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Abstract

We investigate the detectability of gamma-ray emission from long-lived radioactive isotopes in r-process-
enriched remnants, focusing on how assumptions about their spatial distribution introduce uncertainty into
detection prospects. Using a suite of physically motivated models for the Galactic distribution of kilonova and
supernova remnants, we simulate synthetic remnant populations and compute their time-evolving gamma-ray
spectra. We then compare these flux predictions to the sensitivity limits of next-generation instruments such as a
Compton Spectrometer and Imager (COSI) and High-Energy X-ray Probe (HEX-P). We find that even under
optimistic assumptions, detection probabilities with COSI are extremely low (<1%), and that marginal
improvements are only possible with instruments like HEX-P if prior localization is available. The choice of
spatial distribution model can lead to more than an order-of-magnitude variation in expected line fluxes at low
instrument sensitivities, underscoring the role of spatial modeling as a dominant source of uncertainty.
Nevertheless, instrumental capability remains the fundamental bottleneck, and a hybrid mission combining COSI-
like sky coverage with HEX-P-level line sensitivity would be required to make detection more probable than not.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Explosive nucleosynthesis (503); R-process
(1324); Gamma-ray sources (633); Gamma-ray lines (631)
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1. Introduction

Approximately half of all chemical elements heavier than
iron are produced via the rapid neutron capture process, or
r-process (E. M. Burbidge et al. 1957; A. G. W. Cameron
1957; P. A. Seeger et al. 1965). Proposed astrophysical sites
for the r-process broadly fall into two categories: massive
stellar collapses—possibly magnetorotationally or fallback-
driven (S. E. Woosley et al. 1994; 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)—
and compact binary mergers (CBMs) involving at least one
neutron star (J. M. Lattimer & D. N. Schramm 1974; D. Eichler
et al. 1989; C. Freiburghaus et al. 1999; S. Rosswog et al. 1999;
R. Surman et al. 2008; S. Goriely et al. 2011; O. Korobkin et al.
2012; A. Bauswein et al. 2013; K. Hotokezaka et al. 2013;
S. Wanajo et al. 2014; O. Just et al. 2015). Other exotic sources
have also been proposed (see J. J. Cowan et al. 2021 for a
review). The relative contributions of these sources remain
uncertain, and galactic chemical evolution models continue to
investigate their roles (e.g., D. Argast et al. 2004; F. Matteucci
et al. 2014; B. Coté et al. 2019). These models depend critically
on accurate r-process yields. Due to limited experimental access
to many neutron-rich isotopes, yield predictions often rely on
theoretical nuclear models (e.g, O. Korobkin et al. 2012). Since
2017, the neutron star—neutron star (NS-NS) merger GW170817
has provided new astrophysical constraints (E. Pian et al. 2017,
N. R. Tanvir et al. 2017), but uncertainties in modeling the
associated kilonova light curve (AT2017 gfo) persist (J. Barnes
et al. 2021; Y. L. Zhu et al. 2021), and much of the relevant
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nuclear physics remains poorly known (H. Schatz et al. 2022).
Additional observations of r-process events are therefore essential
for constraining both astrophysical and nuclear inputs.
Detecting r-process signatures in astrophysical events such
as kilonovae and supernovae (SNe) has proven difficult.
Kilonovae are exceedingly rare, and while several candidates
have been identified (E. Berger et al. 2013; N. R. Tanvir et al.
2013; Z.-P. Jin et al. 2015; M. M. Kasliwal et al. 2017;
J. C. Rastinejad et al. 2022), confidently associating them with
neutron star mergers and further extracting their r-process
content remains challenging. The gravitational wave detection
of GW170817 conclusively identified AT2017 gfo as a neutron
star merger, but early modeling yielded a wide range of
predicted r-process masses (B. Coté et al. 2019). Continued
efforts have shown that light curve modeling suffers from
degeneracies involving ejecta geometry, velocity structure, and
composition (O. Korobkin et al. 2021; D. Tak et al. 2023;
C. L. Fryer et al. 2024). Spectroscopic data have proven
similarly inconclusive due to the difficulty in unambiguously
identifying atomic absorption features in complex, neutron-
rich plasmas (D. Watson et al. 2019; Y. Tarumi et al. 2023).
Although the prevailing view is that neutron star mergers
dominate r-process production, substantial uncertainties
remain in the amount of r-process material they produce and
their galactic event rate (B. Coté et al. 2018; R. Abbott et al.
2023; S. Rosswog & O. Korobkin 2024). As a result, some
studies argue that additional sources are required (B. Coté
et al. 2019). Recent simulations suggest that core-collapse
supernovae (SNE) (particularly under conditions of strong
neutrino oscillations) may also produce heavy r-process
nuclei, including material near the second and third peaks
(P. Mosta et al. 2018; M. C. Volpe 2024). For completeness,
we include a scenario in which core-collapse SNe are the
dominant r-process source. However, any r-process material
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produced in such events is likely buried deep within the ejecta,
making direct observational signatures especially difficult to
extract.

One promising approach to overcome these challenges is to
shift observational focus from optical /infrared wavelengths to
hard X-rays and gamma rays. At these energies, emission is
driven directly by radioactive decay rather than thermal
reprocessing or atomic transitions (K. Hotokezaka et al.
2016; L.-X. Li 2019; X. Wang et al. 2020; M.-H. Chen et al.
2021, 2022; N. Vassh et al. 2024). Many of the decay products
of r-process nucleosynthesis are long-lived (100 kyr),
allowing for potential detection of old remnants within the
Milky Way. After the first year, such emission becomes
largely independent of ejecta geometry or velocity, and the
resulting spectral lines are less easily confused with emission
from lighter elements, providing a more direct diagnostic of
nucleosynthetic yields.

A few recent studies have begun to explore the detectability
of long-lived r-process gamma-ray emission from local
remnants. M.-R. Wu et al. (2019) modeled sky locations of
kilonova remnants (KNRs) using observed short gamma-ray
burst (sGRB) offsets, assigning fluxes and comparing to
detection thresholds for future MeV-range ~-ray instruments.
While informative, this approach assumed that sGRB offsets
from external galaxies accurately reflect the distribution of
remnants in the Milky Way, which is not necessarily the case
due to differences in host galaxy morphology and formation
history (N. Gaspari et al. 2023, e.g.,). Other studies have
improved spectral modeling but held distances fixed (e.g.,
3-10 kpc), neglecting the full distribution of possible remnant
locations (O. Korobkin et al. 2020; Y. Terada et al. 2022;
M.-H. Chen et al. 2024).

In this work, we build upon these prior studies by performing
the first detailed modeling of the spatial distribution of both
KNRs and supernova remnants (SNRs) in the Milky Way. This
spatial focus is motivated by two key considerations. First, no
prior study has systematically explored how assumptions about
remnant locations affect detectability, and our models allow us
to quantify this major source of uncertainty. Second, spatial
distributions may differ between source classes: while r-process
yields are expected to be compositionally similar across mergers
and supernovae, their spatial footprints differ due to merger
kicks and delay times. If detections become feasible in the
future, these spatial differences could offer a means of
distinguishing progenitor types.

