THE ASTROPHYSICAL JOURNAL LETTERS, 951:L13 (9pp), 2023 July 1
© 2023. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847 /2041-8213 /acd9cb

Erika M. Holmbeck "’

Superheavy Elements in Kilonovae

, Kelsey A. Lund>* @ Trevor M. Sprouse“’(J ,G. C. McLaughlin3 ,

Matthew R. Mumpower4 6
! Observatories of the Carnegie Institution for Science, 813 Santa Barbara Street, Pasadena, CA 91101, USA; eholmbeck @carnegiescience.edu
2 Kavli Institute for Theoretical Physics, Kohn Hall, University of California, Santa Barbara, CA 93106, USA

3 Department of Physics, North Carolina State University, Raleigh, NC 27695 USA
4 Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Center for Nonlinear Studies, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

6 Center for Theoretical Astrophysics, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
Received 2023 April 4; revised 2023 May 18; accepted 2023 May 30; published 2023 June 29

. 2
, Jennifer Barnes

Abstract

As LIGO-Virgo-KAGRA enters its fourth observing run, a new opportunity to search for electromagnetic
counterparts of compact object mergers will also begin. The light curves and spectra from the first “kilonova”
associated with a binary neutron star merger (NSM) suggests that these sites are hosts of the rapid neutron capture
(“r’) process. However, it is unknown just how robust elemental production can be in mergers. Identifying
signposts of the production of particular nuclei is critical for fully understanding merger-driven heavy-element
synthesis. In this study, we investigate the properties of very neutron-rich nuclei for which superheavy elements
(Z > 104) can be produced in NSMs and whether they can similarly imprint a unique signature on kilonova light-
curve evolution. A superheavy-element signature in kilonovae represents a route to establishing a lower limit on
heavy-element production in NSMs as well as possibly being the first evidence of superheavy- element synthesis in
nature. Favorable NSM conditions yield a mass fraction of superheavy elements Xz~ 04 ~ 3 X 102 at 7.5 hr post-
merger. With this mass fraction of superheavy elements, we find that the component of kilonova light curves
possibly containing superheavy elements may appear similar to those arising from lanthanide-poor ejecta.
Therefore, photometric characterizations of superheavy-element rich kilonova may possibly misidentify them as
lanthanide-poor events.

Unified Astronomy Thesaurus concepts: Nucleosynthesis (1131); R-process (1324); Light curves (918); Nuclear
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1. Introduction

The joint multimessenger detection of gravitational waves
and electromagnetic emission from the merger of two neutron
stars in 2017 (Abbott et al. 2017a) represented a new
opportunity for observational studies of heavy-element produc-
tion. Sixty years after the r-process was first theorized
(Burbidge et al. 1957; Cameron 1957), the neutron star merger
(NSM) event GW170817 (Abbott et al. 2017b) and its
corresponding afterglow AT2017gfo (Coulter et al. 2017;
Cowperthwaite et al. 2017; Drout et al. 2017; Kilpatrick et al.
2017; Shappee et al. 2017) provided the first direct evidence
that binary neutron star mergers can host the r-process (Kasen
et al. 2017; Smartt et al. 2017; Tanaka et al. 2017; Tanvir et al.
2017; Villar et al. 2017; Watson et al. 2019), supporting a
theory proposed decades earlier (Lattimer & Schramm 1974).
Consequently, recent studies of compact object mergers and 7-
process nucleosynthesis have focused on macrophysical and
microphysical properties that can be deduced from compact
object merger light curves, e.g., broad parameter estimation of
ejecta masses and velocities (Coughlin et al. 2019; Radice &
Dai 2019; Breschi et al. 2021; Heinzel et al. 2021). In addition,
fission, which was known to be a critical factor in determining
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the abundance pattern (e.g., Beun et al. 2008; Vassh et al.
2020), was now realized to be an important predictor of the
light curve. Recent studies have investigated the detailed
elemental compositions of the ejecta and fission properties of
heavy nuclei (Wu et al. 2019; Vieira et al. 2023). In general,
composition inference and the claim that r-process elements
were synthesized in the GW170817 event are based on the
effect of high-opacity lanthanides (57 <Z < 71) on the light-
curve evolution, and it cannot currently be definitively claimed
that anything beyond the lanthanides were created in that event
(see Zhu et al. 2018).

Recent works have detailed the effects of ejecta mass and
composition on kilonova light curves (Barnes et al. 2021; Zhu
et al. 2021; Lund et al. 2023) and have even identified an
individual nucleus that can power the light curve at late times:
24Cf (Zhu et al. 2018). With a half-life of about 60 days, the
energy released by the spontaneous fission of 2>*Cf can prolong
the evolution of light in the JHK bands, leaving a measurable
excess of light beginning as early as 25 days post-merger. Such
a late-time detection would be observational proof that the
actinides (89 < Z < 103) are synthesized in mergers—not just
the lanthanides. Other works have also discussed individual
nuclei that can power the late-time light curves (e.g., Wu
et al. 2019).

