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ABSTRACT

The radioactive 8-decay of nuclei synthesized in the rapid neutron capture process (r-process) releases
a variety of particles, including electrons, y-rays, neutrinos, and neutrons. These particles provide a
rich set of multi-messenger signals that carry information about the astrophysical environments where
neutron-rich nucleosynthesis occurs. In this work, we calculate from first principles the emission spectra
resulting from the S-decay of r-process nuclei. Our approach incorporates detailed nuclear structure
and decay data to model the energy distributions of each particle species. We couple the spectra with
a nuclear reaction network simulation to obtain the temporal evolution of these distributions. We find
that the emission distributions vary significantly in time and are non-thermal, with substantial average
energies. We investigate these nuclear signals as a direct probe of heavy element formation and show

that they are complementary observables to kilonova.
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1. INTRODUCTION

It has long been proposed that the rapid neutron cap-
ture process (r-process) is responsible for the synthesis
of a significant fraction of the elements heavier than iron
(see e.g., E. M. Burbidge et al. (1957) , A. Arcones & F.-
K. Thielemann (2023)). The r-process occurs in astro-
physical environments with large numbers of free neu-
trons, and proposed sites include supernovae (see e.g.
S. E. Woosley et al. 1994; Y. Z. Qian & S. E. Woosley
1996; S. Wanajo et al. 2001; C. L. Fryer et al. 2006; C.
Winteler et al. 2012; N. Nishimura et al. 2015; D. M.
Siegel et al. 2019; D. Yong et al. 2021) as well as com-
pact object mergers, e.g. the collision of two neutron
stars (NSMs) (see J. M. Lattimer & D. N. Schramm
1974; D. Eichler et al. 1989; S. Rosswog et al. 1999;
C. Freiburghaus et al. 1999; C. L. Fryer et al. 2006; S.
Goriely et al. 2011; O. Korobkin et al. 2012; K. Ho-
tokezaka et al. 2013; A. Bauswein et al. 2013; S. Wanajo
et al. 2014). Due to the extreme conditions present in
these environments, as well as limited experimental data
for many neutron-rich isotopes far from stability where
the r-process occurs, it is difficult to obtain precise pre-
dictions for r-process production yields; and therefore,

Email: agross@lanl.gov

the relative contributions of these sites is not well un-
derstood.

In recent years, there has been an increased fo-
cus on the use of astrophysical observations to pro-
vide constraints on the astrophysical location of the r-
process. The landmark multi-messenger observations of
GW170817 (see B. P. Abbott et al. (2017)) have given
credence to NSMs as being a site of robust r-process nu-
cleosynthesis. This conclusion stems from the observed
kilonova, a radioactive transient thought to be powered
by the decay of r-process nuclei (see M. R. Drout et al.
2017; D. Kasen et al. 2017; M. M. Kasliwal et al. 2017;
A. Murguia-Berthier et al. 2017; M. Tanaka et al. 2017;
E. Waxman et al. 2018; D. Brethauer et al. 2024). The
production of lanthanide elements which have high opac-
ity (e.g., D. Kasen et al. 2013; M. Tanaka & K. Ho-
tokezaka 2013) has been shown to result in a spectrum
that peaks in the infrared, and therefore, the observed
optical and near-infrared peak was interpreted as evi-
dence that NSMs undergo a strong r-process. In con-
trast, a weaker r-process is projected to yield a peak in
the blue and optical bands (e.g., B. D. Metzger et al.
2010; L. F. Roberts et al. 2011; B. D. Metzger & R.
Ferndndez 2014).

Although kilonova are of great interest and impor-
tance to the astrophysical community, the necessary
multi-physics involved makes the modeling challenging.
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The numerous poorly constrained parameters in kilo-
nova models can lead to degenerate light curves, obscur-
ing the physical interpretation of these events (see e.g.,
J. Barnes et al. 2016; Y. L. Zhu et al. 2021; O. Korobkin
et al. 2021; C. L. Fryer et al. 2023, 2024).

