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The kilonova emission observed following the binary neutron star merger event GW 170817 provided the
first direct evidence for the synthesis of heavy nuclei through the rapid neutron capture process (» process).
The late-time transition in the spectral energy distribution to near-infrared wavelengths was interpreted as
indicating the production of lanthanide nuclei, with atomic mass number A 2 140. However, compelling
evidence for the presence of even heavier third-peak (A =~ 195) r-process elements (e.g., gold, platinum) or
translead nuclei remains elusive. At early times (~days) most of the r-process heating arises from a large
statistical ensemble of f decays, which thermalize efficiently while the ejecta is still dense, generating a
heating rate that is reasonably approximated by a single power law. However, at later times of weeks to
months, the decay energy input can also possibly be dominated by a discrete number of a decays, >°Ra
(half-life 7, = 11.43 d), *Ac (11, = 10.0 d, following the § decay of ***Ra with t;, = 14.9 d), and the
fissioning isotope 23*Cf (t, 2 = 60.5 d), which liberate more energy per decay and thermalize with greater
efficiency than f-decay products. Late-time nebular observations of kilonovae which constrain the
radioactive power provide the potential to identify signatures of these individual isotopes, thus confirming
the production of heavy nuclei. In order to constrain the bolometric light to the required accuracy,
multiepoch and wideband observations are required with sensitive instruments like the James Webb Space
Telescope. In addition, by comparing the nuclear heating rate obtained with an abundance distribution that
follows the solar r abundance pattern, to the bolometric lightcurve of AT2017gfo, we find that the yet-
uncertain 7 abundance of ’Ge plays a decisive role in powering the lightcurve, if one assumes that

GW170817 has produced a full range of the solar » abundances down to mass number A ~ 70.
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Introduction.—The gravitational wave emission detected
from the binary neutron star merger (NSM) GW 170817 by
Advanced LIGO [1] triggered a worldwide search for
electromagnetic counterparts [2]. Within eleven hours of
the coalescence, a fading blue thermal source, AT2017gfo,
was discovered from the galaxy NGC 4993 [3.4]. The
luminosity and evolution agreed with predictions for the
light powered by the radioactive decay of heavy nuclei
synthesized via the rapid neutron capture process (r
process) in neutron-rich merger ejecta [5-8]. The presence
of luminous visual wavelength (“blue”) emission at early
times was interpreted by most groups as arising from the
fastest outer layers of the ejecta, which contained exclu-
sively light r-process nuclei with a relatively low visual
wavelength opacity [9-11] (see, however, Refs. [12,13]).
The observed transition of the emission colors to the near-
infrared confirmed predictions for the inner ejecta layers
containing lanthanide elements, with atomic mass number
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A Z 140 [8,14,15]. The amount of the merger ejecta was
estimated to be M ~ 0.03-0.06 M, [12,13,16-19], with
the bulk of which expanding at velocities of v = 0.1 c.
Although evidence exists for the presence of some
lanthanides in the ejecta of GWI170817, the detailed
abundance pattern of the nuclei synthesized, and how it
compares to those in the Solar System or metal-poor stars,
remains less clear. This uncertainty arises partly because
of incomplete atomic data for the relevant elements and
ionization states, as well as the modeling of radiative
transfer. Even with accurate modeling, most kilonova
properties at early times ~1-10 d, when the lightcurves
are at their peaks, are insensitive to the presence of even
heavier nuclei, such as the third-peak (A =~ 195) r-process
elements (e.g., gold, platinum) and transuranic nuclei.
Lanthanides are only produced in ejecta with low electron
fraction, Y, <0.25 [9,20], while even smaller Y, are
needed to synthesize heavier isotopes. Whether the ejecta
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TABLE I. Late-time kilonova models (see text for explanations).
Nuclear
Model Y,. AY, Apeak Mg (Mg) v (c) masses
A 0.15 0.04 130 and 195  0.040 0.1 FRDM
B 0.25 0.04 80 and 130 0.040 0.1 FRDM
C 0.35 0.04 80 0.055 0.1 FRDM
D 0.45 0.04 60 0.030 0.1 FRDM
Al 0.15 0.04 130and 195  0.020 0.1 DZ31

of GW170817 contained such low Y, matter is presently
unknown.

