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Abstract

The discovery of the kilonova (KN) AT 2017gfo, accompanying the gravitational wave event GW170817,
provides crucial insight into the synthesis of heavy elements during binary neutron star (BNS) mergers. Following
this landmark event, another KN was detected in association with the second-brightest gamma-ray burst (GRB)
observed to date, GRB 230307A, and subsequently confirmed by observations of the James Webb Space Telescope
(JWST). In this work, we conduct an end-to-end simulation to analyze the temporal evolution of the KN
AT 2023vfi associated with GRB 230307A and constrain the abundances of superheavy elements produced. We
find that the temporal evolution of AT 2023vfi is similar to AT 2017gfo in the first week post-burst. Additionally,
the r-process nuclide abundances of lanthanide-rich ejecta, derived from numerical relativity simulations of BNS
mergers, can also successfully interpret the temporal evolution of the KN with the lanthanide-rich ejecta mass of
0.02M.,, which is consistent with the mass range of dynamical ejecta from numerical simulations in the literature.
Both findings strongly suggest the hypothesis that GRB 230307A originated from a BNS merger, similar to
AT 2017gfo. Based on the first-time observation of the KN for JWST, we are able to constrain the superheavy
elements of another KN following AT 2017gfo. The pre-radioactive-decay abundances of the superheavy nuclides
222Rn, 223Ra, 224Ra, and 2*°Ac are estimated to be at least on the order of 1 x 107>, These abundance estimates
provide valuable insight into the synthesis of superheavy elements in BNS mergers, contributing to our
understanding of astrophysical r-process nucleosynthesis.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Neutron stars (1108); Nuclear abundances

(1128); Nucleosynthesis (1131)

1. Introduction

Mergers of binary neutron stars (BNSs) and neutron star—
black hole (NS-BH) binaries have been proposed as promising
sites for rapid neutron capture (r-process) nucleosynthesis
(J. M. Lattimer & D. N. Schramm 1974; J. M. Lattimer et al.
1977; D. Eichler et al. 1989). The radioactive decay of
r-process nuclei heats the expanding material ejected during
these mergers, producing an electromagnetic transient in
ultraviolet, optical, and near-infrared wavelengths, known as a
“kilonova” (KN; L.-X. Li & B. Paczynski 1998; B. D. Metzger
et al. 2010; B. D. Metzger 2020). The mergers of BNS and
NS-BH also produce a relativistic jet, which is detected
as a short-duration gamma-ray burst (SGRB) if the jet is
oriented toward the observer (B. Paczynski 1986; R. Narayan
et al. 1992; R. Popham et al. 1999), accompanied by a KN and a
gravitational-wave (GW) burst (B. D. Metzger & E. Berger
2012; N. R. Tanvir et al. 2013; Z.-P. Jin et al. 2015; B. Yang
et al. 2015; E. Troja et al. 2019; J. C. Rastinejad et al. 2021).

On 2017 August 17 12:41:04.47 UTC, the Advanced Laser
Interferometer Gravitational-Wave Observatory (aLIGO) and
Virgo detected the first BNS merger GW source, GW170817
(B. Abbott et al. 2017). Shortly after the GW signal, the sSGRB
170817A (A. Goldstein et al. 2017; V. Savchenko et al. 2017) and
KN AT 2017gfo (D. A. Coulter et al. 2017; P. S. Cowperthwaite
et al. 2017; P. A. Evans et al. 2017; B. J. Shappee et al. 2017)
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were observed ~1.7 s and ~11 hr after the GW alert, respectively.
Both were confirmed to be associated with this BNS merger
event. According to the analysis of KN AT 2017gfo, the ejecta
consists of at least two distinct components, one composed mainly
of light r-process elements (atomic mass number A < 140,
lanthanide-poor), responsible for the early blue emission, and
another of heavy elements (A > 140, lanthanide-rich), which
yields the later red emission of the KN (D. Kasen et al. 2017;
M. Nicholl et al. 2017; V. A. Villar et al. 2017). In general, the
lanthanide-rich ejecta originates from dynamical ejecta, and the
lanthanide-poor ejecta is composed of shock-heated dynamical
ejecta and disk outflow material (B. D. Metzger 2020). The
discovery of AT 2017gfo, associated with the GW event
GW170817, provides smoking-gun evidence for the synthesis
of heavy elements via the BNS merger.

The lightcurve of a KN could be influenced by various
energy sources, including energy released by radioactive decay
of r-process elements, shock cooling (M. M. Kasliwal et al.
2017; A. L. Piro & J. A. Kollmeier 2018), energy injection
from the merger remnant (Y.-W. Yu et al. 2018; K. Kawaguchi
et al. 2020; S. Ai et al. 2022, 2025), and interaction between
ejecta and circumstellar medium (CSM; J. Ren et al. 2022;
Y.-Q. Qi et al. 2022; S.-N. Wang et al. 2024). Among these, the
primary source is the energy released by radioactive decay.
Several studies have investigated the connection between the
KN lightcurve and heavy elements (B. D. Metzger et al. 2010;
J. Lippuner & L. F. Roberts 2015; S. Wanajo 2018; M.-R. Wu
et al. 2019; K. Hotokezaka & E. Nakar 2020; M.-H. Chen &
E.-W. Liang 2023). B. D. Metzger et al. (2010) related the
radioactive heating rate to KN lightcurves using a nuclear


https://orcid.org/0000-0002-2242-1514
https://orcid.org/0000-0002-2242-1514
https://orcid.org/0000-0002-2242-1514
https://orcid.org/0000-0002-9092-0593
https://orcid.org/0000-0002-9092-0593
https://orcid.org/0000-0002-9092-0593
https://orcid.org/0000-0002-1330-2329
https://orcid.org/0000-0002-1330-2329
https://orcid.org/0000-0002-1330-2329
mailto:ustclzy@mail.ustc.edu.cn
mailto:wzhao7@ustc.edu.cn
http://astrothesaurus.org/uat/629
http://astrothesaurus.org/uat/1108
http://astrothesaurus.org/uat/1128
http://astrothesaurus.org/uat/1128
http://astrothesaurus.org/uat/1131
https://doi.org/10.3847/2041-8213/adc260
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/adc260&domain=pdf&date_stamp=2025-04-14
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/adc260&domain=pdf&date_stamp=2025-04-14
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 983:1L.34 (10pp), 2025 April 20