One principal component of modeling the kilonova
light curve is the spectral emission profiles of radioactive
decay products. The large number of nuclear S-decays
which occur during the course of the r-process gener-
ates an enormous number of emitted particles: electrons
(e™), neutrinos (7.), y-rays (), and neutrons, in addi-
tion to reactions that produce alpha particles, and fis-
sion fragments. These particles power the associated ra-
dioactive heating, and their energy distribution is there-
fore vital to understanding the details of their thermal-
ization and contribution to the observed light curve (J.
Barnes et al. 2016; D. Brethauer et al. 2024; M. Bulla
2023). The modeling of these emission profiles is itself
a challenge, as it not only requires the use of a sophis-
ticated nuclear reaction network, but also appropriate
emission spectra for thousands of nuclear species. Re-
cent work (M. Mumpower et al. 2025b) has provided a
general purpose framework for calculating the emission
spectra for S-decay, as well as tabulated results for the
decay of each nuclear species.

In this work, we combine the theoretical spectra cal-
culations with those of a nuclear reaction network to
simulate state-of-the-art emission spectra for r-process
nucleosynthesis. We organize our paper as follows: In
§2, we describe the methodology for the calculation of
these emission spectra. In §3, we present the obtained
emission spectra, highlighting the unique features that
are observed, and discuss the potential implications for
the modeling of kilonova light curves. In §4, we esti-
mate the potential for direct observation of these emis-
sion spectra. We summarize and conclude in §5.

2. METHODOLOGY

The nuclear reaction for a species undergoing S-decay
can be written as:

2X 55 X +e +7, (1)

where A and Z are the mass and atomic number of the
decaying nucleus. In addition, nuclei often decay into an
excited state of the daughter nuclei, leading to the emis-
sion of large numbers of y-rays during the de-excitation
of this daughter nucleus. Both ground and excited states
of the daughter can also undergo spontaneous neutron
emission, leading to S-delayed neutron emission:

2X 55 0 X +e +0.+0n (2)

where C'is the number of neutrons that are emitted. Be-
cause the energy release for S-decays of r-process nuclei

is normally large (~ MeV), the energies of the emit-
ted particles can also be substantial. As a consequence,
these emitted particles can have significant effects on the
modeling of the kilonova, and it is therefore important
to understand the distribution of these emitted particles
as a function of energy and time.

We define the emission spectrum for species (i) as
S (E, t) giving the number of emitted particles per unit
time per unit energy per unit mass. This convention
is adopted because spectra are often binned in energy,
therefore the value of S)(F, t) is independent of the bin
width. The total number of particles emitted per unit
time per unit mass N (¢) can be calculated as:

NO() = 57 (B, )y, (3)
J
where S; and w; are the emission spectrum and bin
width for the j* energy bin. We can calculate the to-
tal emission flux by assuming the emitted particles in
a given bin are uniformly distributed across the energy
range: .
o0 (1) =3 S (B B, (4)
J
where ®()(t) is the emission flux per unit mass, which
has units of energy per unit time per unit mass, w; and
S; are as defined above, and E; is the average energy
of the bin. We can also calculate the average energy of
emitted particles as a function of time by dividing the
total emission flux by the number of particles:

Y8 B B
> S, tw;

ED(t) = o0 (1) /N (1)

To calculate this emission spectra from r-process nu-
cleosynthesis, we shall combine the results from detailed
spectra calculations for the S-decay of individual nuclei
with a reaction network which quantifies the number of
[B-decays that occur for each nucleus. We therefore fac-
torize the emission spectra as follows:

SO(E,1) =Y F (1S5, (E) (6)
24X

where SE@( (E) is the spectral emission for species (i) of
the nuchus £4X per unit decay as a function of energy
(number per unit energy per decay), and F ,gl))((t) is the
reaction flow for species (i) as a function of time (decays
per second per unit mass), and the sum is over every
nucleus which decays in the network. We note the im-

portance of the use of reaction flow to characterize the
number of decays per unit mass—while this quantity is in



principle just the abundance of the species as a function
of time multiplied by its decay rate, in practice, there
are many species where the abundance is small but the
derivative of the abundance with respect to time is large.
Thus, the reported abundance of the species from a re-
action network is zero, but the overall reaction flow and
spectral contribution is significant. For a prime example
of this, we highlight T1-208, with a half-life of 3 minutes.
It is fed through a long decay chain by Ra-228, with a
half-life of 5.75 years, which produces significant spec-
tral contributions even though it is never of significant
abundance at such timescales (see N. Vassh et al. (2024)
for more details).