This paper is organized as follows. In Section 2, we present
models for the distribution of galactic SNRs and KNRs over
the past 1 Myr. We then discuss the properties of both types of
remnants in Section 3, and present synthetic spectra for the
radioactive decay associated with long-lived r-process isotopes
in Section 4. We discuss the detection capabilities of the
relevant instruments—specifically the Compton Spectrometer
and Imager (COSI) and the proposed High-Energy X-ray
Probe (HEX-P) and similar instruments—in Section 5, and
present detectability prospects for r-process events for each
instrument. Finally, we conclude with a summary of our
results and a brief discussion on the implications of our
predictions in Section 6.

2. Spatial Distribution Models for Remnants

In this section, we present several models for the spatial
distribution of r-process-enriched remnants within the Milky
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Way. These models aim to capture the diversity of environ-
ments and evolutionary histories associated with the two
dominant sources of r-process enrichment: core-collapse SNe
and CBMs. The models fall into five categories:

1. A spiral-arm model, representing the distribution of core-
collapse SNRs, which are assumed to trace ongoing star
formation and remain localized near their birth sites.

2. A galactic disk model for KNRs, which assumes that all
motion remains confined to the galactic plane.

3. A static orbital model, in which CBM remnants evolve
ballistically in a fixed galactic potential after receiving
randomly oriented natal kicks drawn from a velocity
distribution.

4. A dynamic orbital model, which integrates CBM orbits
in a time-evolving galactic potential, capturing secular
changes to the Milky Way’s gravitational field.

5. An isotropic model, in which remnants are displaced
radially from their birth sites in a manner consistent with
the observed distribution of SGRB offsets.

These models differ in their assumptions about progenitor
birth environments, the magnitudes and directions of natal
kicks, and the role of galactic dynamics in shaping remnant
distributions. SNRs are modeled exclusively with the spiral-
arm distribution, as their short delay times and low velocities
imply minimal displacement from their birth sites. In contrast,
KNRs are expected to have more spatially extended distribu-
tions, reflecting the unique properties of their compact binary
progenitors, such as large natal kicks and long inspiral times.
Observational support for this distinction comes from
comparisons between the host-galaxy offsets of long and short
GRBs, which are associated with SNe and kilonovae,
respectively (P. K. Blanchard et al. 2016; W.-f. Fong et al.
2022). However, these offsets are derived from diverse galaxy
types with varying morphologies and evolutionary histories,
and are limited to projected (2D) distances rather than true
three-dimensional positions. As such, the inferred spatial
distributions of sGRBs may not directly translate to Milky
Way KNRs. In this work, the disk and isotropic models are
used to bracket the plausible range of the spatial extents of
KNR distributions, providing limiting cases against which the
more physically motivated orbital integration models can be
compared.

2.1. Supernova Remnants—Spiral Arm Model

While kilonovae are rare, SNe occur far more frequently,
and there are hundreds of documented SNRs in the Milky Way
(D. A. Green 2019; S. Ranasinghe & D. Leahy 2022). Most
known SNRs are identified via their radio emission, but our
focus on hard X-ray and gamma-ray signatures from long-
lived radioactive isotopes implies that the number of
potentially detectable remnants could significantly exceed the
currently observed population. In particular, remnants may
remain undetected if their emission is weak or if they lie in
observationally challenging regions, such as near the galactic
center. We therefore construct a smooth model of the spatial
distribution of core-collapse SNRs to estimate the global
population relevant for X-ray and gamma-ray surveys.

Unlike CBMs, the spatial distributions of SNRs are
expected to retain strong correlations with the star-forming
regions of the galaxy. In spiral galaxies, core-collapse SNe are
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Figure 1. Normalized model surface density of core-collapse supernova
locations in the Milky Way (Equation (3)). Indicated distances are in units
of kpc.

concentrated near the spiral arms and follow an overall radial
distribution that declines exponentially with galactocentric
radius (R. Barbon et al. 1975; J. Maza & S. van den Bergh
1976; O. S. Bartunov et al. 1994; A. Petrosian et al. 2005;
A. A. Hakobyan et al. 2009). We adopt a five-arm logarithmic
spiral model based on the fits in M. J. Reid et al. (2014), where
the spine of the ith spiral arm is described by

Rspine (ﬁ’ Rrefa /Bref’ /(/J) - Rrefei(ﬂiﬂmf)[an U/'_ (1)

Here, Rpine is the galactocentric radius at azimuth 3, R is a
reference radius at azimuth (¢, and ¢ is the pitch angle of the
spiral. Motivated by the shapes of the distributions of
supernova locations relative to spiral arms in J. Maza &
S. van den Bergh (1976) and O. S. Bartunov et al. (1994), we
model the surface density of the ith arm o, ; as

Oarm,i X CXP{_[R - Rspine(ﬂ; ﬂref,i, wi)]z/wazrm,i}’ (2)

where wy,, is the arm width (a parameter reported in
M. J. Reid et al. 2014). For the large-scale radial distribution
of supernovae, we adopt an exponential disk profile with scale
length R; = Rgn/Ros ~ 0.29 (A. A. Hakobyan et al. 2009),
using R,5 ~ 13.4 kpc for the Milky Way (S. P. Goodwin et al.
1998). To account for the observed paucity of SNe near
galactic centers, we introduce a central depletion factor of the
form f(R) = (R/R,)? for R < R,. The resulting model for the
SNR surface density ogy is then

5
USN(R’ ﬁ) X eiR/Rxf(R < Rv)z Oarm, - (3)

i=1

This distribution is shown in logarithmic color scale in
Figure 1.

To extend this to a three-dimensional distribution, we
introduce a vertical scale height by multiplying the surface
density by an exponential factor in z. Motivated by the
distribution of SNe in the catalog of G. Ferrand & S. Safi-Harb
(2012), we adopt a scale height of z; = 100 pc. The full volume
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Figure 2. Cumulative distributions of supernova remnant locations relative to

the galactic center. The solid curve shows the model prediction, and the
dashed curve corresponds to the catalog in G. Ferrand & S. Safi-Harb (2012).

density is then

5

PSN(R, 6, 7) X e_Z/Z“e_R/R“f(R < Rx)z Oarm, i- “@
i=1

In Figure 2, we compare the cumulative radial distribution
of SNRs from our model to the observed high-energy SNR
catalog compiled in G. Ferrand & S. Safi-Harb (2012).

This model applies specifically to SNRs, which remain close
to their star-forming origins and are not expected to experience
significant displacement. In the following subsections, we shift
our focus to KNRs, whose compact binary progenitors can
travel far from their birth sites before merging, necessitating a
broader range of spatial distribution models.