reaction network. A comprehensive parameter research by
J. Lippuner & L. F. Roberts (2015) explored the variability of
heating rate with the richness of the lanthanide element.
K. Hotokezaka & E. Nakar (2020) refined the modeling of the
thermalization process to accurately derive the heating rate of
r-process elements. M.-R. Wu et al. (2019) identified the
significant impact of energy released by the radioactive decay
of certain superheavy nuclides (atomic mass number A > 210)
on KN lightcurves at later epochs, suggesting that such features
could constrain the abundances of these nuclides. Moreover,
according to this feature, M.-H. Chen & E.-W. Liang (2023)
used the lightcurve of AT 2017gfo to estimate the abundance of
22°Ac in the KN ejecta.

To better measure the abundances of these superheavy
elements, obtaining the complete evolution of a KN is essential.
To date, a total of 17 KNe or KN candidates have been
reported, including 15 KNe collected in Q. M. Li et al. (2023)
and two others reported in J. C. Rastinejad et al. (2022) and
A. J. Levan et al. (2024), respectively. The superheavy
elements are difficult to constrain for most KNe due to the
lack of late-time observation. With the high sensitivity in near-
infrared wavelength, the James Webb Space Telescope (JWST)
is an ideal and powerful instrument for following and
monitoring KN evolution (I. Bartos et al. 2016; M.-R. Wu
et al. 2019; M.-H. Chen & E.-W. Liang 2023). Recently, the
second brightest GRB observed to date, GRB 230307A, was
detected by several high-energy instruments (S. Dalessi &
S. Fermi GBM Team 2023; A. S. Kozyrev et al. 2023; H. Sun
et al. 2025; D. Svinkin et al. 2023; S. Xiong et al. 2023).
Subsequent optical follow-ups revealed evidence of a KN
component associated with this GRB, named AT 2023vfi.*
Based on the KN spectral models (N. Domoto et al. 2024;
Q. Pognan et al. 2025), some spectral features of r-process
elements (e.g., strontium, tellurium, and thorium) are expected
to be observed. To confirm and further measure the late-time
evolution of the KN, JWST was employed to follow up the KN
for the first time (A. J. Levan et al. 2024). According to
subsequent spectral analyses (J. H. Gillanders et al. 2023;
J. H. Gillanders & S. J. Smartt 2025; A. J. Levan et al. 2024),
certain spectral features potentially attributable to r-process
elements (e.g., tellurium) were reported, similar to those
observed in AT?2017gfo (K. Hotokezaka et al. 2023),
indicating the origin of BNS or NS-BH merger for
GRB 230307A.

Unlike most previously discovered KNe associated with
sGRBs (Q. M. Li et al. 2023), AT 2023vfi is associated with the
long-duration GRB (IGRB) 230307A (A. J. Levan et al. 2024;
Y.-H. Yang et al. 2024). The duration of a GRB is defined by
Tyo, the time interval during which the fluence of the GRB
increases from 5% to 95%. Multiwavelength observations
suggest that SGRBs (Tgy < 2 s) and IGRBs (Tyg > 2 s) originate
from compact star mergers and massive star core collapses
(S. E. Woosley & J. S. Bloom 2006; N. R. Tanvir et al. 2013;
B. Abbott et al. 2017), respectively. However, the recent
discovery of KNe associated with IGRBs (e.g., GRB 211211A,
GRB 230307A) challenges this well-known duration—progeni-
tor connection (J. C. Rastinejad et al. 2022; A. J. Levan et al.
2024). B. Zhang (2025) suggests that the features of
GRB 230307A show an engine-defined long duration, which
can be accommodated with a BNS merger.
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In this work, assuming a BNS merger origin, we focus on
constraining the abundances of superheavy elements reported
in M.-R. Wu et al. (2019) for the KN associated with
GRB 230307A. We conduct detailed r-process nucleosynthesis
simulations and derive the corresponding KN lightcurves to
compare with the observations. Additionally, we discuss other
mechanisms that may influence the late-time KN lightcurve.
The paper is organized as follows: In Section 2, we introduce
the method to extract the KN lightcurve and describe r-process
nucleosynthesis simulations and KN lightcurve calculation. We
present the simulated lightcurves and the estimated abundances
of the superheavy elements and discuss the influences of other
energy sources on our results in Section 3. Finally, we provide
conclusions in Section 4.

2. Method
2.1. Extract the KN Lightcurve

Except for the KN AT 2017gfo, all KNe discovered so far
are mixed with GRB afterglows, including AT 2023vfi. In this
section, we introduce data usage and the reduction method of
multiwavelength data to extract the KN temporal evolution.

The origins and characteristics of afterglows and KNe are
distinct. Afterglows arise from the interaction between the
relativistic jet and the surrounding interstellar medium,
resulting in nonthermal synchrotron radiation across a broad
range of wavelengths, from X-ray to optical and radio. KNe are
approximately thermal emissions in ultraviolet, optical, and
near-infrared wavelengths, heated by the radioactive decay of
r-process elements formed during the BNS and NS-BH
mergers. According to the difference in their spectral energy
distribution (SED) shapes, the combination of multiwavelength
data (e.g., X-ray, optical) is commonly used to identify and
separate KNe from afterglows (e.g., N. R. Tanvir et al. 2013;
Z.-P. Jin et al. 2019; E. Troja et al. 2019; J. C. Rastinejad et al.
2021). In this work, we adopt the same method used in
Y.-H. Yang et al. (2024) to extract the KN. The X-ray data used
here is obtained from the Neil Gehrels Swift Observatory
(Swift; D. N. Burrows et al. 2005) and the High Throughput
X-ray Spectroscopy Mission and the X-ray Multi-Mirror
Mission (XMM-Newton; F. Jansen et al. 2001), as published
in Y.-H. Yang et al. (2024). For optical and near-infrared data,
we use the photometry results from various ground-based
telescopes and JWST, as presented in A. J. Levan et al. (2024)
and Y.-H. Yang et al. (2024).