We summarize our methodology for the calculation of
each of these two quantities below.

2.1. Individual Emission Spectra

We use the tabulated [-decay spectra from M.
Mumpower et al. (2025b), which provides the electron,
~-ray, neutrino, and neutron spectra for neutron-rich
nuclei with A > 8. The emission spectra are calcu-
lated using a statistical, multi-phase approach. First,
the Quasi-particle Random Phase Approximation (e.g.,
J. Krumlinde & P. Méller (1984); P. Moller et al. (1997,
2003); T. Marketin et al. (2016)) is used to obtain a
[B-strength function, giving the distribution of excited
daughter nucleus states which the decaying parent ini-
tially transforms into. From this, the emission spectra
of the emitted electron and anti-neutrino are calculated
under the assumption that the total available decay en-
ergy is divided between them (zero kinetic energy for the
daughter nucleus). The shape of the spectra is deter-
mined from statistical considerations, where the density
of states can be written as:

p(Qﬁ) ~ pgp?,F(Z—‘r 1, A, EE)(l _f(Ee))(S(QB —E.—FE,)
(7)

where p. and p, are the momenta of the electron and
antineutrino, respectively, F' is the Fermi function for
[B-decay, which accounts for distortion in the electron
wave function due to the interaction between the nu-
cleus and the electron, and f is the Fermi-Dirac distri-
bution, which accounts for Pauli blocking in the ambient
electrons. From the shape of the density of states, the
total decay energy can be used to normalize the electron
spectrum, and via conservation of energy, the neutrino
spectrum. This result is then summed and appropri-
ately weighted over the [-strength function for possible
daughter nucleus states to get the total emission spectra.
The ~-ray and neutron emissions are calculated from

a Hauser-Feshbach statistical approach. For each ex-
cited daughter nucleus state which can be accessed from
[B-decay, the relative branching ratios of ~y-ray emis-
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sion (to all possible lower energy states) and neutron
emission (to all possible states of the new daughter nu-
cleus) are calculated, creating a web of possible decay
paths. These decay paths chain into additional daughter
nuclei when (-delayed neutron emission occurs. From
these pathways, the system is treated statistically as a
weighted sum over all possible paths, and the emission
spectra is the corresponding weighted sum of the spec-
tral emissions of the individual path components. For
more details of the mathematical treatment of the spec-
tra calculation, we refer the reader to M. Mumpower
et al. (2025b) and the references therein.

2.2. Nuclear Reaction Flow

We simulate nucleosynthesis with version 1.6.0 of the
Portable Routines for Integrated nucleoSynthesis Mod-
eling (PRISM) reaction network (T. M. Sprouse et al.
2021). The nuclear input to PRISM is based on the 2012
version of the Finite Range Droplet Model (P. Moller
et al. 2012, 2016). Radiative capture and fission rates are
calculated with the CoHj statistical Hauser—Feshbach
code (T. Kawano 2019, 2021). [-decay rates, includ-
ing delayed neutron emission, are calculated assum-
ing statistical de-excitation from excited states (M. R.
Mumpower et al. 2016, 2018). We highlight that these
[B-decay rates are calculated from the same assumptions
as in the calculation of the spectra above, such that
the probability for a nucleus to undergo delayed neu-
tron emission in the reaction network is the same as
in the calculation of the spectra. The remaining reac-
tion rates (e.g. alpha decay and other less substantive
reaction types for the r-process) are obtained from the
REACLIB database (R. H. Cyburt et al. 2010). Nuclear
fission is handled as in N. Vassh et al. (2019).
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Figure 1. Final abundance pattern (at 100,000 years) of our
nucleosynthesis calculation (red) as compared to the solar
r-process residuals (black). The two patterns are normalized
to be identical at A = 150.
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Figure 2. Each panel gives the calculated S-decay spectra for electrons (solid blue), v-rays (dashed green), neutrinos (dotted
purple), and neutrons (dashdot orange) at the corresponding time, in units of (#/s/MeV) (per unit abundance) (left axis). The
right axis characterizes these spectra scaled to the emission per gram of emitted material. The colored ticks above the plot
region give the average energy per particle of the corresponding species at the given time. Note the axes bounds change between
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To simulate the composition of r-process material we
use the trajectory (b) of M. R. Mumpower et al. (2025a),
which produces a robust r-process with substantial ac-
tinide production. Fig. 1 shows the final abundances of
this trajectory, which are a good match to the solar r-
process residuals above the second peak of the r-process
(A ~ 130).