An earlier signal could possibly arise from the energetic
decay of even heavier nuclei: the “superheavy” elements with
Z > 104. Whether these elements are even produced by nature
is a topic of debate and depends sensitively on the nuclear
physics at high proton and neutron numbers (Holmbeck et al.
2023). In this work, we explore a subset of nuclear models that
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can produce superheavy elements in an NSM environment and
study the effect that superheavy elements have on kilonova
light curves.

2. Nucleosynthesis of Superheavy Elements

To investigate the effect of superheavy elements on kilonova
light curves, we first choose conditions that favorably produce
these elements. Across r-process nucleosynthesis studies (see
Arcones & Thielemann 2023 and references therein), it is
found that conditions that generally produce high actinide
abundances are the low entropy and high neutron richness of
dynamical ejecta from NSMs. Therefore, we choose a single
dynamical ejecta trajectory from the 1.4—1.4 My NSM simula-
tions of S. Rosswog (Piran et al. 2013; Rosswog et al. 2013) as
in Korobkin et al. (2012). We run nucleosynthesis simulations
with the nuclear reaction network code Portable Routines for
Integrated nucleoSynthesis Modeling (PRISM; Sprouse 2020)
and begin the network in nuclear statistical equilibrium at
10 GK.

Even under the most favorable environmental conditions
(low entropy and high neutron richness), superheavy-element
production is not guaranteed. Specifically, low fission barriers
can cause heavy nuclei to fission before superheavy elements
can be produced (see, e.g., Mumpower et al. 2018; Vassh et al.
2019). To investigate the range of superheavy-element
production that can be achieved by different nuclear models,
we test three nuclear model and fission batrier combinations:
the Finite Range Liquid Droplet Model (FRLDM; Moller et al.
2015) for the 2012 version of the Finite Range Droplet Model
(FRDM; Moller et al. 2012, 2016), fission barriers based on the
Koura-Tachibana—Uno—Yamada (Koura et al. 2005) model for
Duflo—Zuker (DZ; Duflo & Zuker 1995), and Hartree—Fock-
Bogoliubov (HFB; Goriely et al. 2007) for HFB (version 27;
Goriely et al. 2013). Experimentally measured data are used
wherever possible in all nucleosynthesis calculations, regard-
less of the other choice of theoretical model. Otherwise,
reaction and decay rates are calculated as self-consistently as
possible with the given nuclear model (or experimentally
measured mass, if available, as in Mumpower et al. 2015) and
fission barrier heights. Importantly, all data regarding the
superheavy elements involved in r-process calculations are
entirely calculated from theory as known superheavy-element
data is restricted to less neutron-rich isotopes.

We use the same astrophysical conditions for all three cases.
As the composition evolves over time, nuclear reheating from
the decay of radioactive species affects the temperature
evolution of the trajectory. The reaction rates are in turn
affected by the temperature change relative to the original
trajectory. Since the energy released by radioactive nuclei
depends on nuclear mass differences, the reheating calculation
is performed to be consistent with the specific theoretical (and
experiment) nuclear masses implemented. We adjust the
temperature of the trajectory from nuclear reheating self-
consistently with the nuclear physics input to determine the
extent to which the temperature evolution needs modification
and recalculate reaction rates accordingly.

Figure 1 shows the heavy-element mass fractions (X
(Z) =2_A;Y;, where i is every isotope of element Z and Y is
the number abundance) at 7.5 hr post-merger for three nuclear
variations. The HFB model has the highest mass fraction of
superheavy elements at this time, concentrated primarily at
Z =104 (Rf). FRDM is among the most pessimistic, producing
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Figure 1. Nucleosynthesis network mass fraction yields of the heaviest
elements at 7.5 hr post-merger for three nuclear mass model and fission barrier
combinations. Under the same astrophysical conditions, there can be over 3
orders of magnitude difference in the mass fractions of superheavy elements
that are synthesized, arising solely from what nuclear models are adopted.

superheavy elements of about 4 orders of magnitude less than
the actinides, while DZ achieves significant mass fractions as
heavy as Z=108 (Hs) though in overall less amounts than
HFB. For this study, we will choose the two extremes, FRDM
and HFB, to examine the effect that superheavy elements have
on NSM light curves. At 7.5 hr, the mass fractions of
lanthanides, actinides, and superheavy elements for FRDM
(HFB) are X;,,=0.094 (0.10), X,.=0.14 (0.18), and
X7o104=1.6 X 1075 (3.0 x 1072), respectively. The mass
fractions of the superheavy nuclei at 7.5 hr, 1 day, 1 week,
and 1 month are given in the Appendix.

3. Light-curve Calculation

The two most basic ingredients to translate abundance
evolution into light curves are heating (including thermaliza-
tion effects) and ejecta opacities. First, as radioactive nuclei
made in the r-process decay, they release energy, a fraction of
which is converted to thermal photons (“thermalized”), which
ultimately power the kilonova’s electromagnetic emission.