To reduce the Swift X-Ray Telescope data, we utilize the
tools integrated within HEASOFT v6.33.2 to extract spectra
from photon event files (NASA High Energy Astrophysics
Science Archive Research Center (Heasarc) 2014). For the
reduction and analysis of XMM-Newton data, we employ
Science Analysis System v21.0.0 to obtain the spectra
(C. Gabriel et al. 2004). A total of five X-ray spectra are
obtained at different times, spanning from 1day to 37 days
post-burst. The ultraviolet, optical, and near-infrared data close
to each X-ray observation are collected from A. J. Levan et al.
(2024) and Y.-H. Yang et al. (2024), as shown in Table 1. To
use the Xspec tool within HEASOFT to fit the SED from
optical to X-ray, the photometric data are converted to a .pha
file by ftflx2xsp tool within HEASOFT to input into Xspec.
The SED models for the afterglow and KN are adopted
as a power-law function and the blackbody emission,
respectively. To account for the Galactic foreground extinction
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Table 1
Ultraviolet, Optical, and Near-infrared Data Used in SED Fitting at Different Epochs
At Magnitude Filter Telescope Epoch Reference
1.12 20.90 £+ 0.05 R KMTNet/SAAO 1.2 ?2)
1.20 20.21 + 0.15 H PRIME 1.2 2)
1.20 20.74 + 0.11 J PRIME 1.2 ?2)
1.20 20.60 + 0.14 Y PRIME 1.2 2)
1.20 22.1 £ 0.2 white uvoT 1.2 2)
1.43 20.72 + 0.15 r ULTRACAM 1.2 [€))]
1.60 230 £ 03 white uvoT 1.8 2)
1.82 21.20 + 0.10 1 KMTNet/SSO 1.8 2)
1.82 2142 + 0.05 R KMTNet/SSO 1.8 2)
2.36 21.50 + 0.12 4 SOAR 24 3)
2.37 21.84 + 0.19 r VST 2.4 (€))
2.38 2246 + 0.06 R KMTNet/CTIO 24 ?2)
2.39 22.00 = 0.20 1 KMTNet/CTIO 2.4 2)
241 2235 + 0.26 g ULTRACAM 2.4 (€]
2.41 21.68 + 0.09 i ULTRACAM 2.4 [€))]
6.42 2324 + 0.11 b4 FORS2 7.4 (€]
7.40 2490 + 0.10 r Gemini 7.4 ?2)
8.34 2430 + 0.20 b4 Gemini 7.4 2)
28.83 28.50 £+ 0.07 F115W JWST 28.9 (€]
28.83 26.24 + 0.01 F27TW JWST 28.9 )
28.86 28.11 + 0.12 F150W JWST 28.9 (€]
28.86 2542 + 0.01 F356W JWST 28.9 1)
28.89 28.97 + 0.20 FO70W JWST 28.9 (€]
28.89 24.62 + 0.01 F444W JWST 28.9 (€]
61.48 29.78 + 0.31 F115W JWST 61.4 [€))
61.48 2697 + 0.04 F444w JWST 61.4 1)
61.51 2831 + 0.12 F27TW JWST 61.4 [€))]
61.51 29.24 + 0.17 F150W JWST 61.4 1)

Note. At represents the time since the occurrence of GRB 230307A, in units of days. All errors represent the 1o uncertainties.
References: (1) A. J. Levan et al. (2024); (2) Y.-H. Yang et al. (2024); (3) C. R. Bom et al. (2023).

and absorption, the fitting model in Xspec is set as red-
den*phbabs*zphbabs™ (powerlaw+bbody), with the
parameters redshift, Galactic extinction factor and Galactic
hydrogen column density fixed at: z=0.065, E(B — V) =
0.076, ny = 1.26 x 10*' cm™? (E. F. Schlafly & D. P. Finkbe-
iner 2011; R. Willingale et al. 2013), based on the occurrence
location of GRB 230307A (A. J. Levan et al. 2024).

The fitting results are shown in Table 2, where parameter «
is the power-law index of the afterglow, and the photosphere
radius Ry, at each time is derived from the fitting parameters of
effective temperature 7.¢ and the bolometric luminosity Ly,.
The temporal evolution of the blackbody component is
consistent with the features of KNe, including rapid decline
and fast color evolution from blue to red. In addition, the
luminosity of this component is similar to that of KN
AT 2017gfo (V. A. Villar et al. 2017; E. Waxman et al.
2018; B. D. Metzger 2020), supporting the identification of this
component as originating from a KN. Our results are also
consistent with the results presented in Extended Data Table 1
in Y.-H. Yang et al. (2024). With the broad near-infrared
coverage and high sensitivity of JWST, the bolometric
luminosity of KNe at late stages (~60 days post-burst) could
be measured for the first time.

2.2. t-process Nucleosynthesis

As an important energy source of KN, the abundances of
r-process elements are the basic factor for the luminosity and
evolution of KNe. In this section, we introduce the method to
simulate the abundances of ejecta during BNS mergers.