This trajectory is obtained through modeling the co-
coon of a ~y-ray burst, which has been suggested to be
a site of the r-process due to photo-hadronic interac-
tions in the jet head (M. R. Mumpower et al. 2025a).
Our choice of this trajectory as opposed to many others
from more conventional r-process sites which can also
produce a robust r-process (e.g., T. M. Sprouse et al.
(2024)) is due to the accuracy with which the solar resid-
uals are reproduced by this trajectory; however, we do
not expect that the results which we shall discuss below

will change significantly with a more conventional choice
of trajectory. The cocoon is modeled with the density
profile of:

¢ —1
p(t) = po (1+t+(t>> , (®)

where & = 2, 71, T» are characteristic timescales, for
which we use 17 = 7 = 3.5 x 1072 s, and pg is the
initial density, for which we use 3.2 x 10* g/cm?3. The
temperature is assumed to evolve as an adiabatic gas:

() =Ty (p,f”) , )

where v = 4/3 (radiation dominated), and we take Ty =
2 GK. We take the initial electron fraction to be Y,=
0.034. For more details of the physical motivation and



assumptions behind this trajectory, we refer the reader
to (M. R. Mumpower et al. 2025a).

3. RESULTS

In Fig. 2, we show the particle emission spectra for
electrons, y-rays, neutrinos, and neutrons as a function
of energy at several different times. We note the follow-
ing conclusions.

The electron and neutrino spectra are almost identi-
cal. In the first second of emission, their emission pro-
files are significant to very high energies (~ 10-20 MeV).
For the first 10-100 seconds, this trend continues, with
significant production up to ~ 5 MeV with an average
energy of ~ 1 MeV, and then a gradual but persistent
falloff to ~ 20 MeV. We note that interesting features
in the distribution are consistently present, but not con-
stant as a function of time, such as the bump around ~10
MeV at 100 seconds. On longer time scales, the spectra
remains broadly distributed in energy, though the distri-
bution generally continues to decrease in the number of
higher-than-average energy particles. We attribute the
smooth high energy tail in the spectrum which is seen
up to long time scales to the decays of the byproducts
of fission, which produce a consistent shower of a wide
distribution of particles to long time scales. In general,
the neutrino spectrum is slightly higher average energy
(~ 15%) than that of the electron. The consistency in
this trend that is observed as well as the similarity of the
shape of the neutrino and electron spectra is likely a con-
sequence of the statistical approach taken to partition
the available energy between the neutrino and electron.

The «-ray spectrum is characteristically different from
the electron and neutrino spectra. Initially, the distri-
bution is bimodal in nature, with a strong peak at low
energy (~ 1 MeV), then a sharp fall-off, followed by a
flattening to ~ 15-20 MeV. This rapidly morphs into
a unimodal distribution by ~ 1 second. Initially, the
distribution is generally more smooth, with not many
specific spectral lines to be identified. This is attributed
to the lack of available nuclear data for the many short-
lived nuclei far from stability which decay at early times.
This lack of data means that there are not specific spec-
tral features, and the y-ray spectra is determined from
theoretical calculations. As time increases (g 1 hour),
we begin to see the emergence of the specific spectral
lines of longer-lived nuclei. These come to dominate the
spectra by ~ 1 day. These spectral lines can be easily
paired with specific nuclei, for instance with the decay
of 208T1 as proposed by N. Vassh et al. (2024), which
is responsible for the 2.6 MeV line, and *°La, which is
responsible for the 2.0, 3.1, and 3.3 MeV lines seen at
1 week. We expect that additional v-rays are emitted
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during prompt fission emission, and will provide a larger
high energy tail to the distribution (see e.g. X. Wang
et al. (2020)), but this is not included in the calculation,
which only considers the S-decay spectra.