3.1. Heating Rates

The output of PRISM, along with the underlying nuclear
data—both experimental and calculated—are used to determine
the rate at which heat is generated by the ejecta as well as its
composition over time, as in Zhu et al. (2021). We calculate
light curves representing three different levels of contribution
from heavy-element decay. First we calculate heating rates and
light curves for all nuclei from the PRISM output (“Z = all”).
Second, as a simple test, we remove the effects Z > 104 nuclei
(the superheavy elements) from the heating-rate calculation
(“Z < 104”). In other words, any reaction or decay involving
Z > 104 elements is assumed to contribute zero energy, but we
do not otherwise remove the nuclei from the network
calculation. Lastly, we mute the effects of all Z> 90 nuclei
on the heating-rate calculation, such that only Z < 89 elements
impact the heating of the system (“Z < 90”).

For the sake of studying the direct effect that superheavy
elements have on kilonova light curves, we use an identical
astrophysical environment (which is subject to nuclear-model-
dependent reheating from actinides and superheavy elements)
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Figure 2. Heating rates over time for two extremes of nuclear variations
showing the contribution by all elements (thick, solid lines), only up to the
actinides (shaded), and excluding the actinides and superheavy elements (thin,
solid lines). The dashed line is a simple model in which the heating rate evolves
scales with time by 107" (see, e.g., Metzger 2019). The divergence between
the shaded region and the thick lines (e.g., at about 107>~10' days for HFB)
indicates heating uniquely from the superheavy elements.

and alter the heating rate ex post facto, as described above
though we note that a more complex approach is necessary to
account for the indirect effects that superheavy elements would
have on the light curve, e.g., through the decay of their fission
products at lower atomic masses. We expect that removing
both the direct and indirect products of superheavy elements
would only further differentiate the heating rate, and thus our
approach provides a lower bound.

Figure 2 shows the total heating rates for the three nuclear
models for three different cases: with only Z < 90 nuclei (thin
lines), only Z < 104 nuclei (filled), and all nuclei (solid lines).
Going from the thin lines to the top of the filled regions shows
the direct effect that actinides have on the heating rates.
Notably, both models show a dramatic increase at about 100
days due to the spontaneous fission of **Cf (Zhu et al. 2018).
The differences between the top of the filled regions and the
solid lines show the unique effect that superheavies have on the
heating rates, differentiable from the actinides.

For FRDM, there is no apparent difference between the
“Z = all” and “Z < 104” cases owing to FRDM producing a
very small mass fraction of superheavy elements (see Figure 1).
With the HFB model, several discernible features appear on
timescales ranging from about 0.2 hr out to several days. Two
of the most prominent superheavy-unique features appear at
approximately 7 hr (10~ days) and several days (10°* days)
post-merger.

The first feature in the heating rate at about 7 hr is primarily
due to the spontaneous fission of odd-A nuclei with
Z=104-106 and N = 169-171. The cause of this spontaneous
fission dominance is twofold; first, the abundance of material
that is able to reach this region is due to the high fission barriers
(i.e., lower fission probabilities) associated with the HFB model
(Vassh et al. 2019). This effect is apparent in Figure 1, which
shows, for example, the mass fraction of Z = 104 isotopes that
is several orders of magnitude larger in HFB than in the results
from the FRDM calculation. Second, the probabilities for
nuclei to decay by fission, 5, or « differ between FRDM and
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HFB, therefore affecting both the energy and timescales
predicted between the two models.

The second peak in the HFB “Z = all” heating rate at a few
days post-merger largely stems from the spontaneous fission of
nuclei with A =273-277. Again, we attribute this to both the
buildup of material at Z= 104 as well as the theoretical rates
(and, therefore, branching ratios) differing between FRDM and
HFB that contribute to the population of these nuclei. In
particular, it is worth noting that other contemporary studies
(e.g., Giuliani et al. 2018; Kullmann et al. 2022) do not see the
same buildup of material at Z= 104 or its associated heating-
rate excess. This difference from literature comes from the
employed (-decay rates. In particular, Giuliani et al. (2018) and
Kullmann et al. (2022) use rates from Marketin et al. (2016) in
their r-process network calculations, while the present work
uses (J-decay rates recalculated using the nuclear masses of the
nuclear model employed (i.e., HFB, FRDM, etc.) from
Mumpower et al. (2015). It is known that the inclusion of
first-forbidden transitions in the Marketin et al. (2016) 3-decay
rates lead them to be overall faster above the N =126 shell
closure compared to those calculated by Mumpower et al.
(2015). This difference leads to nearly negligible heating rates
from spontaneous fission for calculations that use Marketin
et al. (2016) (-decay rates, as shown in Lund et al. (2023). For
examsple, in the present calculation of the (theoretical) half-life
of ">Rf is calculated to be much longer with HFB (7.1 hr) than
with FRDM (20 minutes), controlling the overall time that its
(-decay product—>"’Db—takes to undergo spontaneous
fission. Therefore, it is not only fission rates that ultimately
determine heating from the superheavies, but the heating is also
moderated by the (§-decay rates and the nuclear mass model.
The heating rates of individual superheavy elements at specific
times are given in the Appendix. In Sections 3.2 and 3.3, we
investigate how this signature in the heating rate manifests as
an observational signature in the light curve.

