, 68-71, 89, 98—100]. For instance, Refs.
[89] and [98] first found that the radioactive heating rate
(after taking into account the effect of particle thermaliza-
tion) differ by a factor of 2—6 during ~ 1 — 10 days when
adopting different nuclear mass models shown in Fig. 1,
for very neutron-rich ejecta with Y, < 0.1. The origin of
this difference can be related to the produced amount of
nuclei that o decay at relevant times. Later, Ref. [62] fur-
ther identified that specifically the a-decay nuclei *2*Rn,
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Fig. 4 Impact of the existence of actinides on the bolometric
lightcurve of kilonovae. The dotted red, solid blue, and dashed green
lines (labeled by FRDM, DZ31, and »>*Cf enhanced) represent cases
where the lightcurves are dominated by the energy release from
B-decays, a-decay actinides, and spontaneous fission of 2>4Cf,
normalized to t = 6 days. The filled and the hollow triangles are the
observed and the lower bound of the brightness of the GW170817
kilonova. Data for this plot are taken from [62]

224Ra, 223Ra and 22°Ac with half-lives t12 of 3.8, 3.6,
11.43, and 10.0 days', as well as the spontaneous fission-
ing nuclei 2>*Cf (¢ = 60.5 days), can potentially leave
interesting imprints on the bolometric kilonova lightcurve
at ¢t 2 10 days (see Fig. 4). Around the same time, Ref.
[69] studied independently the impact of 2>*Cf on certain
bands of the lightcurves and reached similar conclusion.
These findings suggest that a precise measurement of
future kilonova late-time lightcurves from BNSM events
can possibly be used to infer the presence of «-decay
actinides to the abundance level of ~ 10~> and 2**Cf to
~ 107°. More recently, Ref. [71, 100] suggested that the
uncertainty from nuclear physics inputs on the kilonova
heating rate can be as large as one order of magnitude even
at the peak time, based on results that explored outflow
conditions with single Y, values.

The primary reason behind the possibility of the above
discoveries is rather simple: these nuclei generate much
larger energy per decay (« or fission) than that from the
B-decay of non-actinides. For instance, the o decays of
aforementioned actinides with half-lives of days are fol-
lowed by a sequence of fast @ and B decays with much
shorter half-lives before reaching stable isotopes. The
total released energy in each of these decay chains is ~
30 MeV. For the case of the fission of 2°*Cf, it releases
~ 180 MeV per decay. These values are much larger
than the typical B-decay energy release of < O(1) MeV
per nucleus. Moreover, the thermalization efficiencies of

'n r-process, 22° Ac is actually produced via the B-decay of 22°Ra, which has a
similar half-life of 14.9 days.
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products from the a-decay sequence and fission are typi-
cally higher than those from B-decay, where neutrinos and
y -rays can carry a significant part of the energy away with-
out thermalization [89, 101]. Consequently, these decay
channels can dominate the energy deposition into the
ejecta even with much smaller abundances than the -
decay non-actinide nuclei and leave imprints on kilonova
observations. A caution here is that the detailed effects of
the excessive heating on the precise spectral evolution of
kilonovae at such late times require improved radiation
emission modeling during the nebula phase of kilonovae
[102, 103]. Future work along this direction is crucial if
one would like to convincingly use the late-time kilonova
lightcurve to obtain information regarding the presence of
actinides or to even constrain the associated theoretical
nuclear physics inputs.

Besides the impact of actinide production on kilonova
lightcurves, their presence might also contribute to the y -
ray emission from individual BNSM event [101, 104—108]
or from old BNSM remnants (~ 10*~10° years old) resid-
ing inside the Milky Way [105, 109, 110]. In particular,
[109] suggested that if future sub-MeV y-ray missions can
reach a line sensitivity of ~ 1078 y cm~2 571, then there is
a non-negligible chance (~10 — 30%) to detect lines from
the decay of 23°Th with a number fraction of ~ 107> —
107% per merger in Milky Way’s old BNSM remnants. If
such lines are detected and the remnant is confirmed to
be produced by a past BNSM, it will provide a direct evi-
dence of actinide production in BNSMs. Meanwhile, Ref.
[106] found that the y emissions from fissioning actinides
may dominate the smeared spectra above 2 3 MeV during
~10—1000 days post merger. This would require a Galac-
tic event even for future missions, but can in principle be
a potential signature of actinide production in mergers.