2.2. Kilonova Remnants—Disk Model

If the velocities acquired through supernova kicks are small
compared to the galactic escape velocity, or if the binary
merger times are short compared to the timescale for
significant vertical or radial migration, then most compact
binaries will merge within the stellar disk. To represent this
regime, we adopt a smooth disk model based on the thickened
stellar density profile of M. Miyamoto & R. Nagai (1975)

b2M,
p.R. )= (")
o @R+ B2+ b2 + a)(J2+ b2 +a)? )

[R2+ (22 + b2 + a2+ 622

The parameters M., a,, and b, are chosen to reproduce
the Milky Way’s present-day stellar mass, local surface
density, and local volume density. Specifically, we adopt
Myoy = My, = 608 x 10"'M. from T. C. Licquia &
J. A. Newman (2015), and local stellar densities
Ygo = 33.4M.pc > and Pxo = 0.043 M. pc > from
C. F. McKee et al. (2015), which yield scale parameters
ay = 1.930kpc and b, = 0.380kpc. Merger locations are
sampled from this density using inverse transform sampling.
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Figure 3. The absolute value of the midplane galactic potential from our static
orbital model. The dark matter halo, being the most massive component,

largely dominates the potential, with secondary contributions from the stellar
and gaseous disks at smaller radii.

2.3. Kilonova Remnants—Static Orbital Model

While disk-confined models represent an important limiting
case for KNR spatial distributions, they neglect the wide range
of delay times and natal kick velocities expected for compact
binary systems. In reality, kilonova progenitors arise from a
distribution of birth velocities and merger times, shaped by
both stellar evolution and supernova dynamics. As such, a
more realistic model should account for this diversity by
evolving individual systems throughout the galactic potential.
Population synthesis models, combined with orbital integra-
tions, enable us to construct such a physically informed spatial
distribution of KNRs.

To this end, we construct a static galactic potential
composed of three components: a stellar disk, a gaseous disk,
and a dark matter halo. The stellar and gaseous disk potentials
adopt the form of the Miyamoto—Nagai profile M. Miyamoto
& R. Nagai (1975),

- GM
VR + (2417 +ap

with stellar disk parameters identical to those in Section 2.2.
For the gas disk, we require a present-day gas mass of
Mgaso = 1465 x 10'°M., which is somewhat higher
than observational estimates (e.g., C. Flynn et al. 2006) but
necessary to match local gas properties. Specifically, the
parameter choices ag,s = 5.673kpc and by, = 0.167 kpc
reproduce the present-day local gas surface and midplane volume
densities, Y0 = 13.7 M, pc*2 and pgas0 = 0.041 M, pc*3,
from C. F. McKee et al. (2015).

We model the dark matter halo with the standard Navarro—
Frenk—White (NFW) profile (J. F. Navarro et al. 1996),

A7Gp,rd
_Mln(
r

Buisk(R, 2) = , (6)

Ppu(r) = 1+ 1), %

Ts
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Figure 4. The neutron star—neutron star merger delay time distribution from

StarTrack models M380 and M480 for solar metallicity. Both follow an
approximate Nt,;elrge scaling, except for the fastest merging systems.

where r; is the scale radius and py is the characteristic density.
We calculate p, by requiring that the total halo mass within a
cutoff radius of ry,x = 200 kpc equals the Milky Way’s dark
matter mass:

—1
po — MDM;O I:ln(rs + rmax) _ rmax :l . (8)

4mr; Ty 7y + Fmax

Subtracting the stellar and gas components from the total virial
mass M,;; = 1.54 X 1012M@ (L. L. Watkins et al. 2019), we
estimate a dark matter mass of Mpy o = 7.855 X IOHM@, and
set ry, = 7.962kpc to match the local dark matter density
pomo = 0.013M, pc? (C. F. McKee et al. 2015).

The total midplane gravitational potential from all three
components is shown in Figure 3. The dark matter halo
dominates on large scales, while the stellar and gas disks
contribute primarily in the inner galaxy, as expected.

To populate this model with merging compact binaries, we
first sample birthplaces from the stellar disk density profile
(Equation (5)), assigning each system a circular orbital
velocity given by

_ [Ld®R.z=0)
v(R) = \/R—dR . )

Each binary is then evolved through the Galactic potential,
incorporating both a systemic kick velocity and a delay time
before merger.

We obtain delay times and kick velocities from the models
M.380B and M.480B presented in A. Olejak et al. (2021)—
produced using the StarTrack population synthesis code
(K. Belczynski et al. 2002, 2008; A. Olejak et al. 2021). The
resulting distributions (Figures 4 and 5) reflect the broad range
of outcomes for compact binary systems. Systems evolve
through the galactic potential for the duration of their delay
times, during which their orbits are modified by supernova
kicks (Figure 6). The merger coordinates are recorded at the
end of this evolution. Although most systems remain bound to
the galaxy, a small fraction (~1%-2%) are ejected and merge
outside the Milky Way’s virial radius.
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Figure 5. The systemic kick velocity distributions from StarTrack models
M380 and M480 for solar metallicity. The first supernova (black) produces a
broader range of velocities than the second (red), which tends to favor higher
velocities ~100 km s~

2.4. Kilonova Remnants—Dynamic Orbital Model

The most physically motivated model of KNR locations
accounts for the time-dependent evolution of both compact
binary systems and the Milky Way itself. Unlike the static
orbital model, which assumes a fixed galactic potential, this
approach recognizes that the merger timescales of NS-NS and
black hole-neutron star binaries can span from tens of Myr to
several Gyr (J. S. Bloom et al. 1999; C. L. Fryer et al. 1999;
R. Voss & T. M. Tauris 2003; K. Belczynski et al. 2006;
P. K. Blanchard et al. 2017). The subset of systems merging in
the recent past (e.g., within the last ~ 1 Myr) may include a
significant number with long delay times. Consequently, their
present-day merger locations may be sensitive to the time-
varying structure of the galaxy (B. K. Wiggins et al. 2018).

Modeling this evolution is challenging. Galaxy formation
and evolution involve a range of physical processes, including
gas inflow, star formation, feedback, mergers, and interaction,
many of which are difficult to constrain observationally. While
some trends can be inferred from present-day properties of the
Milky Way itself (A. Helmi et al. 1999; V. Belokurov et al.
2018; A. Helmi et al. 2018; G. C. Myeong et al. 2019),
snapshots of other morphologically similar galaxies at
different redshifts (see C. J. Conselice (2014) for a detailed
review), and simulations ranging in scale from sub-galactic to
cosmological (N. Frankel et al. 2019), the specific evolutionary
history of the Milky Way remains uncertain. Evidence
suggests that the Milky Way has undergone at least six major
mergers over its lifetime (K. Malhan et al. 2022), in addition to
numerous other dynamical encounters.