Table 2
Power-law Index « of the Afterglow of GRB 230307A and Temporal
Evolution of AT 2023vfi, Derived from the SED Fitting of Multiwavelength
Observations at Different Times

At Tetr Lo Ron e}
(day) (K) (erg s™") (cm)

12 685311438 7.68734 x 104 699538 x 104 —1.77°9%
1.8 53024823 4347130 x 101 8.487238 x 101

2.4 31210988 1778 < 10 1.62103 x 10

7.4 17127789 8374838 % 104 3707338 x 105

28.9 588713 500107 % 10%  7.65%04% x 1015 —1.6379%

61.4 541739, 6.517438 x 103 326134 % 1015

In this work, we adopt a two-component KN model, including
lanthanide-rich and lanthanide-poor ejecta, also named red and
blue components (V. A. Villar et al. 2017; B. D. Metzger 2020),
respectively. For lanthanide-rich ejecta, following the method in
M.-H. Chen & E.-W. Liang (2023) and M.-H. Chen et al. (2024),
we derive the abundances of lanthanide-rich ejecta during BNS
mergers by r-process nucleosynthesis simulation. In particular,
we employ the nuclear reaction network code SkyNet’
for simulation (J. Lippuner & L. F. Roberts 2015, 2017).
SkyNet is a general-purpose nuclear reaction network specifi-
cally designed for r-process nucleosynthesis calculations,
incorporating over 140,000 nuclear reactions and evolving

> hitps: //jonaslippuner.com/research /skynet/
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Figure 1. Abundance distributions at le+9s simulated by the SkyNet
nucleosynthesis code with various initial conditions. The initial temperature 7T;,;
is fixed to 6 GK. The entropy is selected as (10, 50, 100, 200) kg baryon’l. For
the lines with the same color, the higher transparency represents the larger
entropy set.

the abundances of 7843 nuclides, from free neutrons and
protons up to >'’Cn(Z = 112). In our simulation, we update the
nuclear mass data using the latest nuclear database from
AME2020 (M. Wang et al. 2021). In addition, we fit and
calculate the neutron capture rates at various temperatures
using the results from the nuclear reaction code TALYS
(S. Goriely et al. 2008). The system is initially assumed to be in
nuclear statistical equilibrium. It evolves according to specified
initial conditions, including temperature T}, entropy s,
expansion timescale 7, and electron fraction Y., which serve
as input parameters for SkyNet Flgure 1 shows the final
abundance distributions at 10° s for various initial conditions.
The electron fraction Y., which reflects the neutron richness of
the environment, primarily dominates the synthesis of r-process
elements. Higher entropy leads to lower production of
lanthanides and actinides due to the inverse relationship
between entropy and initial density, resulting in reduced
neutron flux and density at higher initial entropy. The
expansion timescale, which determines how fast the density
decreases during nuclear burning, has a relatively minor impact
on r-process element synthesis compared with electron fraction
and entropy. A slower expansion timescale allows the ejecta to
return to nuclear statistical equilibrium more rapidly, resulting
in an increased electron fraction and a reduced production of
lanthanides and actinides (J. Lippuner & L. F. Roberts 2015).

To simulate abundances of lanthanide-rich ejecta produced
during BNS mergers, the initial conditions are set based on the
numerical relativity simulation presented in D. Radice et al.
(2018). For GRB 230307A, the information on the masses of
the BNS system is extremely limited due to the lack of GW
observation. For simplicity, we use a BNS merger system with
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Figure 2. Abundance distributions at le+9s simulated by the SkyNet
nucleosynthesis code for the models with different EoSs. The black dots
represent solar r-process element abundances from M. Arnould et al. (2007).

Table 3

BNS Simulation Models and Corresponding Parameters Used in This Work
Model Y. s VR T

(ks baryon™ ") © (ms)
DD2_M140140_LK 0.17 22 0.22 6.08
LS220_M140140_LK 0.14 16 0.17 7.87
SFHo_M140140_LK 0.19 37 0.35 3.82
BHBIp_M140140_LK 0.15 18 0.17 7.87
BHBIp_M140120_LK 0.11 13 0.16 8.36

Note. The expansion timescales 7 are derived from ejecta velocity vg measured
on a sphere with a coordinate radius R = (300G/ AM., ~ 443 km.

a mass of (1.4 4+ 1.4)M, and adopt four distinct equations of
state  (EoSs): BHBIp_M140140_LK, DD2_M140140_LK,
LS220_M140140_LK, and SFHo_M140140_LK. The EoSs
of BHBA¢, DD2, 1.§220, and SFHo support cold, nonrotating
maximum NS mass and R, 4 combinations of (2.11M,, 13.2 km),
(2.42M,, 13.2km), (2.06M, 12.7km), and (2.06M, 11.9 km),
respectively (M. Hempel & J. Schaffner-Bielich 2010; S. Typel
et al. 2010; A. W. Steiner et al. 2013; S. Banik et al. 2014). These
predicted maximum NS masses and radii are consistent with
current astrophysical constraints (D. Radice et al. 2018). EoSs
with smaller R; 4 are referred to as “softer,” while those with
larger R, 4 are referred to as “stiffer.” Additionally, we include an
asymmetric system with a mass of (1.2 + 14)M. in our
calculations, labeled as BHBIp_M140120_LK. The initial condi-
tions for these binary systems, including Y., s, vg, are listed in
Table 3. Following the method in M. -H Chen & E.-W. Liang
(2023), the expansion timescale is 7 ~ 3— where e >~ 2.718 is

Euler’s number and v is the Veloc1ty measured on a sphere with a
coordinate radius R = (300G/c WM., ~ 443 km. The derived
expansion timescales for these systems are listed in Table 3.
The abundance distributions simulated by SkyNet for these
systems are shown in Figure 2, with black dots representing the
solar r-process abundance measurements from M. Arnould
et al. (2007). Regardless of the EoSs, these BNS systems
robustly produce second- and third-peak elements resembling
the solar r-process abundance, e.g., with 125 < A < 145 and
185 < A <210, respectively. For model BHBIp_M140120_LK
with unequal mass, the abundances of actinide elements
produced are relatively lower than the symmetrical system
BHBIp_M140140_LK. For the (1.4 + 1.4)M. BNS system
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with different EoSs, the produced abundance of heavy elements
is sensitive to the EoSs, particularly for light and superheavy
r-process elements, but with a complicated relationship: e.g.,
the more lanthanide and actinide elements are synthesized in
the softer model LS220_M140140_LK and the stiffer model
BHBIp_M140140_LK.