At times after ~10 d, the ejecta becomes transparent,
entering a “nebular” phase in analogy with those of super-
novae, which are observed starting months after explosion.
Although the uncertainties associated with the ejecta opacity
become smaller as it dilutes, these are replaced by even
larger uncertainties in calculating the nebular spectrum, due
to the increasing importance of deviations from local
thermodynamical equilibrium (see Ref. [21] for a review
in the supernova context). Nevertheless, if one could
measure the bolometric nebular emission, it should faithfully
track the radioactive decay energy input.

Table I in the Supplemental Material (SM) [22] lists all
25 r-process isotopes with half-lives of 10-100 d that can
contribute to late-time heating. Given the small number of
isotopes, one might hope to detect the decay signatures
of individual isotopes and their associated yields, in the
way that the Ni to *Co chain is observed in normal
supernovae. As we shall show, these signatures could
provide useful diagnoses of the range of heavy nuclei that
are produced or even the elusive definitive proof that the
heaviest nuclei in the universe are synthesized in NSM.

Late-time kilonova heating.—We first examine the late-
time kilonova emission for a few ejecta models that contain
distinct nuclear compositions, as listed in Table I.
In each model, the total r process heating rate Q in the
ejecta of total mass M; and average expansion velocity v,
can be formulated as

O() = S0 (1)

It roughly equals the bolometric luminosity L, of the
kilonova following its peak light, particularly at late time
after the ejecta becomes optically thin. In Eq. (1), §;(7) is
the radioactive decay energy release rate per unit mass
from a decay channel i, including f~-decay, f*-decay or
electron capture, o decay, and spontaneous fission. The
thermalization efficiency f;(t) is defined by the ratio of the
rate of the ejecta specific thermal energy increase to g;(r)
due to the thermalization of decay products. We assume
that the material contains a Gaussian Y, distribution,
characterized by a central value Y, . and a width AY,.
The corresponding §;(¢) is calculated using an r-process
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FIG. 1. Ly, of the kilonova associated with GW170817 from
Ref. [28] (filled black triangles), including uncertainties (gray
band) derived from the range of values given in Refs. [12,18,28].
Also shown are lower limits (empty triangles) on the late-time
luminosity as inferred from the Ks band with VLT/HAWK-I [29]
(black) and the 4.5 um detections by the Spitzer Space Telescope
from Ref. [30] (green) and Ref. [31] (blue). Colored lines show
the ejecta heating rate Q(r) for different models listed in Table 1.
Their corresponding abundance distributions at = 1 d are shown
in the inset. The black solid (dashed) horizontal lines in the lower
right corner represent the approximate observation limits of the
NIR (MIR) instruments on the JWST for a merger at 100 Mpc.

nuclear reaction network [23]. We adopt f;(z) of f~-decay
products based on detailed particle thermalization simu-
lations [24] while modeling those of dominating individual
nuclei based on the work of Ref. [25]. These represent an
important improvement when compared with recent works
[26,27]. Detailed descriptions for the calculation of g;()
and f;(t) are given in the SM [22].

For models A—D, we vary the ejecta Y, distribution such
that the produced peak and range of nuclei are largely
distinct (see Table I and Fig. 1). Both models A and B with
lower Y, . = 0.15 and 0.25 produce a wide range of nuclei
across the two corresponding abundance peaks, Apca. On
the other hand, models C and D with higher Y, . = 0.35
and 0.45 only produce a smaller range of nuclei around its
Apeax = 80 and 60.