Given this complexity, we adopt a simplified time-
dependent model that captures the essential growth of the
galaxy, modeling time-dependent masses and scale lengths for
simple analytic potential profiles. As in the static orbital
model, the galactic potential consists of three components: a
stellar disk, a gas disk, and a dark matter halo. Here, however,
we allow the masses and scale lengths of these components
to evolve over time, adopting time-dependent prescriptions
from the literature—an approach similar to that used by
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M. Zevin et al. (2020). Full details of this model, including the
specific functional forms and various assumptions, are outlined
in Appendix A.

The time evolution of each component’s mass and radial
scale length is shown in Figure 7.

Orbits are integrated through this evolving potential using a
similar procedure to that in Section 2.3. However, in this
dynamic case, the birth time of each system significantly
influences its orbital history and final merger location.

To determine these birth times, we convolve a delay-time
distribution with a delayed-r star formation history. This
yields a probability distribution for the formation times of
binaries that merge in the present epoch. Additionally, we
account for weak metallicity dependence in the population
synthesis models by sampling redshift-dependent metallicities
following the prescription of P. Madau & T. Fragos (2017).
The full derivation and implementation of these steps are
described in Appendix B.

2.5. Kilonova Remnants—Isotropic Model

In the regime where compact binary velocities, driven by
mass loss and supernova kicks, are large relative to the galactic
escape speed, or where merger timescales are long compared
to the orbital periods of the binary systems, the spatial
distribution of KNRs may become effectively isotropic. In
such cases, these remnants no longer trace the disk structure of
the galaxy, and their final merger sites can be approximated by
a spherically symmetric distribution around the galactic center.

To model this limiting case, we follow the methodology
of M.-R. Wu et al. (2019), which uses the observed
offset distribution of sGRBs from their host galaxies as a
proxy for the spatial distribution of CBMs. Here, we adopt the
expanded catalog of sGRB host-normalized offsets presented
in W.-f. Fong et al. (2022). Because the short GRB host
galaxies in this catalog span a range of morphologies,
including ellipticals, irregulars, and spirals, the resulting offset
distribution likely overestimates the typical radial distance for
mergers in a Milky Way-like disk galaxy. However, since this
model is intended to serve as a limiting case for extreme
spatial dispersion, such overestimation is acceptable and
should not detract from its utility.

We draw radial merger distances directly from the observed
short GRB offset distribution, using only the host-normalized
offsets to reduce dependence on absolute galaxy sizes. These
offsets are then rescaled to a fiducial Milky Way radius of
5.75kpc (J. Lian et al. 2024). We sample angular coordinates
isotropically from:

0 = 2mu, ¢ = cos~ ' 2v — Du, v € [0, 1), (10)

where u and v are independent uniform random variables. This
yields a fully three-dimensional isotropic distribution of
merger sites centered on the Galactic center.

2.6. Comparison of Kilonova Remnant Model Distributions

The galactocentric offset distributions for KNRs predicted
by each of our four models are shown in Figure 8. These
cumulative distributions illustrate the range of spatial
extents expected for CBMs in the Milky Way, under different
assumptions about natal kicks, delay times, and galactic
dynamics.
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Figure 6. Illustration of a compact binary merger trajectory in the galaxy. The system originates at point O on a circular disk orbit. Supernovae at points 1 and 2
impart kicks that incline the orbit and modify the velocity. The system merges at point 3 after evolving for its sampled delay time.

Among these models, the static orbital model produces a
mean offset roughly ~25% larger than that of the disk
model, consistent with expectations for large spiral galaxies
(K. Belczynski et al. 2006). The dynamic orbital model yields
slightly smaller offsets, while the isotropic model exhibits
significantly broader spatial distributions in both R and z.

3. Remnant Properties

To estimate the detectability of r-process remnants, we must
model the physical characteristics of the ejecta from both
kilonovae and SNe. In this section, we describe how we
estimate ejecta masses and determine the physical and angular
sizes of the resulting remnants.

3.1. Ejecta Mass

NS-NS mergers are predicted to eject between ~107* and
1072 M., of material, depending on the binary parameters and
the neutron star equation of state (A. Bauswein et al. 2013;
K. Hotokezaka et al. 2013; D. Radice et al. 2018; M. Shibata &
K. Hotokezaka 2019). While the StarTrack population
synthesis models do not report ejecta masses directly, they do
provide the individual neutron star masses for each merging
system. We therefore estimate the total ejecta mass using the
empirical fitting formula of T. Dietrich & M. Ujevic (2017),
which expresses the ejecta mass as a function of the
component masses and mass ratio.

Figure 9 shows the resulting ejecta mass distributions for the
solar metallicity subset of the M380 and M480 StarTrack
models. The typical values cluster around a few times
10 M., but span several orders of magnitude.

In contrast, core-collapse SNe eject much larger total
masses, but only a small fraction of this material is thought

to be synthesized via the r-process. Estimates for the r-process
mass per supernova vary, but are generally in the range
~107°-10"*M_, (R. D. Hoffman et al. 1997; C. L. Fryer et al.
2006; B. D. Metzger et al. 2007; P. Mosta et al. 2018). For the
purposes of this work, we adopt a simple model that uniformly
samples r-process masses from this range for each simu-
lated SNR.

3.2. Remnant Size

Both kilonovae and SNe can be modeled as spherical
explosions expanding into a tenuous ambient medium.
Initially, the ejecta expand freely at mildly relativistic
velocities but eventually decelerate and transition into a
Sedov—Taylor-like blast wave phase (G. Taylor 1950). As the
ejecta thrown off from the merger at ve; ~ 0.1c pushes outward
into the interstellar matter (ISM), a forward shock propagates
outward while a reverse shock travels back into the ejecta.
These shocks are separated by a contact discontinuity, which
traces the outer edge of the ejecta cloud itself.

The extent of the ejecta (not the forward shock) is the
physically relevant scale for detecting gamma-ray lines from
long-lived r-process isotopes, since the radioactive material is
confined to the ejecta. As the ejecta plows through the ISM, it
decelerates over the Sedov—Taylor length scale, defined as the
point where the swept-up ambient mass equals the ejecta mass.
This deceleration radius serves as an effective proxy for the
final remnant size.

We adopt this deceleration scale to estimate the spatial
extent of KNRs. Since it depends only on the ejecta mass
and the surrounding medium density (e.g., B. Amend et al.
2022), we compute a range of remnant sizes across ambient

densities ~10"*~10*cm ~, consistent with plausible merger
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environments identified in B. K. Wiggins et al. (2018). The
resulting KNR sizes span from a few parsecs in denser regions
to tens of parsecs in low-density environments (Figure 10).
These correspond to angular sizes of <1° on the sky, often
much smaller, down to arcminutes, at typical distances
2100 pc.

Compared to prior studies (e.g., M.-R. Wu et al. 2019), our
modeled angular scales are generally smaller, implying that
KNRs will often appear as compact or point-like sources. This
improves prospects for their identification against the diffuse
galactic background.