In addition to the lanthanide-rich ejecta, the lanthanide-poor
ejecta is a portion of ejecta matter unbound from a BNS
merger, which contains a lower neutron abundance (Y, = 0.3).
Due to the environment’s low neutron density, the lanthanide-
poor ejecta lacks lanthanide group elements and exhibits
a lower opacity, corresponding to the blue color and
early lightcurve of KNe (B. D. Metzger 2020). Based on
nucleosynthesis calculations for high Y., as shown in Figure 1,
we adopt a solar-like r-process abundance for the lanthanide-
poor ejecta in the mass number range of 72 <A < 140.

2.3. Heating Rate

In this section, we present the calculation of energy release
and heating rates of nuclear reactions with the input of
r-process element abundances.

Following the nucleosynthesis of the r-process elements, a
substantial amount of energy is released, fueling the KN by
radioactive decay. The decay products carry the radioactive
energy and heat the ejecta material via interactions. To
calculate the energy release and heating rate, we adopt the
model presented in K. Hotokezaka & E. Nakar (2020) and
modify the code® to also accommodate nonsolar abundance
distributions. This model accounts for radioactive power from
three decay channels of (-decay, a-decay, and spontaneous
fission. It also incorporates the thermalization process of each
decay product to derive the heating rates. The total heating
rates for the three decay channels are as follows:

0 = Y Opn(®) = 3£, (04,(). (1
p P

where p € [, (B, 7, fissionfragments], f,(f) is the heat
deposition fraction, ¢,(¢) is the total energy release carried by
each kind of decay products:

G,(1) = Nad_ 7i e/ GEy ;. 2)

where N, is Avogadro’s number, 7; is the mean lifetime of the
nuclide, Ej, ; is the energy released per decay chain, and Y; is the
number fraction of a parent nuclide per mole. The energy
release and mean lifetime data are adopted from the Evaluated
Nuclear Data File library (ENDF/B-VIL.1; M. Chadwick et al.
2011).

The thermalization process is calculated separately for
charged particles and gamma-ray photons. For charged
particles, including o particles, electrons, and fission frag-
ments, the heating rate is expressed as:

t (1
Oagern® = [ de BB £, 0p 02, @)
i 0. [2
where N,(¢) is the number density of a radioactive element i, §
is the velocity of charged particles, K is the stopping cross
section per unit mass, and p(f) is the density. The term of
OK« (E; 03 {, 1) p(t) describes the collision energy loss per unit

® hitps:/ /github.com/hotokezaka/HeatingRate
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time, where BKg(E;o; t', 1) is obtained by solving the time
evolution of the kinetic energy of monoenergetic charged
particles for a given initial energy, E; (, and injected time ¢". For
gamma-ray photons, the heat deposition fraction is:

L) =1 —exp(=7,,) =1 — exp(—(t/1)*), 4)

where 7, ¢ is effective optical depth of gamma-ray photons.
The timescale #, is defined by the time 7, = 1, and is
estimated by:

05( M.\
to~ 2.3 days( & ) =
0.05 0.05M,

v 1 K . —-0.5
min ,eff

, 5
(O.lc) (0.07 cm? gl) ®)

where M,; represents the ejecta mass, vy, is the minimum
velocity of ejecta, k., eff is the effective opacity for gamma-
rays, the parameter Cy; depends on the structure of the ejecta.

2.4. KN Model

The KN lightcurve is derived using a classical semianalytic KN
model with two components and spherically symmetric geometry,
developed in the literature (L.-X. Li & B. Paczyniski 1998;
D. Kasen & L. Bildsten 2010; B. D. Metzger et al. 2010;
S. Rosswog et al. 2013; D. Kasen et al. 2015). The model is
described as follows: the merger ejecta is divided into N spherical
shells, with each shell characterized by its mass m;, gray opacity
K;, and expansion velocity v;, where vi = vyin and vy = Viax.
The radial density of the merger ejecta is assumed as a power-law
density profile:

vmm

p(vi 1) :poa)( i ) , 6)

where n is set as a fiducial value of 3 according to B. D. Met-
zger (2020), po(?) is the density of the innermost layer, and po(7)
is obtained given a total ejecta mass M;:

R,
My = [ amp( rdr, %
R

where R; = v;t is the radius of each layer. The radiation is
related to the internal energy E; of each layer, of which the
evolution is described by the first law of thermodynamics of
radiation dominated gas:

dE;
dt
where Q;(t) = m;Q(t) is the heating rate of the each mass

layer. The radiation luminosity L; of each shell can be estimated
by:

:_%+Qm—gmmn:LwM ®)

G Ei
L= fz;sc,l (9)

fe,i -+ min(tgir i, 1)

where fi.; = v;t/c is the light-crossing time and tq4i¢; = Tvit/c
is the photon diffusion timescale. The optical depth 7; of the ith
shell is:

70 = [ rp@dr (10)

i
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Figure 3. Heating rates of lanthanide-poor and lanthanide-rich ejecta of
different models. The dashed black line represents a power-law function with
an index of —1.3.

The parameter f..; is the energy escape fraction in each shell,
which is estimated by:

Laif,i
JAES erfc( /%) (11)

where erfc is the complementary error function. Finally, the
total luminosity of the KN is Ly, = >_;L;. The two components
of ejecta are defined by radially varying opacity:

Kl
K/(Vi’ t) = { o

Fhigh if vy < v,

ifv; > v,
(12)

where Koy and khign represent the opacity of lanthanide-poor
and lanthanide-rich ejecta, respectively. In geometry, the
lanthanide-poor ejecta is located in the outer layers of the
ejected material with higher velocity, while the lanthanide-rich
ejecta is in the inner layers.