The neutron spectrum is the most featureless of the
spectra. Initially, this spectrum is much more significant
than that of the y-ray spectra, but shrinks to become
comparable to the y-ray spectra by ~10-100 s and then
significantly smaller by later times. We attribute this
to the fact that while neutron capture is still occurring
( £ 100 s), the nuclei which are created are farther from
equilibrium and therefore have a much larger number of
[-delayed neutron emission. Indeed, as time increases,
the y-ray spectrum grows to match and surpass the neu-
tron spectrum (at around ~ 1 second); however, the two
remain in close proximity until neutron capture ends (~
100 seconds). Beyond 100 seconds, neutrons emitted
can be attributed to decays of the byproducts of fis-
sion, and like the ~-rays, it is expected that additional
high-energy neutrons are emitted during prompt fission
emission, but this is not included in the calculation.

The solid lines of Fig. 3a indicate the average par-
ticle energy (Eq. 5) for each particle as a function of
time. In general, we note the average energies of the
electron and neutrino are high for the first several sec-
onds: ~ 5 MeV until 1 second, then 1.5-2.5 MeV until
~ 10 seconds, not dropping below 1 MeV until neutron
capture ends (~ 100 seconds). In contrast, the aver-
age energies of neutrons and ~-rays remain lower the
entire time (< 1 MeV). However, for all species, the av-
erage energy is substantially higher than what would be
expected from thermal equilibrium (dotted lines). To
further illustrate the highly non-thermal nature of the
particle spectra, we compare in Fig. 3b the spectral dis-
tribution at ¢ = 10 seconds to what would be expected
from a thermal distribution. The difference is striking,
showing a much harder spectrum than if thermal equi-
librium was assumed.

Fig. 4a gives the total energy flux (Eq. 4) as a func-
tion of time, with the relative contributions from each
channel shown in 4b. We note that the distribution of
available energy is neither equal between channels nor
constant in time. The largest fraction of energy goes
to the neutrinos (between ~ 40% and 50%), while the
rest is mainly divided between the vy-ray and electron
emission. At early times, (5 1 s), the contribution to
~-rays is small, and this is the only time period in which
the contribution to neutrons is significant, though most
of the difference in ~-rays is allocated to an increased
electron contribution.

As the energy distributions of the emission spectra are
an important input for the associated kilonova modeling,
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Figure 3. (a) Average particle energy as a function of time. The solid curves give the result from the calculation, while
the dotted curves give the expected value assuming thermal equilibrium. (b) Spectral energy distribution at 10 seconds (solid
curves) as compared to the expected distribution assuming thermal equilibrium (dotted curves). The colored ticks on the upper
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specific emission lines may be directly observable. In
this section, we provide an estimate of the observability
of these signals.

We assume that the emitted particles are a uniform,
point-like emission. We can calculate the total incident
flux from a total ejecta mass M at a distance D from the
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source:

Mejecta ) 1
M, ’4rD?’

FOB, ) = oW(E,t)( (10)
where ®()(E, ) is the total flux of species (i) rays emit-
ted per second per unit energy (per unit abundance),
similar to that in Eq. 4, M, is the average nucleon
mass (1.67 x 10724 g), Mcjecta is the assumed total
mass which undergoes nucleosynthesis, and D is the dis-
tance to the source. We nominally take D = 15 kpc and
Mejecta = 0.01M as conservative but reasonable values
for an event which occurs in our galaxy.

4.1. Neutrinos

We display our results for the incident neutrino flux in
Fig. 5a at varying times over the first 100 seconds. To
estimate the possibility of detection, we consider only
the first 10 seconds of emission, which constitutes 91%
of the total neutrino emission. Following the approach
of Y. An et al. (2023), we consider inverse S-decay as the
detection channel. The number of events in a Cherenkov
detector can be estimated as (e.g. Y. An et al. (2023)):

N = Npoisp Fippa (t) (11)

where G1pp &~ 9.5 x 10742 em? x [E¥/(10 MeV)]?, and
N, ~ 1.3 x 103* x [Mr/(200 kton)], E¥ is the average
neutrino energy, Mr is the detector size, and F},,,(t)
is the total number of incident neutrinos by time t,

which we estimate from the integration of Eq. 10 to be

FY. (10 s) = 1.63 x 10% cm~2. We adopt EV = 3 MeV
and My = 260 kton, which corresponds to the approxi-
mate size of Hyper-Kamiokande. With these values, we
find N' ~ 2.4 observed events. Therefore, r-process nu-
cleosynthesis events in our galaxy may be observable,
though we emphasize that this only an estimate which
ignores many important components of a thorough anal-
ysis, such as oscillations, detector response, etc.