4 Actinides in metal-poor stars

Stars with [Fe/H]< —2 are known as very metal-poor
(VMP) stars. Low mass VMP stars of < 0.9Mg are
thought to have formed within ~ 1-2 Gyr from the time
of Big Bang and are still alive today. The surface com-
position of VMP stars provide a direct snapshot of the
interstellar medium (ISM) in the early Galaxy. This is
particularly important because the abundance patterns of
elements in the early Galaxy are thought to be from a few
nucleosynthetic events. With regard to r-process, VMP
stars that are formed from ISM enriched in r-process
([Ba/Eu]<0), provide a direct measurement of the nucle-
osynthesis from individual r-process sources. Depending
on the level of r-process enrichment, they are classified
as -1 (0.3 < [Eu/Fe] < 1) and r-II ([Eu/Fe] > 1) stars
[135]. Starting with the discovery of the famous r-II star
CS 22892-052 [136, 137], a number of r-I and r-II stars
have been discovered that have detailed abundance pat-
terns for heavy elements. Remarkably, these stars show
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using the SAGA database [111] and adapted from Refs. [112-134]

an almost identical abundance pattern that agrees well
with the Solar r-process pattern from Ba to Pb [33, 34]).
However, some of the r-II stars show an enhanced Th
abundance (relative to Eu) when compared to the rest
of the r-1II stars [126]. These are referred to as actinide-
boost stars. Figure 5 shows the observed Th/Eu ratio vs
[Fe/H] as observed in VMP as well as metal-poor stars.
As can be seen for the figure, there is a considerable scat-
ter of up to an order of magnitude in the observed Th/Eu
ratio. Despite the large scatter, the definition of stars with
“normal” Th/Eu ratio is somewhat subjective due to the
considerable 1o uncertainty of 2> 0.15 dex in the observed
Th/Euratio in individual stars. The horizontal lines shown
in Fig. 5 shows the band corresponding to log e (Th/Eu) =
—0.5 + 0.15 as adopted recently by Ref. [128] to define
“normal” Th/Eu stars. With this definition, there are 3
stars with Th/Eu values that are clearly above the band
and 5 more stars that have mean values above — 0.35 but
still lies within the band when the 1o error is taken into
account. Similarly, there are two stars whose Th/Eu values
are clearly below the band and 3 more stars whose mean
values are below — 0.65 but lie within the band when 1o
uncertainty is taken into account. Regardless of the exact
definition of what a normal r-process Th/Eu ratio is, it is
clear that the difference in the Th/Eu ratio in stars above
and below the band is statistically significant and points to
variations in the actinide abundance that is in sharp con-
trast with the robust pattern seen in elements between the
second and third r-process peak.

Refs. [54, 128] investigated whether BNSMs can account
for the scattering of the observed log e (Th/Eu) discussed
above, and found that a proper mixture of low Y, <

2log e(X) = log(Nx/Ny) + 12, where Nx and Ny are the number of atoms of
element X and hydrogen, respectively. For elements X and Y,
loge(X/Y) = loge(X) —loge(Y) = log(Nx /Ny).
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0.15 and high Y, components can easily reproduce the
observed range of log ¢ (Th/Eu). In such a scenario, the low
Y. < 0.15 component may produce log € (Th/Eu) 2 0 and

~

the high Y, 2 0.15 component plays the role of diluting
log e(Th/Eu). For example, both the FRDM+Moeller03
model and DZ31+Moeller03 model shown in Fig. 2 pro-
duce 0 < loge(Th/Eu) < 1.0 for Y, < 0.15 (taken
at ¢ = 13 Gyr). Since this value decreases rapidly with
increasing Y, 2 0.15, a dilution factor of ~1 — 10 for both
cases can lower log € (Th/Eu) to the observed range shown
in Fig. 5. On the other hand, the model FRDM+D3C*
only obtains loge(Th/Eu) < —0.7, which appears to be
inconsistent with the observations. This may point to
the possibility of constraining the B-decay half-lives of
exotic neutron-rich heavy nuclei with metal-poor stars.
However, given the large uncertainties involved in model
predictions and observations, it is too early to draw any
definite conclusions.

In addition to the Th (and U) abundances that can be
directly used to infer the actinide production in BNSMs,
a precise measurement of the abundance of Pb can also
provide useful information. This is because most of the
non-fissioning actinides produced by r-process ultimately
decay to Pb isotopes (other than those blocked by Th). In
particular, it may be used to constrain the amount of «-
decay nuclei relevant for kilonova discussed in Section 3
assuming BNSMs are indeed the sites enriching these
stars [94]. Notwithstanding the large theoretical and even
larger observational uncertainties associated with the Pb
abundance that precludes a definite answer now, it may be
worthwhile to examine this in future with improved theo-
retical understanding as well as better observational data

(e.g., [138]).