Figure 1 shows the inferred Ly, of AT2017gfo and the
heating rate Q(7) derived with models A—D. We vary the
M.; to match the normalization of the luminosity at ~3-6 d.
Note that as we focus on the bulk of the ejecta, we ignore
the early time data which most likely originated from a fast-
moving component with different composition and lower
mass. Figure 1 shows clearly that the L, evolution in
models that produce broad ranges of nuclei (A and B) starts
to diverge from those with narrow ranges (C and D) at
~7 d. In particular, the latter cases show a clear dip at
~25 d. This difference originates from the number of
nuclei that can decay on timescales greater than ~days
in each model. Both models A and B contain ~10 nuclear
species that can decay at late times between 10-100 d, such
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that at any given time ¢ one can find a nucleus with a
commensurate ff-decay lifetime #,/, ~ ¢ contributing to the
heating. This leads to a late-time power law behavior of
0(1) [6,32].

However, for models C and D which only produce nuclei
around their Ay, the absence of nuclei with f-decay
lifetimes in the range 10-50 d for 70 <A <100 (see
Table I in the SM [22]) results in the observed light curve

dips at ~25 d. Note that in both cases, the resulting Q(r) are
compatible with the Ly () of AT2017gfo and cannot be
ruled out by such a comparison alone (cf. Ref. [33] which
assumed single-Y, models). A well-measured L(¢) for
future events covering 10-50 d can be used to infer the
range of nuclei being produced in NSM. Therefore, it can
provide complementary information about the nuclear
composition, in addition to the inferred mass fraction of
lanthanides and actinides derived from comparison to
radiation transport models, due to their high opacities that
results in the reddening of the spectra [8,15].

Models A-D use the same set of nuclear reactions.
Previous studies show that the choice of theoretical nuclear
physics inputs can affect significantly the kilonova light-
curves [24,34] for low Y, ejecta, as the r process involves
extremely neutron-rich nuclei, whose key properties
(masses, f decay half-lives, ...) are not yet experimentally
measured. Particularly important are the produced amount
of translead nuclei that can undergo a decays or sponta-
neous fission at >days. As they release a relatively large
amount of energy per decay and their decay products
thermalize more efficiently than those of # decays, they can
dominate the heating even in trace amounts. Here, we
illustrate the nuclear physics impact using two sets of
neutron-capture rates and their reverse photodissociation
rates [35] which employ, respectively, nuclear masses from
the finite-range droplet model (FRDM) [36] for models
A-D and the Duflo-Zuker parametrization with 31 param-
eters (DZ31) [37] for model Al.

Model A1 produces translead nuclei with 220 < A < 230
at the level of a few times 1072, a factor of ~4—10 more than
those by model A (see Fig. 1). Among those, four nuclei
have a-decay half-lives between 1 and 100 d: 2?’Rn
(t1/2 =3.8 d), 223Ra (t1/2 =114 d), 224Ra (11/2 =3.6 d),
and *»Ac (1, = 10 d, following the § decay of **Ra with
11/ = 14.9 d). Their decay chains release a large amount
of nuclear energy ~30 MeV (see Table [ in SM [22]), most
of which goes into the kinetic energy of a particles, that
thermalize more efficiently than f-decay products. These
decays can therefore compete with the  decays of many
other nuclei at early time (f ~2-6 d) and dominate the
heating rate at late times, despite the abundances. We find
that the enhanced heating from a decays reduces the
required M to account for the AT2017gfo luminosity
around 3-6 d by roughly a factor of 2 (see Table I). More
importantly, it generates a broad “bumplike” feature at
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FIG. 2. Lightcurve for the model Al (thick solid blue line)
showing the dominating contributions to the total radioactive
heating: beta decays (thin maroon line) and individual a decays
(thin blue lines).

t~6-200 d that is otherwise absent without actinide
production. This feature is mostly driven by the A = 225
decay chain due to its effective long 7, , (see Fig. 2). As no
other radioactive nuclei can release similar energy on this
timescale, such a feature in future kilonova observations
would uniquely point to the production of heavy nuclei up
to the actinides in that mass range to the abundance level of
a few times 107>, We also note that the steepening of the
AT2017gfo Ly, at t ~ 10 d, places an upper limit of <1073
for the total abundance of translead nuclei with A =
222-225 This constraint may also be used to derive upper
limits on the U and Th production in GW 170817 and future
NSM (see SM [22]).