3.2. Thermalization and Radiation Transport

To calculate light curves, we use both the PRISM
composition and the predicted fraction of the radioactive
energy released by a decay, [ decay, and fission (the relevant
decay processes on kilonova timescales). With the energy
partitioned by decay channel, we employ analytic estimates of
particle-specific thermalization efficiencies (Kasen & Barnes
2019) following Zhu et al. (2021) to derive the rate at which
thermal energy is imparted to the kilonova ejecta as a function
of time. This approach means that the difference in the
thermalization rates of our models is due solely to differences
in the relative importance of « day, 3 decay, and fission; we do
not carry out a full calculation of particle emission and
propagation (though see Barnes et al. 2021 for a detailed
discussion of self-consistent thermalization simulations).

In addition to different heating rates, the three variations we
study here also have different compositions, which affect the
light curves by altering the ejecta opacity. When specifying the
composition for each variant, we remove the indicated elements
(i.e., actinides and superheavies, actinides only, or no elements)
and renormalize the resulting composition so the mass fractions
of the remaining elements sum to unity.

The calculation of the opacity depends on the atomic
structure of the elements in the ejecta. Specifically, due to the
periodicity of the periodic table, the atomic structure of
elements is a function primarily of the block in the table that it
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Figure 3. Bolometric light curves using the FRDM nuclear model (left) and the HFB model (right) assuming an ejecta mass of 0.005 M. For each nuclear model,
three sets of heating rates are used: only Z < 90 elements (solid gray), only Z < 104 elements (dotted colors), and all elements (solid colors). The paucity of
superheavy elements produced in the FRDM simulation explains why the green solid (“Z = all”) and light-blue dotted (“Z < 104”) curves appear identical; there is

effectively no difference between these models.

occupies and secondarily on its position within its row (Kasen
et al. 2013; Tanaka & Hotokezaka 2013; Tanaka et al. 2020).
More recent work (Fontes et al. 2020; Tanaka et al. 2020;
Fontes et al. 2023) confirmed these trends. Less clear is how
the opacity depends on the principle quantum number within a
given block of the periodic table.

Because we lack synthetic atomic data for the full set of
elements synthesized by the r-process, we use a simplified
composition in our radiation transport simulations. As f-block
elements, lanthanides, and actinides supply most of the opacity,
and the kilonova emission is most sensitive to their total mass
fraction and abundance pattern. We take the lanthanide and
actinide abundances from PRISM (or from the modified
PRISM outputs) and modify them only to account for our lack
of atomic data for Z=72 and the actinide species. The
abundance predicted for Z="72 is assigned to Z=71 in our
proxy composition. Additionally, the abundance predicted for
each actinide element is assigned to the lanthanide that
occupies the same position in the periodic table row, e.g.,
lanthanum is a proxy for actinium. We model the contribution
of d-block elements by summing their mass fractions and
dividing the total evenly among 21 < Z < 28. The remaining
mass is assigned to Z = 20, which acts as a low-opacity filler.
On the periodic table, the superheavy elements with
104 < Z < 112 occupy the d block and will therefore contribute
as lower-opacity elements. This simplification is necessary
because the atomic structure of superheavy elements has not
yet been studied. Extensive studies of elemental opacities over
a broad range of Z (Tanaka et al. 2020) suggests that the
dependence of opacity on principal quantum number is not
overly strong. However, studies of superheavy elements’
atomic structure are needed to clarify the contribution of these
species to the total opacity. The detailed radiation transport is
then calculated with Sedona (Kasen et al. 2006; Roth &
Kasen 2015) as in Barnes et al. (2021), assuming a spherically
symmetric outflow with variable ejecta mass (see Section 3.4)
and an average ejecta velocity v/c =0.1.