In our calculations, we set K = 0.5cm®g ' according to the
fitting results in Y.-H. Yang et al. (2024). The opacity of
lanthanide-rich ejecta is set as Kpjgn, = 10 cm®g ! based on the
best-fit model for ~29 days JWST spectrum in J. H. Gillanders
et al. (2023). The two values of opacity are also consistent with
opacity ranges for lanthanide-poor and lanthanide-rich ejecta,
respectively (M. Tanaka et al. 2020). For ejecta velocity, according
to numerical simulations for dynamical ejecta, e.g., A. Bauswein
et al. (2013), Y. Sekiguchi et al. (2016), T. Dietrich & M. Ujevic
(2017), and D. Radice et al. (2018), the velocity range is
~0.1-04c. Additionally, based on the fitting results for the
observations AT 2017gfo and AT 2023vfi (V. A. Villar et al. 2017;
J. H. Gillanders et al. 2023; Y.-H. Yang et al. 2024), the velocities
of lanthanide-rich and lanthanide-poor ejecta are in the range of
~0.1-0.2¢c and ~0.2-0.3c, respectively. Therefore, we set the
velocity range and velocity threshold as: vy, = 0.1¢, Viax =
0.4c, v, = 0.18c. Based on the density profile in Equation (6), the
mass fraction of lanthanide-rich ejecta is ~0.4.

3. Results and Discussions

We present the calculated heating rates and lightcurves for
different models in Section 3.1. In Section 3.2, we apply the
results to AT 2023vfi to constrain the abundances of the
superheavy elements.
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Figure 4. Heating rates produced by the (-decay and «-decay of r-process
elements for lanthanide-rich ejecta. The solid and dashed lines represent
LS220_M140140_LK and DD2_M140140_LK, respectively.

3.1. Heating Rate

By the methods introduced in Section 2.2, the heating rates are
calculated for lanthanide-poor ejecta and lanthanide-rich ejecta of
different models listed in Table 3. For these models, the masses of
ejecta are all set as M,; = 0.05M, in our calculation. The results
of heating rates are shown in Figure 3. For all models, the early
evolution of the heating rate can be well described by a power-law
function with an index of ~—1.3, consistent with the results in the
literature (O. Korobkin et al. 2012; K. Hotokezaka et al. 2017).
However, at later epochs, heating rates of BHBIp_M140140_LK
and LS220_M140140_LK decline more slowly compared
to others. Such a difference is attributed to the change in
the energy source from different radioactive decay channels.
Figure 4 shows the heating rates from (-decay and a-decay for
LS220_M140140_LK and DD2_M140140_LK. In the first few
days, the heating rate is mainly contributed by the (-decay of
various r-process elements. The combined energy release from
nuclides with different half-lives leads to the observed power-law
behavior. At later times, as shown in Figure 4, the contribution
of a-decay gradually increases and becomes dominant in
LS220_M140140_LK, corresponding to the slower decline for
both BHBIp_M140140_LK and LS220_M140140_LK.

According to M.-R. Wu et al. (2019), at later stages, the a-
decay energy is g)rimarily contributed by four superheavy
nuclides: 2 Rn, 22 Ra, 224Ra, and >*°Ac. Heating rate fractions
of the four elements for LS220_M140140_LK are shown in
Figure 5. The half-lives of these elements are 3.8, 11.4, 3.6, and
10.0 days, and the total energies released per decay are 23.8,
30.0, 30.9, and 30.2 MeV, respectively. The relatively longer
half-lives and the higher energy released make these elements
dominant sources of heating rate from a few days after the
GRB. According to the results in Figure 2, the abundances of
these elements produced in BHBIp_M140140_LK and
LS220_M140140_LK are higher, resulting in higher heating
rates at late times compared to other models. Therefore, the
late-time KN lightcurve is sensitive to these superheavy
elements and can be used to estimate their abundances.

3.2. Applied to GRB 230307A

To constrain the abundances of the four superheavy
elements, we calculate KN bolometric lightcurves for the five
models of lanthanide-rich ejecta, using the results of heating
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FiAgure 5. Fractions of heating rate for the superheavy elements: >’Rn, ***Ra,
22'Ra, and **Ac, in the case of LS220_M140140_LK.

rates from ejecta of the two components. In these calculations,
the ejecta mass is set to match the early luminosity of the
extracted KN lightcurve presented in Table 2. In particular, the
values of ejecta mass M; for the different models are all set as
M = 0.05M, corresponding to ~0.03M, and ~0.02M,, for
lanthanide-poor and lanthanide-rich ejecta, respectively.
The AT 2023vfi and model-predicted bolometric lightcurves
are shown in Figure 6. For comparison, the bolometric
lightcurve of AT 2017gfo in M.-R. Wu et al. (2019) is also
included as represented by red dots and triangles, where
triangles indicate the lower limits. We find that the bolometric
lightcurves of the AT 2023vfi and AT 2017gfo are similar in
the first week post-burst. This consistency suggests that
AT 2017gfo and GRB 230307A are generated from a similar
progenitor scenario. However, at ~10days post-burst, due
to the absence of simultaneous X-ray and optical data, it
remains uncertain whether AT 2023vfi exhibits a rapid decline
similar to that of AT 2017gfo. About three weeks later, unlike
AT 2017gfo, which only provides lower limits due to the lack
of multiband detection, two bolometric luminosity data points
for the KN are measured, thanks to the high sensitivity of the
JWST in the near-infrared wavelength range.