5 Short-lived radioactive actinides

Radioactive isotopes that have half-lives of a few Myr
are called short-lived radioactive isotopes (SLRIs). They
provide crucial information about the local enrichment
history over the relatively short timescales of their half-
lives. Broadly, abundance of SLRIs can be measured in
three distinct regimes. The first is the measurement of
live SLRIs present in the ISM using y -ray telescopes that
detect the emitted y-rays following radioactive decay of
SLRIs such as 2°Al and ®Fe. Such measurements have
been used to directly probe ongoing star formation in the
Galaxy [139, 140], and can in principle be used to probe
the BNSM history as well (see Section 3). On the other
hand, live SLRIs that are incident on Earth are eventu-
ally deposited at the Earth’s deep sea floor which grows
over time. Measuring SLRIs in different layers of such sea
crusts gives the enrichment history of the local ISM over
the last ~10-25 Myrs. Lastly, and remarkably, abundance
of SLRIs that were present at the time of the formation of
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the Solar system can be measured by analyzing the iso-
topic anomalies in meteorites resulting from the SLRIs
decaying to stable daughter isotopes. This can probe the
nucleosynthetic events that occurred within a few Myr
before the formation of the Solar system.

With regard to r-process, the important SLRIs are 12°1
(half-life of 15.6 Myr) and actinides 2**Pu (half-life of 81
Myr) and ?*Cm (half-life of 15.7 Myr). In terms of live
SLRIs measured in deep sea crusts, 2**Pu is particularly
important because of its relatively longer half-life. Ref. [41]
have shown that the amount of live 2**Pu accumulated in
deep sea crust over the last 25 Myr can be used to esti-
mate the local ISM density of 2**Pu which turns out to
be about two orders of magnitude lower than the amount
expected from a frequent r-process source associated with
a regular core-collapse SN. More recent measurements of
deep sea crust that correspond to the last ~ 10 Myr also
point towards a rare r-process source [45]. Interestingly,
244py has also been measured in meteorites and has been
shown to be present in the early Solar system (ESS) with
an abundance of 2#Pu/2%8U= (7 + 1) x 1073 [141]. Sur-
prisingly, the abundance measured in the ESS corresponds
to an ISM density that is ~ two orders of magnitude
higher than the value inferred from deep sea measure-
ment. Figure 6a shows the evolution of local ISM 2*4Pu
density with time for two different r-process sources with
a frequencies of 500 Myr—! and 10 Myr~! using the turbu-
lent gas diffusion prescription used in Ref. [142]. As can
bee clearly seen from the figure, an r-process source that
has a lower frequency is required to account for the ~ 2
orders of magnitude variation in local 2#*Pu density. This
essentially rules out the possibility of a frequent r-process
source associated with core-collapse SN and points to a
rare but prolific source with an upper limit of the inferred
occurrence rate of < 10Myr~! [142], which is consis-
tent with BNSMs or some rare supernovae (SNe) such as
the magneto-rotational SNe (MRSNe) [143—-145]. In addi-
tion to the constraint put by 2#*Pu ISM density, Ref. [43]
showed that the abundance ratio of *’Cm/?**Pu in the
ESS can also be used to directly constrain the r-process
event rate during the formation of the Solar system with
a inferred rate of 1-100 Myr~!. Figure 6b shows the
corresponding evolution of the 24’ Cm/?**Pu for the mod-
els plotted in Fig. 6a. As can be seen clearly from the
figure, an r-process source with higher frequency results
in 247Cm/?*Pu that is always higher than the measured
value in the ESS. On the other hand, a rare r-process
source of BNSM-type can easily account for the observed
value.

The ESS measurement of 2*’Cm is also particularly
interesting when combined with the measurement of 121.
In a recent study by Ref. [44], it was shown that due to
the fortuitous coincidence of nearly identical half-lives of
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these two isotopes that are also almost exclusively pro-
duced by r-process, the 12°1/247Cm ratio stays constant
over time and is not sensitive to the typical uncertain-
ties associated with Galactic chemical evolution. Assum-
ing a rare r-process source, it was shown that the value
of 438 + 184 measured in the ESS corresponds to the
“last” r-process event that contributed to the Solar sys-
tem inventory. Because the ratio 12°1/247 Cm is particularly

sensitive to the neutron richness, this can directly con-
strain neutron richness of the “last” r-process event. It was
shown that the measured value in the ESS is consistent
with moderately neutron-rich ejecta that are associated
with disk winds following BNSMs. On the other hand, the
value is inconsistent with both very neutron-rich ejecta
that is usually associated with tidally-disrupted ejecta, and
mildly neutron-rich ejecta that associated with MRSNe.
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A recent study by Ref. [46] has found that the origin of
247Cm and I in the ESS is likely more complicated. In
particular, when the turbulent gas diffusion prescription
is used to model the 2T and ?*’Cm abundance, it was
found that in addition to a major contributing event, at
least two more events contribute substantially to the ESS
inventory of '2°1/24Cm. As an illustration, Fig. 7 shows
the comparison between evolution of the 12°1/24” Cm ratio
for one (black) and two (blue) r-process sources. In the
case with two sources, it is assumed that they are equally
frequent and have distinct 12°1/247 Cm production ratios
of 10 and 100. As can be seen clearly from the figure, with
two sources, the value of 12°1/247 Cm not only takes 10 and
100 but also intermediate values for substantial intervals.
Thus, the measured value of the 12°1/24”Cm ratio may not
correspond to the production ratios of the individual r-
process event. Furthermore, it was shown that when the
measured values of 12°1/'27T and 2#’Cm/?**U are taken
in to account, the effect is even more dramatic with the
major contributor accounting for only ~50% of the 2°I in
the ESS. Overall, it was found that it is not possible to put
straightforward constraint on the “last” r-process source
using the measured ESS ratio of 12°1/247 Cm. Nevertheless,
1291/247Cm can still be used to put important constraints
on the nature of r-process sources that were operating
during the formation of the Solar system. In particular,
an r-process source that is primarily composed of low Y,
ejecta as a major source of r-process is highly disfavored.