3.3. Light Curves

Figure 3 shows the bolometric light curves for two nuclear
cases (FRDM and HFB) with the three heating-rate variations.
For all cases in Figure 3, we assume an ejecta mass of 0.005 M.
The gray curves show the light curve with only Z < 90 nuclei,
that is, without any actinides or superheavy elements directly
contributing to the heating rate. The dotted colored curves show
the light curve when actinides are allowed to contribute to the
total heating, i.e., heating is from all nuclei with Z < 104. The
sharp transition at a few days is when the ejecta goes from
optically thick to optically thin, after which the bolometric
luminosity simply traces the energy input. Because local
thermodynamic equilibrium is a poor model of the gas state in
this regime, the color predictions after the transitions are less
reliable than those corresponding to the light-curve peak. Already
differences arise compared to the no-actinide case. First, more
energy is radiated over the course of the light curve. For FRDM,
this manifests on the light-curve tail, which is much brighter
when actinides are included in the heating. For HFB, both the
peak and the tail of the “Z < 104” light curve are more luminous
than for the “Z < 90” case. The dramatic increase in brightness
seen with HFB can be understood as a direct consequence of the
order-of-magnitude-greater heating rates in the HFB “Z = all”
case compared to the other cases. Regardless of nuclear mass
model, the light curve declines more slowly when actinides are
present. Second, the added opacity of the actinides also broadens
the light curve, delaying the peak relative to models without
actinides. The solid, colored curves in Figure 3 show the
bolometric luminosity achieved when all nuclei (including the
superheavies) participate in the heating. For FRDM, the effect is
negligible, owing to the paucity of superheavy elements that are
produced when using FRLDM fission barriers (see Figure 1).
However, the higher fission barrier heights of HFB14 allow
significant superheavy-element production, dramatically increas-
ing the brightness and overall duration of the light curve.

Under the same astrophysical conditions—not only in
thermodynamic evolution but also in ejecta mass and velocity
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Figure 4. Bolometric light curves for the HFB model with ejecta renormalized
such that the heating rates at 1 day are equal for all models. Three sets of
heating rates: only Z < 90 elements (gray), only Z < 104 elements (dashed
pink), and all elements (dark pink).

—the superheavy elements can leave a distinct signature on the
light curve that is unique from the actinides. If an event were to
display such an evolution of its light, not only would it be the
first observational evidence that superheavy elements are
produced astrophysically, but it would also help constrain the
unknown nuclear physics by placing limits on fission barrier
heights of neutron-rich nuclei.

3.4. Observationally Differentiating Superheavy-element
Production

While the superheavy-element signature is evident in Figure 3,
when observing kilonovae, we do not know the ejecta mass
a priori. The question remains whether there is a discernible
signature of superheavy-element production in light curves that
have similar time-dependent bolometric luminosities. To explore
this idea, we adjust the ejecta masses for each case such that the
total heating rates at 1 day are equal to the FRDM “Z = all” case
with 0.005 M, (see Figure 3). This normalization produces light
curves of similar bolometric luminosities. The HFB ejecta
masses required to produce the desired heating rates are 0.00051,
0.00163, and 0.00541 M., for the “Z = all,” “Z < 104,” and
“Z<90” cases, respectively. With these normalized ejecta
masses, we recalculate the bolometric luminosities.

Figure 4 shows the results for HFB when the ejecta masses are
renormalized, corresponding to the case in which the light curves
are roughly the same brightness at about 1 day. Because the
overall contribution of the actinides and superheavies is decreased
(by virtue of lowering the total ejecta masses in those cases), their
effects on the light curve are significantly less than in Figure 3, in
which identical ejecta masses were used for each light-curve
calculation. Notably, the inclusion of actinides produces a light
curve with a slightly fainter luminosity at peak and a slower-
decaying evolution at late times (longer than 5 days). However, if
the composition includes the superheavies in addition to the
actinides, the effect on the late-time light curve diminishes. In
addition, within the first few days, the light curve decays much
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more quickly (note how the dark pink peak is narrower than the
other cases).

This effect arises both from the effective redistribution
(between mass models) of the composition from high-opacity
elements into low-opacity ones as well as the quick decay of
those elements. The superheavies act as additional d-block
elements, optically similar to the iron-peak elements that could
be expected to form in lower neutron-richness environments
(such as an accretion disk wind), despite requiring a very high
neutron flux in order to synthesize them. This effect may be
exacerbated by the excess heat from the decay of the superheavy
elements, which can produce low-opacity ionization states in the
ejecta at early times (Tanaka et al. 2020; Barnes et al. 2021).

Figure 5 shows the broadband light curves in the normal-
ized-mass case for both the FRDM and the HFB calculations in
which the full range of elements are allowed to contribute to the
heating rate. Here we treat the FRDM calculation as the case in
which superheavy elements are not present in the ejecta rather
than manually removing the superheavy elements from the
HFB calculation. Differences in these two light curves
highlight the unique effects—both direct and indirect—that
superheavy (and not just actinide) elements have on the
kilonova light-curve evolution. The presence of actinides and
lanthanides (and their associated heating) in the FRDM case
leads to late-time (i.e., after the luminosity peak at a few days)
emission in the red bands, while the fast and energetic decays
of the superheavy elements in the HFB case lead to earlier,
brighter emission in the blue bands. However, neither start as
blue-band bright as AT2017gfo. Note that actinides are still
present in the HFB calculation, and we stress that a component
containing superheavy elements may only be one piece of real
kilonova ejecta. For example, the AT2017gfo data are
commonly fit with two components (see, e.g., Cowperthwaite
et al. 2017): a “blue” (low opacity) and a “red” (high opacity).
A superheavy-element component in our investigation acts like
an additional blue component in composition, despite contain-
ing high-opacity elements. Further studies should explore
whether the AT2017gfo data show evidence for a separate,
superheavy-element-containing component or whether the
superheavy-element signature would have been shrouded by
the emission of less neutron-rich ejecta.