The bolometric lightcurves match well with the observation of
AT 2023vfi at early times for all models. However, after ~20 days,
only BHBIp_M140140_LK and LS220_M140140_LK are able to
fit the data. For other models (e.g., DD2_M140140_LK and
SFHo_M140140_LK), fitting the later data points requires an
additional lanthanide-rich ejecta of ~0.03M, leading to a
lanthanide-rich ejecta mass of ~0.05M, and a total ejecta mass of
~0.08 M, for the two components, which is consistent with the
results of the two-component KN model in Y.-H. Yang et al.
(2024). Y.-H. Yang et al. (2024) adopt a solar-like r-process
distribution, which lacks the superheavy elements and is
similar to the models with fewer superheavy elements. For
BHBIp_M140140_LK and LS220_M140140_LK, the energy
from the a-decay of the superheavy elements reduces the mass
of lanthanide-rich ejecta required to fit the late-time data. The less
mass of 0.02M,, of lanthanide-rich ejecta is consistent with the
dynamical ejecta mass results derived from various numerical
simulations of BNS mergers in the literature (see Figure 5 in
B. D. Metzger 2020 and Figure 6 in T. Dietrich & M. Ujevic
2017). Based on this, these findings suggest that, after ~20 days,
the energy released by a-decay of superheavy elements plays a
significant role in powering AT 2023vfi.

Liu, Jiang, & Zhao

DD2 M140140 LK

—— LS220 M140140 LK

39 SFHo_M140140_LK
BHBIp_M140140_LK

—— BHBIp_M140120_LK

1078} & AT 2023vfi

& AT 2017gfo

Lioi(erg/s)
=

10° 10" 10°

t (day)

Figure 6. Lightcurves derived from the heating rates of the BNS merger
models. The dark and red dots represent the bolometric luminosity lightcurves
of the KN of GRB 230307A and AT 2017gfo, respectively. The red triangles
are the lower limits of bolometric luminosity for AT 2017gfo.
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Figure 7. Lightcurves derived from heating rates with different abundances of
22Ra and **Ac. The black solid line is the lightcurve calculated based on the
solar r-process abundance.

For L1S220_M140140_LK (BHBIp_M140140_LK), the
simulated pre-radioactive-decay abundances of **’Rn, **’Ra,
2Ra, and *Ac are: 2.1(2.2), 2.0(1.9), 3.1(2.8) and
2.6(2.2) x 1073, respectively, which are also consistent with
the simulated abundances of ~2 x 107> reported in
M.-H. Chen & E.-W. Liang (2023). To investigate how the
KN lightcurve changes with varying abundances of these
superheavy elements, we calculate the other two lightcurves for
L$220_M140140_LK, with abundances of both **Ra and
2BAc set to 107 and 107*, respectively. The late-time
lightcurve is more sensitive to these two elements because
the half-lives of both ***Ra and **>Ac are longer than 10 days.
The results are shown in Figure 7, with the lightcurve
corresponding to solar-like r-process abundance for lantha-
nide-rich ejecta also shown as the black solid line. In our
calculation, the mass number range of nuclei for solar r-process
abundance spans from 70 to 209. Due to the absence of energy
contributions from the decay of the superheavy nuclei, the
luminosity of solar r-process abundance decreases more rai)idly
than observations. With the abundances of 10~® and 10~ and
the mass of 0.02M. of lanthanide-rich ejecta, the KN
lightcurves deviate significantly from the observations after
~10days. To match with the observations, the mass of
lanthanide-rich ejecta of ~0.05 and ~0.01M, are needed for
the cases of 107® and 10™*, respectively. When the abundances
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Figure 8. Lightcurves derived from the heating rates with the varying
abundances of the **Cf.

of the superheavy elements are >10">, less mass of lanthanide-
rich ejecta is needed, which indicates that an abundance on the
order of at least ~1 x 107> for 22’Rn, >*’Ra, 224Ra, and >*Ac is
synthesized in the BNS merger associated with GRB 230307A.

Using the estimated abundances of these elements, the
quantity of other superheavy elements generated during the
merger could be inferred based on the simulated abundance
ratio of the models (M.-R. Wu et al. 2019). Taking the element
uranium as an example, the long-lived isotopes of uranium
include 23 3U, Bay, 23 U, 236U, and *¥U. According to the
abundance distribution of L.S220_M140140_LK, the abun-
dance ratio between the uranium isotopes and **’Ac is ~0.13.
With the abundance of ~1 x 107> for 225Ac, the converted
mass fraction of uranium is ~3.1 x 102 Taking the mass of
lanthanide-rich ejecta used in the lightcurve calculation as
~0.02M..,, a total amount of ~6.2 x 10*M,, is inferred to be
produced during the merger.

3.3. The Impact of **Cf

As suggested in the literature (S. Wanajo 2018; Y. Zhu et al.
2018; M.-R. Wu et al. 2019), the presence of the spontaneous
fission nucleus *>*Cf could potentially impact the late-time KN
lightcurves due to its larger decay energy of ~185MeV and
longer half-life of ~60.5 days. In our calculation, abundances of
254Cf predicted by different models are within an order of
1 x 1072, which is consistent with the nucleosynthesis results of
1 x 1077=1 x 10~? in (M.-H. Chen & E.-W. Liang 2023). The
radioactive energy released by spontaneous fission from 2>*Cf is
significantly lower compared to the energy released by (- and a-
decay. Therefore, within our adopted nuclear input, we do not
find a notable contribution of *>*Cf to the heating rate.

To explore how large the abundance of **Cf is needed to
impact late-time lightcurve si§niﬁcantly, we calculate the KN
lightcurves with various **Cf abundances, as shown in
Figure 8. For comparison with the late-time energy released
by a-decay, for nuclide input of the lightcurves with *>*Cf, we
adopt the simulated abundance from LS220_M140140_LK for
the nuclide input and set the abundances of ***Ra and **’Ac to
zero. When the abundance of >>*Cf increases to 8 x 107°, the
impact from the spontaneous fission is comparable to that from
223Ra and **>Ac. This finding is also consistent with the results
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in Y. Zhu et al. (2018), where an abundance on the order of
1 x 10° for >*Cf has a notable impact on the KN lightcurve.