4.2. v-Rays

The ~-rays will undergo spectral broadening due to
the expansion of the ejecta. Assuming a spherical mass
distribution for the ejecta with homologous expansion
at velocity v, the resultant distribution of a spectral line
of energy Ey can be written as (See §A for a derivation):

d7N _ 3NtotalE0 ) (12>

dE 4F%y
where Nyotq; is the number of particles emitted per unit
time, and the range of possible energies E (for a line of
energy Ey) are Ey/(14+v) < E < Ey/(1—v), where v is in
units of ¢. Taking a nominal value of v = 0.1 ¢, and con-
catenating the above spectral broadening with Eq. 10,
we calculate and display the incident v-ray flux for an
ejecta of mass 0.01 Mg at distance 15 kpc in Fig. bb. We
compare this to the predicted observational capabilities
of existing and future ~-ray detectors. Our results sug-
gest that ~-rays from events within our galaxy should
be observable for weeks to months. We note that this
is a conservative estimate: the ejecta mass was taken

(1-Ey/E)?

(-
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to be only 0.01M, while some models suggest that the
ejection mass could be as high as 0.1M.

5. CONCLUSIONS

We have presented a first-principles calculation of the
emission spectra of electrons, y-rays, neutrinos, and neu-
trons as a function of energy and time for r-process nu-
cleosynthesis. The spectra that we calculate have sev-
eral unique properties: they are decisively non-thermal,
with average energies far higher (g 1 MeV) than would
be expected from a thermal distribution (~ keV). We
also find that the partitioning of energy is not even be-
tween channels as a function of time. For the major-
ity of the evolution, the largest fraction of the energy
is partitioned to neutrinos, with smaller but significant
amounts going to electrons and «-rays, and very little to
neutrons, except at early times. Our microscopic calcu-
lations provide the spectral detail necessary for higher
fidelity kilonova modeling, and their inclusion in future
radiative transport models will enable a more precise
interpretation of observations.

We also estimate the observability of the produced
~-ray and neutrino signal, finding that r-process events
within our galaxy may be directly observable for signif-
icant nucleosynthesis (M Z 0.01Mg) for both neutrinos
and ~v-rays. The possibility of direct observation offers
an exciting opportunity to bypass the degeneracies of
kilonova modeling and probe nucleosynthesis through
other messengers. In particular, spectral features of the
~-rays can be tied directly to the specific nuclei (such
as the 2.6 MeV line produced by the 8-decay of 295T1).
More work is necessary to identify and characterize
these observational features in a variety of nucleosyn-
thetic scenarios.
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APPENDIX

A. DOPPLER BROADENING OF LINE PROFILES FOR EJECTA

We model our ejecta as a spherically symmetric mass distribution which is homologously expanding. The ejecta is
emitting photons at a rate é per unit mass per second with wavelength \. Homology implies that the velocity profile
is proportional to the radius, and we can use this to write the mass profile in terms of the velocity:

dm 302
2 = Al
dv er v2,’ (A1)
where me, is the total ejection mass and v, is the velocity of the edge of the distribution.
The Doppler shift due to expansion can be written as:
Av,) = Ao(1 —v,), (A2)

where v, is in units of ¢ and gives the velocity component along the line of sight. We note that since we have
homologous expansion, the value of v, is solely based on the distance from the center of the source along this line of
sight. Therefore, we consider the circular slice which is centered along the line of sight with velocity component v,
and can calculate the differential mass of this slice:

dim — 3mgzé
4v3,

(vZ, —v2)dv, (A3)

exr

The total photon emission can then be expressed as:

AN dm.  3me.é dv,

anN _adam. 2 2
DT me We T (A4)
Noting that we have dv,/d\ = —1/)g, and using Eq. A2, we find:
AN 3mené (1= M\/Xo)?
i 1— A
d\ 4’[}61)\0 ( ’[)gm ( 5)

where the bounds on this distribution are Ag(1 —v) < X < A\g(1+ v). Translating this into the energy regime, we find:

dN 3NtotalEO (1 B EO/E)2
— 1— A6
dE 4F2, ( v2, ) (A6)
where Niotai = Meg€ is the total emission rate for the entire ejecta, and the bounds on the distribution are now

Ey/(14v) < E<Ey/(1—v).
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