4. Conclusion

In this study, we have explored and selected a combination
of nuclear data and astrophysical conditions that allows
production of superheavy elements in order to examine their
potential impact on observables (i.e., kilonova light curves). So
far, no evidence of the natural production of Z > 104 elements
has been definitively found (though see claims of superheavy
decay products found in meteorites; references in Holmbeck
et al. 2023). If superheavy elements have a unique effect on
light curves, it may be possible to infer their production in
NSMs. Such an identification would be the first observational
evidence of superheavy elements being synthesized by nature.
This possibility is the motivation behind the present analysis.

First, we achieved superheavy-element production by using
the nuclear masses and fission barrier heights of the HFB
model and the neutron-rich tidal tails of NSM ejecta. We find
that superheavy elements can lead to light curves that decline
quickly after peak brightness and continue to fall through the
following weeks post-merger. This rapid decline is in conflict
with the extended late-time emission that the presence of
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Figure 5. The effect of superheavy elements on broadband light curves for the full

similar observational conditions (lines).

lanthanides and actinides has on kilonova ejecta. In addition,
ejecta that includes actinides and superheavy elements produce
a light curve similar in evolution to a ten-times-as-massive
actinide-free event. Our results demonstrate another natural
degeneracy between NSM ejecta composition and mass, this
time due to the presence (or lack) of superheavy elements in the
merger ejecta.

We have only considered spherically symmetric outflows by
the neutron-rich tidal ejecta in this work since those conditions
can favorably produce the superheavy elements. In a multi-
component kilonova model, a lanthanide-poor component
could plausibly produce similar broadband light curves, further
increasing the degeneracy between ejecta mass and composi-
tion. Whether the superheavy-element signal that we have
reported here is observable will depend on future 3D modeling
efforts. There still remains significant uncertainty in the three-
dimensional distribution of compact object merger ejecta and
what fraction of the total ejecta mass is capable of reaching the
high neutron richness required for superheavy-element forma-
tion. Furthermore, the ejecta can sensitively depend on the
properties of the compact objects that are merging, which will
vary case by case. Although there is general conjecture that
neutron star mergers eject the majority of their mass through
lanthanide-poor disk winds, simulations that run out to
O(seconds) find that viscous properties of the accretion disk
dominate over neutrino interactions, causing a delayed ejecta
that is instead very neutron rich (e.g., Fernandez & Metzger
2013). In addition, even a neutron-rich component that is
subdominant may contribute significantly to the light curve
under a favorable viewing angle (e.g., Fujibayashi et al. 2018).
Full, three-dimensional neutron-star merger models that
include high-fidelity neutrino-transport calculations—espe-
cially out to late times (O(seconds))—will help reveal the total
possible mass fraction of superheavy elements in compact
object merger ejecta.

The lack of an extended red light curve in the HFB case in
Figure 5 does not rule out the presence of actinides in merger
ejecta, and care should be taken when deriving lanthanide mass
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fractions from kilonova observations. If there is a degeneracy in
the light-curve evolution—a photometric quantity—then one
possibility that remains to be explored is whether the super-
heavy elements are distinguishable spectroscopically. Such a
study would require extensive atomic physics dedicated to
characterizing the features that could be visible in kilonova
spectra. Both through spectroscopic and photometric signa-
tures, this work reinforces the need for contemporary atomic
modeling in the superheavy-element regime.

The way in which superheavies contribute to the total
heating rate of NSM ejecta depends on fission rates at high
atomic mass numbers. Therefore, the possibility of the
astrophysical production of superheavy elements is still
contingent on as-of-yet theoretical nuclear data. For example,
the feature in the heating rate identified between several hours
and days post-merger relies on the (-decay rates of heavy
actinides and superheavy elements (A =273-277) being
comparably long. These rates are currently entirely theoretical.
The real rates being much shorter or much longer will have
corresponding observational consequences on the light curve.
Advances in nuclear theory and experiment are critical to
addressing nuclear unknowns, including the decay rates of
heavy nuclei and whether fission suppresses superheavy-
element production in NSMs. Currently, only the N =126
factory at Argonne National Laboratory is able to probe the
heaviest elements terrestrially. Kilonovae offer an astrophysical
way of investigating nuclear properties; the presence (or lack)
of a superheavy-element signature can itself offer constraints
on the nuclear physics of very heavy nuclei.