3.4. Other Energy Sources

Apart from the energy released by the radioactive decay of
r-process elements, some mechanisms can also supply energy to
KN and significantly affect the lightcurve, including the interaction
between ejecta and CSM, shock cooling, and the energy injection
from the merger remnant. Below, we discuss how these
mechanisms compete with radioactive decay energy and influence
our estimation of superheavy element abundances. For the
ejecta—CSM interaction, this process primarily depends on the
kinetic energy of the ejecta and the density of CSM, as seen
in previous studies of the CSM interaction supernovae
(R. A. Chevalier & C. Fransson 1994; R. A. Chevalier &
C. M. Irwin 2011; E. Chatzopoulos et al. 2013; L.-D. Liu et al.
2018). The ejecta—CSM interaction is applied first in
S.-N. Wang et al. (2024) to explain the KN emission associated
with GRB 191019A. However, unlike GRB 191019A, which
occurred near the nucleus of its host galaxy (within ~100 pc in
projection) in a high-density environment (A. J. Levan et al.
2023), the location of GRB 230307A is far from its host
galaxy, with a projected distance of 38.9 kpc (A. J. Levan et al.
2024), indicating a relatively low-density medium. Therefore,
the late-time energy contribution from ejecta—CSM interaction
should be negligible compared with the radioactive decay for
AT 2023vfi.

Shock cooling occurs when a GRB jet interacts with merger
ejecta (M. M. Kasliwal et al. 2017; A. L. Piro & J. A. Kollmeier
2018). The main feature of shock cooling is the early-time blue
light in the KN lightcurve, which is similar to the thermal
emission of lanthanide-poor ejecta (referred to as the blue
component in the KN model). If the shock cooling mechanism
significantly contributes to the energy observed in the early-time
lightcurve, the ejecta mass may be overestimated, resulting in a
larger abundance of superheavy elements to explain the late-
time lightcurve. The early detection of KN at short wavelengths
within a few hours post-merger can help distinguish them
(I. Arcavi 2018). For AT 2023vfi, it is challenging to distinguish
between shock cooling and r-process decay based on the first
measurement ~1day post-burst, as the afterglow dominates
during this epoch. The impact of shock cooling on superheavy
element constraints can be explored in future KN with earlier
observations.

Energy injection from the merger remnant is widely
discussed in the literature (Y.-W. Yu et al. 2018; K. Kawaguchi
et al. 2020; S. Ai et al. 2022, 2025; H. Wang et al. 2023). If the
merger remnant is a long-lived magnetar, the interaction
between the magnetar wind and the ejecta could enhance the
KN emission. According to the latest research on engine-fed KN
by S. Ai et al. (2025), in cases with relatively high spin-down
luminosity of the magnetar, the KN lightcurve exhibits an early
blue bump and a bluer SED. When the spin-down luminosity is
relatively low, the KN lightcurve shows a substantial bright-
ening at late epochs, and the late-time SED of KN is also bluer
than the typical r-process KN due to the continuous energy
injection. For both cases, a magnetar-enhanced KN results in a
bluer SED in late stages. However, the red color of the KN
revealed by JWST in the late stages indicates that the
contribution from the energy injection of the merger remnant
is negligible compared to r-process radioactive decay.
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4. Conclusion

This work constrains the abundances of superheavy elements
of 222Rn, 223Ra, 224Ra, and 225Ac, produced in the merger
associated with GRB 230307A under the assumption of a BNS
merger origin. To extract the luminosity evolution of the KN,
we fit the total SED contributed by the KN and afterglow, using
the multiwavelength observations in the X-ray, optical, and
near-infrared bands. For the SED shapes, we assume a
blackbody emission for the KN and a power-law function for
the afterglow. As a result, we obtain the evolution of the KN
luminosity and temperature evolution spanning from 1 day to
61 days post-burst.

To model the r-process nucleosynthesis for lanthanide-poor
and lanthanide-rich ejecta in BNS mergers, we employ the
nuclear reaction network code SkyNet. Using the latest
numerical relativity simulations, we simulate the r-process
nucleosynthesis for lanthanide-rich ejecta with various EoSs.
To relate the energy released by radioactive decay to the KN
lightcurve, the method in K. Hotokezaka & E. Nakar (2020) is
adopted to compute the heating rate for each nuclide. We then
use a standard semianalytic KN model with two components to
calculate the KN lightcurve based on the heating rate. The main
results of this work are summarized as follows:

1 The evolution of the bolometric luminosity of AT 2023vfi
resembles that of AT 2017gfo in the first week post-burst,
suggesting a similar progenitor scenario for both
GRB 230307A and AT 2017gfo.

2 The pre-radioactive-decay abundances of **’Rn, **’Ra,
22%Ra, and **’Ac produced in the merger associated
with GRB 230307A are constrained at least on the
order of ~1 X 1075, which is consistent with the
estimated abundances of these elements for AT 2017gfo
(M.-H. Chen & E.-W. Liang 2023).

The O4c observing run of LIGO/Virgo/KAGRA (LVK)
gravitational-wave detector network is currently underway and
is planned to observe until 2025 October, according to the LVK
observing plans.” The network is expected to detect BNS
mergers and NS-BH mergers within detection ranges of
approximately 170 and 300 Mpc, respectively (B. P. Abbott
et al. 2020). Following the trigger by GW alerts, KN candidates
identified by ground-based telescopes can then be monitored by
JWST. In the case of serendipitous discoveries of KNe, an
increasing number of wide-field telescopes are being deployed
to conduct systematic surveys, including: the Vera C. Rubin
observatory (LSST Science Collaboration et al. 2017; Z. Ivezié
et al. 2019), the Wide Field Survey Telescope (Z.-Y. Liu et al.
2023; T. Wang et al. 2023), the Zwicky Transient Facility
(E. C. Bellm et al. 2019; M. J. Graham et al. 2019). With
deeper and larger surveys, more KN candidates are expected to
be detected. With an expanding sample of relatively complete
KN lightcurves, critical questions, such as the production of
heavy elements in NS-BH mergers and the relationship
between heavy element nucleosynthesis and compact binary
mergers, are expected to be addressed.
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