Beyond the energy deposition from a decays, the
potential importance of spontaneous fission heating was
pointed out in Ref. [38] (also see Ref. [26] for a very recent
work discussing the impact of >*Cf fission on the light-
curve). Similar to the a-decay nuclei, whether *Cf (or
even heavier nuclei) can dominantly contribute to kilonova
heating is subject to nuclear physics uncertainties. The
production of a-decay nuclei is sensitive to the evolution of
the N = 162 subshell closure for Z ~ 80 while the amount
of Cf (and neighboring nuclei) remaining at days is
sensitive to the prediction of fission barriers that affect
various fission rates of the progenitor nuclei [39]. Within
our adopted nuclear input, we do not find a significant
contribution of >*Cf to the heating rate when averaged
over a wide range of Y, (see Fig. 1 for the low abundance of
A Z 250). Instead, we explore such an effect by artificially
including a fraction Y(*%Cf) =2 x 107 on top of the
model A. Figure 3 shows that even such a tiny quantity of
PICf (t1, = 60.5 d) produces a lightcurve “bump”
between 50-300 d. We find that this feature can be
distinguished from that due to the late-time radioactive
decay of *°Co (t;/, = 77.24 d), due to the very inefficient
thermalization of the *°Co decay products dominated by y
rays [40]. Note that a future identification of a bump feature
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FIG. 3. The decay of 2*Cf could produce a late-time plateau in
the lightcurve. This figure is the same as Fig. 1, but showing both
the model A and a case with the 2>*Cf abundance artificially
enhanced.

that does not match the timescale by a decay or >*Cf
fission discussed above may suggest the production of yet-
unknown long-lived superheavy nuclei.

Heating from solar r abundances.—One can ask
whether the GW 170817 kilonova is consistent with that
expected for ejecta containing r-process nuclei with the
solar abundance pattern. From detailed multiband light-
curve and spectral analyses, the inferred lanthanide mass
fraction Xy, is ~1073 — 1072 [12,16,42]. Assuming that
the GW170817 yield follows the solar proportions, such
low Xj,, requires the production of all r-process nuclei
with additional contributions of trans-iron nuclei.

We approach this question from the viewpoint of compar-
ing the luminosity of AT2017gfo to the radioactive heating
rate Q(t), calculated under the assumption that the only
heating contribution is from f decays and that the relative
abundances of the unstable nuclei follow exactly the solar r
abundances ratios between some minimum mass number
Apnin and A, = 205 [43]. We employ two sets of the solar r
abundances from Ref. [44] (S1) and Ref. [45] (S2).

Figure 4 shows that with A;, = 90 or 110, the resulting
Q roughly matches Ly, of AT2017gfo for Mj ~0.04 M,
In fact, they closely resemble the model B prediction and
both S1 and S2 give consistent results. However, such
abundance patterns would have Xj,, = 0.1, which is incon-
sistent with spectral modeling of AT2017gfo.

If we instead consider that GW170817 produced the
solar r-process pattern down to A.;, =69 (in order to
reduce X, to values consistent with spectral modeling), for
the S1 abundances the resulting Q can also be consistent
with the Ly of AT2017gfo. This model, however, diverges
from the A,;, =90 or 110 light curves beyond 10 d, a
difference testable in future events. On the other hand,
adopting the S2 abundances requires an uncomfortably
large M; 2 0.13 M, to match the observed Ly,;. This large
difference arises because the abundance of "’Ge in S1 is
similar to its neighboring nuclei, 7Zn and 7“Ge, while
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FIG. 4. The radioactive decay heating rate powered by the
solar-r abundance distribution for nuclei between A,;, and 205.
We use two different abundance sets from [44,45]. See text for
discussions.

for S2 the "°Ge abundance is zero. The only nucleus
between A = 69-90 that contributes significantly to the
heating is the decay sequence, "*Zn (f;, = 1.94 d) to
"Ga (11, = 0.59 d) to "Ge, that releases a net energy
~3.5 MeV per decay. The B-decay contribution of 7?Zn in
S1 thus gives rise to the bump feature at 2-5 d that is
lacking for the S2 set. By artificially varying the A = 72
mass fraction, we find that at least >20% of its S1
abundance is needed to match the GW170817 light curve
for M; £ 0.05 Mg, (see SM [22] for details).