With the possibility of more observational light curves
accompanying NSM candidates detected by the next gravita-
tional-wave observing run, we have the new opportunity to
observe—for the first time—superheavy-element formation as
it occurs. However, there is a growing need to resolve
discrepancies and degeneracies from nuclear and astrophysics
modeling before definitive conclusions about elemental
production are drawn from kilonova observations.
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Appendix
Data

Here we supply the effective heating rates at select times in
our calculation. The effective heating rates are calculated as in
Equation (3) of Lund et al. (2023):

89233218CNA000001). G.C.M. acknowledges support from 00 = >~ G;(f (Mej, vejy 1) M, (A1)
the NSF (N3AS PFC) grant No. PHY-2020275, as well as from i
Table 1
Mass Fractions (X) and Effective Heating Rates of the Decay Channel Contributing the Majority of Instantaneous Heat (Qp.x) for Each of the Superheavy Nuclei at
7.5 Hours
Nucleus XHFB Q;S(B 1 XFRDM QrEf;?Ni
(ergs (erg s
267RE 6.56 x 1077 8.93 x 10 (f)
268RE 936 x 1077 6.69 x 10% () 279 x 107'° 1.18 x 10* ()
2R f 9.89 x 1073 1.41 x 10* (f) 6.08 x 1076 6.18 x 10% ()
2I0Rf 201 x 1073 231 x 10* (B 334 x 107° 3.83 x 10 (f)
2R 9.51 x 1073 3.17 x 10 () 6.61 x 1071° 2.20 x 10 (f)
22RE 6.44 x 107° 1.07 x 10*® (f) 6.95 x 1072 1.16 x 10* (f)
2R 1.98 x 1073 2.60 x 10* (f) 1.19 x 1076 1.56 x 10* (f)
2R 227 x 107! 3.30 x 10°° ()
2I5RE 536 x 1073 1.41 x 10** (f) 5.45 x 10712 1.43 x 10% ()
2ToRE 1.13 x 1071° 3.12 x 10% (f) 147 x 1078 4.04 x 10%7 (f)
2TIRf 1.06 x 1073 9.20x 10¥ (B)
2T8RE 9.24 x 1072 5.06 x 10% (f) 137 x 107° 7.49 x 10* (f)
2R 3.61 x 107° 9.01 x 10* (B)
26°Dp 591 x 1077 474 x 10*® (@)
Db 3.64 x 1076 5.89 x 107 (@)
22Dp 1.14 x 10712 1.26 x 10°* (f)
23pb 265 x 1074 1.22 x 10*! (f) 9.51 x 1077 437 x 10% ()
25pp 9.90 x 107° 234 x 10% (f) 464 x 10712 1.09 x 10* (f)
276D 157 x 107° 2.85 x 10¥ (f)
2TDp 2.88 x 1073 3.14 x 10* (f) 3.30 x 107° 3.48 x 10% (f)
28D 2.65 x 107° 8.47 x 10* (f) 832 x 1071 3.56 x 103 (f)
29pp 9.55 x 107° 3.14 x 10¥ (f)
Z0pp 8.54 x 10°1° 448 x 10°° (f)
Blpp 345 x 10710 1.27 x 10°® (f)
3sg 427 x 1077 1.83 x 10* (f) 632 x 107° 271 x 10% (f)
2758g 1.83 x 1074 6.58 x 10*' () 292 x 107° 1.05 x 10% (f)
2765g 142 x 10712 1.05 x 10 (f)
277gg 7.82 x 107¢ 6.03 x 10 () 1.83 x 107° 1.41 x 10%7 (f)
27850 7.15 x 1077 1.36 x 10% () 9.57 x 1072 1.82 x 10%® (f)
2798g 1.16 x 1074 4.54 x10* (f) 1.86 x 107° 7.28 x 10% (f)
28059 227 x 107° 1.53 x 10*7 (f)
Blgg 1.70 x 107° 5.00 x 10% (f)
2828 935 x 10710 3.10 x 10% ()
283g 6.28 x 10712 2.87 x 10% (f)
*7'Bh 539 x 10710 5.20 x 10¥7 () 3.80 x 107" 5.09 x 10% (f)
282 1.01 x 1071° 1.94 x 10* (f)
283Bh 240 x 107" 3.81 x 10** ()
282y 3.48 x 10712 7.56 x 10% (f)
23Hs 1.61 x 107'2 2.54 x 10°" ()