In contrast to kilonovae, SNe eject much more material
overall, but only a small inner fraction is thought to be
r-process enriched. The relevant isotopes are likely produced
either in the proto-neutron star wind or in fallback accretion
onto the neutron star (R. D. Hoffman et al. 1997; C. L. Fryer
et al. 2006; B. D. Metzger et al. 2007; P. Mosta et al. 2018),
making the r-process ejecta more centrally concentrated than,
for example, the **Ti layer. Observational studies of the spatial
distribution of **Ti in young SNRs (e.g, B. W. Grefenstette
et al. 2014) place constraints on the extent of such inner ejecta,
which is expected to trace or exceed that of the r-process
component. While SNe have larger ejecta masses and therefore
larger overall remnant sizes than kilonovae, they also expand
into denser stellar-wind media. In this work, we draw SNR
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sizes from empirical distributions from galactic catalogs,
which indicate angular extents of a few degrees on the sky
(D. A. Green 2019).

4. R-process Gamma Ray Spectra

To estimate the y-ray signal coming from the r-process,
we combine simulations of nucleosynthesis with evaluated
nuclear data. Prompt nucleosynthesis of the r-process, as well
as the subsequent transmutations of nuclear species on much
longer timescales, is tracked in the Portable Routines for
Integrated nucleoSynthesis Modeling (PRISM) reaction net-
work (T. M. Sprouse et al. 2021). The theoretical nuclear
inputs (T. Kawano et al. 2016; M. R. Mumpower et al.
2016, 2020, 2022) for the network calculation are based on the
2012 version of the Finite-Range Droplet Model (P. Moller
et al. 2015, 2016). This information is supplemented with
measured and evaluated data when applicable (F. Kondev
et al. 2021; M. Wang et al. 2021). The trajectory that defines
r-process conditions is taken from S. Rosswog et al. (2013)
with nuclear self-heating. This trajectory produces a main
r-process and is subjected to robust fission deposition. Our
main use of these conditions is to produce an abundance
pattern that represents a complete r-process consisting of the
second and third peaks. We therefore use these conditions for
both kilonovae and SNe, as the resulting pattern (and
subsequent spectra) is largely insensitive to the specific details
of the conditions applied given the long observational
timescales studied here. We note that most of the relatively
short-lived species undergoing fission do not significantly
impact ~-ray signals on the remnant timescale; hence we do
not include the contribution of fission v-rays here. For a
detailed analysis of 7-rays from fission processes, consult
X. Wang et al. (2020).

The radioactive decay spectra associated with long-lived
isotopes (relative to the timescale of the r process) are
well known and contained in the eighth version of the
Evaluated Nuclear Reaction Data Library (ENDF/B-VIIL0)
(D. A. Brown et al. 2018). Photons emerging from direct
transitions in the nucleus and subsequent scattering processes,
including X-ray emission from the de-excitation of atomic
states and Auger electrons, are provided by this database. The
radioactive decay processes that are considered are (-decay,
a-decay, and internal transitions between nuclear states. The
thermal population of isomers is not included in this work.
For a comprehensive list of potentially significant gamma-ray
emitters on the relevant timescales, see the table in
Appendix C.

The abundance information from PRISM is combined with
~-ray emission data from ENDF to produce time-dependent
spectra,

SE, t) = NaY_ NY(0Y IJE]S(E — E)), (11)
i j

where N, is Avogadro’s number, the index i represents the
nuclear species with decay rate \; and abundance, Y;, and the
index j represents an associated <-ray with intensity /; and
energy E;, as in O. Korobkin et al. (2020).

Equation (11) convolves the population of nuclear species
with the decay rate and the intensity of 7-ray emission. In
order to have a significant influence on the spectrum, a nuclear
species generally needs a balance of these quantities at a given
observational time. In Figure 11 we plot an example of our
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1074

synthetic spectra at # = 100 kyr and # = 1 Myr to showcase this
point. The ~MeV region is dominated by lines from '*°Sb
(Y. Z. Qian et al. 1998), while the ~keV-100keV region
consists of a series of prominent lines from '*°Sn and **’Th.
This apparent contribution from **°Th at late times arises
primarily from the a-decay of *>*U, which feeds into the **°Th
decay chain. Although **°Th itself has a relatively short half-
life (~7.9 x 10%yr), the long half-life of its parent *>*U
(~1.6 x 10° yr) allows for a sustained presence of ***Th in the
ejecta at timescales of up to ~10°yr, contributing to the
gamma-ray signal at late times.

There has been some recent interest in the 2.6 MeV gamma-
ray line from the decay of “°*T1; while this line is not included
in our synthetic spectra due to its extremely short half-life
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Figure 10. Distribution of KNR sizes for the disk (mpsk), isotropic (m;so),
static orbital (msra 4s0), and dynamic orbital (mpy n.4s0) models. Results are
shown only from M.480B since M.380B produces nearly identical distribu-
tions. Remnants are largest in the isotropic model due to the prevalence of
low-density environments.

(~3 minutes), it is an interesting case to consider. This nucleus
resides at the end of several actinide decay chains, such as that
of ***Th, which has a half-life ~Gyr, meaning it could, in
principle, trace r-process nucleosynthesis sites. However,
given the observational timescales discussed in this paper,
the detectability of this line remains highly uncertain and is left
for future work.

Previous studies have applied varying degrees of Doppler
broadening to their spectra based on the assumption that KNRs
expand at high speeds for extended periods. However, as we
have emphasized, the r-process material of interest remains
within the ejecta, confined inside the contact discontinuity,
rather than being dispersed throughout the ambient medium
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swept up by the forward shock. By the time the forward shock
enters the self-similar Sedov-Taylor phase, the ejecta has
already undergone significant deceleration. On the timescales
relevant to our study, the ejecta should be moving at velocities
comparable to the nearly static ISM. In this regime, the
dominant source of Doppler broadening is thermal motion,
which, for standard ISM conditions, leads to a negligible
broadening of <1%. This is far below the instrumental
broadening already accounted for in sensitivity curves for
instruments such as COSI. Consequently, we argue that
Doppler broadening in this regime is not as significant as
previously suggested in the literature and is effectively
negligible for our detectability estimates.

5. Detectability Prospects

Detecting gamma-ray emission from long-lived r-process
isotopes requires instruments with high spectral resolution,
low background, and narrow-line sensitivity in the ~10keV to
a few MeV energy range. Angular resolution and field of view
are also critical: remnants must be sufficiently compact to be
distinguished from the diffuse galactic background, and a wide
field of view increases the chances of capturing these rare,
near-randomly distributed events. Based on these criteria, we
focus on two representative instruments: COSI, which offers
wide-field survey capability with moderate angular resolution
and excellent line sensitivity in the ~100 keV to ~a few MeV
regime; and a HEX-P-like hard X-ray instrument, which would
offer much higher sensitivity at ~tens of keV but a narrower
field of view.