6 Conclusion
In this short review article, we have discussed several
aspects related to actinide production in r-process sites
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and particularly in BNSMs. First, we reviewed the general
condition (Y, < 0.2) for actinide production via r-process
in typical neutron star merger outflows. We then demon-
strated with simple examples the impact of yet-uncertain
nuclear physics inputs (including masses, S-decay half-
lives, and fission) on actinide production relevant for
kilonova observations. Mass models that predict steeper
drops of neutron separation energies around Z ~ 78 and
N ~ 150 generally lead to an r-process path closer to
the stability and permit higher actinide yields around A ~
230. For B-decays, a mass model that predicts longer half-
lives for actinides directly leads to a smaller amount of
actinide production. Nuclear fission predictions directly
affect the amount of actinides that survive against fission
for A 2> 250, and indirectly influence A ~ 220 — 230
through their impact on post freeze-out abundance of
neutrons.

We further reviewed the recent findings regarding the
impact of actinide production in BNSM outflows on kilo-
nova lightcurves. Both the «-decay nuclei (%22Rn, 224Ra,
223Ra and ??°Ac) and the spontaneous fission nucleus
254Cf can dominate the radioactive heating for kilono-
vae at late times (= 10 days) even with subdominant
yields, due to their larger energy release per nucleus than
B decays. Detailed late-time observations of future kilo-
novae, together with improved theoretical modeling of
radiation at relevant times can possibly probe the presence
of actinides in BNSM outflows. Moreover, the amount
of actinides produced in BNSMs may also leave imprints
on y-ray emission for live events or for older remnants
(~ 10*~10° years old) in our Milky Way, which may be
probed by the next generation MeV y -ray missions.
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Beyond the detection of electromagnetic signatures that
may be realized in future, we also discussed the impli-
cations of actinide production in mergers from clues
obtained with abundances observed in VMP stars as well
as with the SLRIs measured in deep-sea crusts and mete-
orites. The observed VMP stars show a large scatter
of Th abundances by ~ a factor of 10 relative to the
Eu abundances (classified as actinide-boost, normal, and
actinide-poor). This scatter can be explained by a mixture
of high and low Y, components of BNSM ejecta. However,
nuclear physics models that predict low Th yields are in
tension with actinide boost stars, and may be constrained
with improved observational uncertainties, if these stars
were indeed enriched by BNSMs. Besides, better determi-
nation of the abundance of Pb in VMP stars in future can
also offer insights into the amount of «-decay actinides
production during BNSMs.

With regard to SLRIs, we reviewed the important con-
clusions derived in literature that measurements of *4Pu
and 2¥’Cm in ESS and in Earth’s deep-sea crust suggest
they were dominantly produced by a rare and prolific
BNSM-like source with an occurrence frequency of ~
10 Myr in Milky Way, instead of a more frequent source
like typical core-collapse supernovae. Furthermore, we
discussed recent findings on the implication of the mea-
sured abundance ratio of SLRIs *4Cm to 12°I (both have
almost identical half-lives) in the ESS, as inferred from
meteorites, on the r-process condition in BNSMs. If the
ratio measured in the ESS ratio was from a single “last”
polluting r-process event, then a moderately neutron-rich
condition (similar to the BNSM accretion disk outflow) is
preferred. However, it remains likely that multiple events
contributed to this ratio such that a direct inference
deduced from single event assumption is not valid. In this
case, this measurement still suggests that an r-process
source dominantly consisting of low Y, material as the
major source of r-process is disfavored.

In summary, in recent years, tremendous observational
efforts in several directions have helped to gain crucial
insights in to r-process and indicates BNSMs as the likely
source. This is also consistent with current theoretical
predictions although a clear answer, particularly regarding
the exact level of neutron richness and associated actinide
production, is still lacking. In order to reach a definitive
conclusion, further improvements are required in theoret-
ical predictions combined with additional observational
data. It is hopeful that with all the probes summarized in
the review, and potentially other new ideas, this question
will be fully answered in the coming decades.
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