Taken together, we conclude that GW 170817 may have
produced a solarlike r-process yield down to A ~ 70, if
the solar r-process contribution to the 7’Ge abundance is
larger than ~20% of the value given by S1. However, if the
solar r abundance of ’Ge abundance turns out to be much
smaller than that of 7%Zn and 7“Ge, then either a substantial
additional heating from A < 69 isotopes (e.g., ®Ni, see
[27]) would be required to make GW170817 consistent
with the solar abundances, or one would require enhanced
lighter nuclei yields in A ~90-130 relative to the heavier
nuclei beyond the second peak, when compared to the solar
r abundances, to give Xj,, < 0.01. We note, however, that
the correlation of the abundances of Ge and Fe in metal-
poor stars and the noncorrelation of Ge and Eu [46] hints
that NSM are unlikely to produce the entire solar r
abundances down to A = 70.

Discussion.—Our results demonstrate how late-time
bolometric kilonova lightcurves can provide an important
diagnostic of the nuclear composition of the NSM ejecta.
Recently, Refs. [30,31] reported detections of GW170817
at 43 and 74 d postmerger in the wavelength band centered
at 4.5 ym using the Spitzer Space Telescope; the 3.6 ym
band was also observed, resulting in nondetections.
Interpreted as blackbody emission, the observed colors
indicate that the ejecta had cooled by these late times to
temperatures <1200 K. Unfortunately, the ejecta during
the nebular phase radiate through discrete spectral lines
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rather than as a blackbody, and so translating these
observations into a bolometric luminosity is challenging.
Making the very conservative assumption of counting only
the luminosity in the detected band, these lower limits
(shown as open triangles in Figs. 1-4) are not constraining
in most of the cases. The only exception is the scenario with
heating powered by solar r abundances with A;, = 69
with the abundance set S1, for which the late-time light-
curve is in tension with the data at 43 d of Ref. [31].
Observations of future merger events by, e.g., the James
Webb Space Telescope (JWST) could be more promising
[30]. For a merger at 100 Mpc, the NIRcam instrument on
JWST could detect luminosities in the ~0.6—4 ym band
down to Lyg = 5 x 10°” ergs~! (fora S/N = 10 detection
given a 10* s integration), sufficient to distinguish various
models shown in, e.g., Fig. 1 out to timescales of months.
The midinfrared instrument (MIRI) sensitive in the
5-14 ym band, could constrain the luminosity to Lygr &
2 x 103 ergs™'. We emphasize that well time-sampled
observations, which cover as wide in optical and infrared
frequency range as possible, will be necessary to constrain
the bolometric lightcurve evolution with sufficient precision
to distinguish the nuclear physics features discussed here.
A number of uncertainties could affect future nebular
measurements, which requires additional theoretical mod-
eling. The ejecta may not radiate the radioactive heating it
receives with complete efficiency. Empirically, the light-
curves of Type la supernovae faithfully track the radio-
active decay input up to several years [47]. However, at
later times the situation is less clear; nonthermally excited
ions might absorb a large fraction of the radioactive energy,
but due to the low density the rate of recombination could
be slow and the energy released much later than injection
(“freeze-out”; [48]). Freeze-out sets in on timescales of
years in supernovae (see Fig. 7 of Ref. [47]), which, if
occurring at the same density in a NSM, would translate
into an even earlier timescale of weeks to months due to
their lower ejecta mass and faster expansion speeds.
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