The spatial distribution of these remnants determines both
the distances and sky locations of potential sources, which in
turn affect flux attenuation and whether the source lies in a
region favorable for detection. By applying this framework
across multiple KNR and SNR distribution models, we directly
quantify how assumptions about progenitor kinematics, natal
kicks, and galactic evolution influence the likelihood of
detecting long-lived r-process emission. This allows us to
isolate the role of remnant distribution as a leading source of
uncertainty in detection prospects.

To evaluate the observational prospects for detecting
long-lived gamma-ray emission from r-process remnants, we

simulate synthetic populations of events and compare their
predicted photon fluxes to the sensitivity thresholds of
representative high-energy observatories. Each simulated
remnant is assigned a sky position and distance drawn from
one of the spatial distribution models described in Section 2,
along with a corresponding age sampled uniformly over the
past 10kyr-1 Myr. Remnant ejecta masses are assigned
according to the progenitor class, as described in
Section 3.1, and the corresponding radioactive decay spectra
are computed using the nuclear reaction network and ~-ray line
libraries outlined in Section 4.

Given the ejecta mass and remnant age, we compute the
total line-integrated photon flux at Earth,

L, (E, 1)

BE N = 41D?

, 12)

where L (E, ?) is the line luminosity at time ¢ after the
explosion and D is the remnant’s distance from Earth. Because
the emission is composed of narrow lines at known energies,
we evaluate detectability by comparing this flux to the 3¢
narrow-line sensitivity curves for each instrument under
consideration.

We also impose a conservative angular size cut to account
for the diminished detectability of extended sources. Specifi-
cally, we require that a remnant’s angular diameter on the sky
be less than twice the instrument’s full-width at half-maximum
(FWHM) angular resolution. This approximates the effective
size beyond which spatial confusion with diffuse background
emission becomes significant and the source may no longer
appear point-like. For KNRs, which typically span angular
sizes <1°, this criterion is rarely limiting. SNRs are more
frequently excluded due to their larger extent on the sky.

By repeating this procedure across 10° realizations for each
spatial model, we obtain statistically robust predictions for the
number of remnants expected to be detectable by a given
instrument. In the following sections, we apply this framework
to evaluate detection prospects for COSI and HEX-P-like
missions and explore how detectability improves under
hypothetical future instruments with enhanced sensitivity.
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Table 1
Number of KNRs and SNRs Detectable by COSI over a 24-month Survey with
30 Limits Assuming Event Rates of Rgn = 107 yr~! and Rgny = 1072 yr~!

Model N

Kilonova Remnants

Disk 6.257 x 107*
Static Orbital M380 3.705 x 107*
Static Orbital M480 5385 x 107*
Dynamic Orbital M380 3716 x 107
Dynamic Orbital M480 1.797 x 107*
Isotropic 4.947 x 107°
Supernova Remnants

Spiral Arm Distribution 1.170 x 107*

5.1. COSI Results

COSI is a next-generation Compton telescope designed to
provide high-resolution imaging and spectroscopy of gamma-
ray emission in the ~0.2-5MeV range using advanced
germanium detectors (J. Tomsick et al. 2019; J. A. Tomsick
et al. 2023). It combines moderate angular resolution (2°1-45
FWHM) with excellent spectral resolution (~0.8%-1.1%
FWHM) and all-sky survey capability on daily timescales.
Its narrow-line sensitivity in the MeV band, estimated at
~3.0 x 107°-1.2 x 10 ° photonscm s, is roughly an
order of magnitude better than that of INTEGRAL SPI in the
same energy range. Together, these attributes make COSI a
compelling instrument for detecting ~-ray lines from the
radioactive decay of long-lived r-process isotopes in compact
remnants. Moreover, its wide field of view is particularly
advantageous in this study, as the precise locations of KNRs
are not known a priori.

Table 1 presents our predictions for the number N of
detectable remnants over a 24-month COSI survey, based on
synthetic populations drawn from each spatial model. We
adopt a kilonova event rate of Rgn = 107 yr~!, near the
lower end of recent LIGO/Virgo estimates for Milky Way—
like galaxies (R. Abbott et al. 2023). Even under the most
optimistic spatial assumptions, predicted detection probabil-
ities are exceedingly small, at the level of ~ 0.01%. The
spiral-arm-constrained SNR models yield similar results for a
supernova rate of Rgy = 1072 yr~!, provided the remnants are
compact enough to fall within COSI’s angular resolution
limits.

These results indicate that even under the most favorable
assumptions about remnant locations, the probability of
detecting a single KNR or SNR with COSI is vanishingly
small. In this regime, differences between spatial models have
little practical impact on detectability, as all plausible
distributions yield similarly low event counts. Still, these
spatial models remain valuable for identifying where remnants
are most likely to be found, and for guiding the development
of future observational strategies. Substantial improvements in
instrument sensitivity will be necessary before differences
between models can translate into observable consequences.

Given these extremely low detection probabilities, it is
instructive to explore how detectability improves for a
hypothetical future instrument with the same observational
strategy and design characteristics as COSI, but with enhanced
sensitivity. We define such a COSI-like instrument as having
comparable angular resolution, energy bandpass, and sky
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coverage, but with a sensitivity improved by a multiplicative
factor f.

We report the fraction of detectable remnants as a function
of sensitivity enhancement, evaluated over a 1 Myr observa-
tion window for each spatial model. Importantly, we do not
assume a fixed event rate in this analysis. Instead, detection
fractions can be scaled to any assumed event rate R via

N = fi X(R x 10 yr), (13)

where f, is the fraction of simulated remnants detected at a
given sensitivity, and R is the event rate. This approach avoids
overcommitting to a single, uncertain value for R, and makes
the results broadly applicable across a range of plausible
merger rates and model assumptions.

We find that this detection fraction scales approximately as
a power law with sensitivity enhancement f (see Figure 12):

N

—— =2.388 x 10791388
R x 10°yr f

(14)

where the left-hand side is the detection fraction f}.. Figure 12
shows this scaling for each spatial model, reflecting modest
differences between them.

Importantly, spatial model differences are most pronounced
in the low-detection regime, where realistic instruments
currently operate. At these low sensitivities, only the closest
and most favorably positioned remnants could be detectable.
As a result, compact spatial distributions (such as the disk or
low-kick dynamic orbital models) yield higher detection
fractions than more extended or isotropic distributions, e.g.,
for f < 100, there is = an order of magnitude spread in the
detection fractions between the boundary cases of the disk and
isotropic spatial models. Of course, as f increases further and a
more significant fraction of remnants in each model becomes
detectable, this distinction between spatial models begins to
diminish.
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assuming the remnant is <1 pc in size (corresponding to an angular size
comparable to HEX-P’s half-power diameter (HPD)). A larger remnant would
require a longer exposure time to maintain a detection significance of 3.