Note. The channel responsible is indicated in parentheses: “f” for the fission channels, “a” for a-decay, and “3” for (-decay. Values are shown for both HFB

and FRDM.
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Table 2
As in Table 1, but at One Day
Nucleus XHFB er:;B . XFRDM QTEEXDNi
(erg s ) (ergs™ )
267Rf 7.82 x 1077 1.06 x 10* (f)
268Rf 3.02 x 1077 2.13 x 10% () 2.66 x 1071° 1.12 x 10* (@)
269Rf 1.02 x 1072 1.44 x 10* (f) 5.44 x 1076 5.47 x 10% (o)
2T0Rf 117 x 1073 1.33 x 10*! (f) 1.94 x 10°° 221 x 10% ()
2R 7.63 x 1073 2.53 x 10" (f)
2I3Rf 557 x 107°° 7.30 x 10% (f) 1.02 x 1078 1.34 x 10%7 (f)
2SR 1.73 x 1074 451 x 10* (f)
2T5Rf 4.96 x 107" 1.36 x 10* (f)
2R 1.04 x 1071° 6.37 x 10** ()
28R f 2.67 x 107" 146 x 10° (f)
29Dp 6.11 x 1077 4.83 x 10*® (@)
271 —7 37
Db 6.72 x 10 1.08 x 10%7 (@)
213Db 3.50 x 1073 1.60 x 10* (f) 142 x 1077 6.50 x 10 (f)
25pp 3.19 x 107 7.50 x 10 (f)
277 —11 35
Db 9.38 x 10 1.02 x 10* (f)
28pp 191 x 1072 6.08 x 10% (f) 1.62 x 10712 6.93 x 10% ()
38g 570 x 1078 243 x 10% (f) 9.50 x 107'° 4.06 x 10°7 (f)
2758g 6.06 x 107° 2.17 x 10% (f)
273¢ 2.14 x 107" 1.64 x 10% ()
298¢ 1.52 x 1073 5.91 x 10% (f) 5.54 x 1071° 2.16 x 10% (f)
Blgg 1.68 x 1076 4.90 x 10 (f)
8259 8.36 x 107! 276 x 10* ()
282pp 1.02 x 107! 1.95 x 10> (f)
283Bp 9.81 x 10712 1.55 x 10% (f)
22hg 3.69 x 10713 7.97 x 10% ()
23Hs 2.15 x 10712 3.35 x 10%! (@)
Table 3
As in Table 1, but at One Week
Nucleus XHrB , Q‘:l;‘i) XTRDM (QTEEF j/i)
erg s erg s
267RE 9.97 x 1078 1.31 x 10% ()
268Rf 6.28 x 1071° 408 x 10* (a) 1.73 x 10710 6.71 x 10*' (@)
269Rf 9.65 x 1073 1.32 x 10* () 2.05 x 107 1.90 x 10%® (@)
2T0Rf 570 x 107° 6.33 x 10% () 1.74 x 1078 1.93 x 10% (f)
2IIRf 220 x 1073 7.10 x 10* (f)
2R 1.02 x 107°1° 1.30 x 10* (f)
2R 7.35 x 107! 1.87 x 10** (f)
2TRE 9.13 x 107! 5.46 x 10% ()
2D 579 x 1077 423 x 10* (a)
2D 1.05 x 10712 1.54 x 10%! (@)
23D 1.38 x 1071° 6.15 x 10* (f)
21D 1.34 x 1072 3.07 x 10°* ()
2"Db 7.18 x 107! 7.57 x 10** (f)
2758 231 x 10712 8.03 x 10°* ()
277 1.56 x 107! 1.16 x 10% (f)
279 3.79 x 10710 1.44 x 10% (f)
Blgg 1.54 x 107° 438 x 10°° (f)

where M. is 0.005 Mg, and ve; = 0.1c. For each nucleus, the
effective heating rate is calculated for each reaction/decay
channel: 3 decay, o decay, and fission (the sum of the three
individual mechanisms: spontaneous fission, §-delayed fission,
and neutron-induced fission). At any particular time, the decay
through a particular channel will constitute the majority of the
heat from that nucleus.

Tables 1-4 show the mass fractions of superheavy nuclei
at particular times: 7.5 hr, 1 day, 1 week, and 1 month. The
effective heating rate from the channel contributing to the
majority of the heating rate is shown for each nucleus, as
well as to which channel each value is attributed. The values
for the HFB and FRDM calculations are both shown; a blank
value indicates that the nucleus does not exist (or exists in an



THE ASTROPHYSICAL JOURNAL LETTERS, 951:L13 (9pp), 2023 July 1

Holmbeck et al.

Table 4
As in Table 1, but at One Month

Nucleus HFB QS;B FRDM Q;E;PM

(ergs ) (ergs™)
267Rf 3.68 x 1071 438 x 10* ()
268R 330 x 107! 9.56 x 10* (a)
269Rf 7.79 x 1073 9.65 x 10 (f) 495 x 1078 3.44 x 10** (o)
2T0Rf 9.14 x 10710 9.17 x 10* ()
2R 1.87 x 1073 5.46 x 10 (f)
2I3Rf 7.28 x 107! 8.39 x 10 (f)
2TIRf 6.53 x 107! 3.53 x 10°% ()
269pp 467 x 1077 257 x 10% ()
213Db 1.19 x 107! 4.81 x 10* (f)
2TDb 5.13 x 107! 4.89 x 10** (f)
2778g 1.12 x 107" 7.53 x 10* ()
Blgg 1.10 x 107 2.83 x 10% (f)

abundance below a computational threshold value) at that
particular time step.
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