5.2. Targeted Observations in X-Rays

X-ray detectors are generally far more sensitive than
gamma-ray instruments, but they also contend with signifi-
cantly higher background levels, particularly in crowded
regions such as the galactic plane. However, photons from
radioactive decay are limited to well-defined line energies. By
limiting the search to these line energies, it becomes possible
to detect signals well below the broader background
continuum. This approach is particularly effective for KNRs,
where line emission from long-lived r-process isotopes can
persist for >10° yr.

HEX-P is a proposed next-generation mission designed to
achieve exceptional sensitivity across the 0.2-80keV energy
range (K. K. Madsen et al. 2024). With a spectral resolution of
~2% FWHM at 20 keV, HEX-P would be capable of resolving
hard X-ray lines from r-process decay, especially for older
remnants where Doppler broadening is minimal. HEX-P’s
sensitivity would exceed that of COSI by orders of magnitude
(see Figure 13), albeit over a dramatically smaller field of
view: 113 x 11.3 for the Low-Energy Telescope, and
1377 x 137 for the high-energy telescope (HET). As such, a
HEX-P-like instrument would not be suitable for all-sky
surveys, but could fare better in focused observations of
specific promising targets.

The narrow-line sensitivity curve for HEX-P’s HET
assumes a point source smaller than the on-axis half-power
diameter, ~10”-20" across the energy range of interest. As
shown in Figure 14, the vast majority of KNRs and SNRs
subtend angles that exceed this by two to three orders of
magnitude. In the background-dominated limit, the signal-to-
noise ratio scales as SNR o< /7{2., where ¢ is the exposure
time and (2, is the angular area of the source in the sky. Thus,
keeping a fixed 3o significance while moving from a point
source to an extended remnant inflates the required exposure
time by a factor ~Q../Qpsk. This is problematic given that
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Figure 14. Angular diameters of KNRs and SNRs, shown alongside the
angular resolutions (HPDs) of HEX-P and COSI. The shaded bands indicate
the energy-dependent range of each instrument’s angular resolution. For
simplicity, only the dynamic orbital model with M.480 population synthesis
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like to COSI, whereas both KNRs and SNRs are highly extended relative to
HEX-P’s much finer angular resolution.

exposure times as long as ~1Ms are already needed for
marginal detections even under the most optimistic circum-
stances (e.g., Figure 13).

These stringent restrictions on exposure times make even
small surveys (e.g., ~1° x 1°) unfeasible. Mosaicking, each
pointing would need to have a reduced exposure time to adhere
to reasonable time allotment constraints. Consequently, a
detection is effectively only possible under the rare circum-
stance in which a precise observing target has already been
identified. While candidate KNRs have been suggested in the
literature (e.g., Y. Liu et al. 2019), another promising strategy
may involve re-examining known SNRs that could possibly be
misclassified KNRs. M.-R. Wu et al. (2019) outline such a
strategy and identify a number of nearby SNRs as potential
targets, though all of the remnants listed are within a few kpc
away and, as such, are extremely extended.

As it stands, in its current configuration, HEX-P remains an
incisive line spectrograph but a poor survey instrument for old
KNRs and SNRs. A natural next step would be a hybrid
mission that combines HEX-P-class, high-spectral-resolution
focusing optics with a co-aligned wide-field hard-X-ray
module able to integrate the full flux of degree-scale remnants
in a single exposure. Such a design removes the dominant
solid-angle penalty that now forces multi-megasecond mosaics
and would bring population studies of nearby KNRs and SNRs
within realistic observing times.

The ESA M-class concept Advanced Surveyor for Transient
Events and Nuclear Astrophysics (ASTENA) moves part-way
toward this hybrid vision. Its 3m Laue-lens narrow-field
telescope reaches deeper narrow-line sensitivity than HEX-P at
270 keV, yet the lens offers only a ~4' diameter FoV, which is
around three times smaller than HEX-P’s, and a comparable
~30" PSF, so the same solid-angle handicap still applies for
most remnants (F. Frontera et al. 2021; C. Guidorzi et al.
2021). ASTENA does attach a 2 sr coded-mask wide-field
monitor that can encompass an entire remnant without

mosaicking, but its ~4%—6% energy resolution and higher
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open-sky background leave its narrow-line sensitivity closer to
COSI’s than to the order-of-magnitude gains that HEX-P’s
focusing optics achieve.

Because near-term X-ray missions can only detect a KNR
that is already pinpointed and compact, they cannot sample the
full, degree-scale population predicted by our spatial-distribu-
tion model. The very requirement of an a priori target means
those same distribution predictions cannot, in turn, guide
effective surveys with these instruments. Until a platform
combines HEX-P-level spectroscopy with true wide-field
coverage, the galactic distribution of KNRs will remain
largely beyond observational reach via X-rays.

6. Summary

In this work, we set out to quantify how the Milky Way
locations of r-process-enriched remnants from compact-binary
mergers differ from those of core-collapse supernovae, and
how these spatial differences translate into uncertainty in y-ray
detection prospects. SNRs were modeled with a five-arm
logarithmic spiral distribution confined to the thin disk; their
vertical scale height is ~100pc and the radial profile falls
exponentially with Galactocentric radius, consistent with
observed high-energy SNR catalogs. By contrast, KNRs were
assigned four alternative distributions that bracket the effects
of merger kicks and long delay times: a disk model, static and
dynamic orbital integrations in a Galactic potential, and an
extreme isotropic case calibrated to short-GRB offsets. These
prescriptions span mean radial offsets that differ by factors of a
few and vertical dispersions that extend from the mid-plane to
halo-scale heights.

When these spatial models are propagated through Monte-
Carlo populations and compared with current instrument
sensitivities, detectability proves vanishingly small. For a
two-year all-sky survey with COSI, the expected number of
detections ranges from a few X 107*2107> for KNRs, with a
corresponding number of ~10~* for SNRs. Thus, the choice of
spatial distribution introduces roughly an order-of-magnitude
spread yet still leaves the absolute probability well below
unity. Scaling the analysis to a COSI-like mission whose
narrow-line sensitivity is improved by a factor f shows that the
detection fraction scales as f 1'388, and that model-to-model
differences are most pronounced in the low-sensitivity regime
and begin to vanish once f = 100.

Hard-X-ray-focusing telescopes such as the proposed HEX-
P reach orders of magnitude deeper line sensitivity at
~20-80keV, but their sub-arcminute PSFs are mismatched
to degree-scale remnants. Once the solid-angle penalty for
such extended sources is included, a marginal 30 detection
requires multi-megasecond mosaics; in practice only a pre-
identified, unusually compact target could be observed in a
feasible exposure. Hybrid concepts that couple HEX-P-level
spectroscopy to a wide-field hard-X-ray module would remove
that limitation, but no such facility yet exists.

Thus, while spatial-distribution assumptions currently
dominate the model-to-model spread in predicted fluxes,
instrumental capability remains the fundamental bottleneck.
A next-generation mission that preserves COSI’s all-sky reach
but improves narrow-line sensitivity by roughly two orders of
magnitude would shift the expected number of detectable
remnants from effectively zero to order-unity, turning spatial-
distribution differences into testable observational signatures.
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Appendix A
Time-dependent Galactic Potential

This appendix outlines the time-dependent galactic model
used in our dynamic orbital integrations for KNRs. The model
incorporates the evolving mass and scale lengths of the Milky
Way’s stellar disk, gas disk, and dark matter halo, allowing
compact binary systems to orbit through a realistic time-
varying gravitational potential.

A.l. Stellar Disk Evolution

We begin by modeling the growth of stellar mass M,
through a delayed-7 star formation rate, following the form
motivated by J. S. Speagle et al. (2014) and P. Madau &
M. Dickinson (2014):

() = Ate /7. (A1)
Integrating this from # = 0 to ¢ = ¢, we obtain:
My(t) = A[T2 — e V/7(7% + t7)]. (A2)

We fix the present-day stellar mass at 6.08 x 10''M_ (as in
Section 2.2) and adopt vy = 1.65M yr ' (T. C. Licquia &
J. A. Newman 2015), yielding A = 5.238 x 10°M_, Gyr 2 and
T = 3.612 Gyr.

The time evolution of the stellar disk scale length a,,. follows
the fit of E. J. Nelson et al. (2016), rescaled to produce the
present-day local surface density (C. F. McKee et al. 2015).
Assuming a solar orbital radius of 8.1 kpc,

0.176
} kpc.

The vertical scale height b, (?) is assumed proportional to a,(?),
scaled to match the present-day local stellar volume density
(C. F. McKee et al. 2015):

by(t) = 0.197ax(t)

My(1)

. A3
10" M, (A3)

as(t) = 1.405[

(A4)

A.2. Gas Disk Evolution

We estimate the gaseous disk mass M,(#) by inverting the
star formation rate using the Kennicutt—Schmidt law (M. Sch-
midt 1959; R. C. J. Kennicutt 1989, 1998), following the
approach of S. J. Lilly et al. (2013):

1/14
M,(1) = [M] :
@]

with star formation rate efficiency o = 9.668 X 107°,
calibrated to match the present-day gas mass from C. Flynn
et al. (2000).

(AS5)



THE ASTROPHYSICAL JOURNAL, 991:216 (16pp), 2025 October 1

We assume gaseous disk scale length evolves proportionally
to the stellar disk:

ag(t) = 2.939ax(1), (A6)

rescaled to reproduce the present-day local gas surface density
(C. F. McKee et al. 2015). The vertical scale height is:
by(t) = 0.197ax(1), (A7)
chosen to match the present-day local gas volume density
(C. F. McKee et al. 2015).
A.3. Dark Matter Halo Evolution

The dark matter halo mass is modeled as an exponential
function of redshift:

Mpm(z) = Mpm,ee 7%,
with Mpyo = 7.855 x 10''M. (see Section 2.3) and

p = 0.367. The halo scale radius r, relates to the virial radius
rvir and concentration ¢ via:

(A8)

3Mpwm
4rAp,

o
1, = -, where rj; = (

c

1/3
) , A = 200. (A9)

The critical density p. is defined as:

3H?
p. = ——, H=Ho\Qu(1 +2)* + U,

A10
8nG ( )

with cosmological parameters €2, = 0.315, Q, =1 - Q,, =
0.685, and Hy = 67.4kms™' Mpc™' (Planck Collaboration
et al. 2020).

The concentration evolves as:

c= 0 ¢ =24384,
1+z

(A11)

which corresponds to ;o = 7.962 kpc.

Appendix B
Binary Population Properties

This appendix details the population synthesis ingredients
required to assign birth times and progenitor metallicities to
compact binary systems in the dynamic orbital model.

B.1. Birth Time Distribution for Recent Mergers

To accurately model KNRs formed within the last 10° yr, we
must determine the distribution of binary birth times that lead
to mergers during this short observational window. This
distribution, x (¢, ¢'), gives the probability that a system born at
time ¢/ merges between ¢ and  + At, where t = (13.599 Gyr)
and At = 1 Myr.

We compute this distribution by convolving the compact
binary delay time distribution (DTD) with the star formation
rate ¥ (¢')

t+At 5 .
x (@, t") ocfr f@HDTD( — "y (t)dr, (B1)
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Figure 15. Redshift-metallicity relation used in our dynamic orbital model.
Samples are drawn from a Gaussian distribution with a mean given by
Equation (6) in P. Madau & T. Fragos (2017) and a standard deviation of
0.2 dex.

where f (') is the fraction of stars born at time ¢’ that
eventually form merging compact binaries. Assuming f (') is
constant and that the DTD scales as o< 1~ ' for ¢ > 20 Myr, this
integral can be evaluated analytically for our delayed-r star
formation rate:

t+ At — ¢

x(t, ") oc t'e "/ TIn
t—t

; (B2)

valid for (# — #') > 20 Myr. This distribution features a broad
component peaking near the epoch of maximal star formation,
along with a sharp spike at recent times ¢ due to fast mergers.
We sample from x(¢, t') to assign realistic birth times to
compact binaries used in our orbital integrations.

B.2. Redshift-dependent Metallicity Assignment

Merger properties such as kick velocities and delay times
depend on progenitor metallicity, which in turn varies with
redshift. To incorporate this, we assign a metallicity to each
system based on its birth redshift using the empirical relation
from P. Madau & T. Fragos (2017):

log{Z/Z.) = 0.153 — 0.074z'34, (B3)

with samples drawn from a Gaussian distribution centered on
this mean and a standard deviation of 0 = 0.2 dex, consistent
with observed scatter in the age—metallicity relation (S. Feltzing
et al. 2001; B. Nordstrom et al. 2004; J. Holmberg et al. 2007).
The resulting redshift-metallicity relation used in our model is
shown in Figure 15.

Appendix C
Significant v-producing Isotopes

Table 2 below details all potentially significant gamma-ray
emitters on timescales as long as tens of millions of years.
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Table 2

Amend et al.

Potentially Significant v-Ray Emitters and their Long-lived Populating Ancestors on Timescales between 1 ky and 1 Gyr

Isotope Halflife Line Energy, E Intensity, / Mass Fraction Line Flux, F Long-lived Ancestor(s)
T/ (keV) (phs'g™h Ximas (phs™"em™?)
W Ac 9.920 d 10.6420 1.82 x 10" 4.80 x 107° 1.55x 1078 29Th, 33°U, 3'Np, 2¥Cm
12.0208 1.89 x 10" 1.61 x 1078
14.7188 1.93 x 10" 1.65 x 1078
A1 717.0 ky 1808.65 7.05 % 108 4.80 x 1072 6.03 x 1077 self
2 Am 4326y 13.9388 1.35 x 10" 203 x 107 4.88 x 1078 2Cm
17.5393 1.33 x 10" 481 x 107®
59.5409 4.54 x 10" 1.64 x 1077
B Am 7.35 ky 74.6600 4.96 x 10° 1.26 x 1073 1.11 x 1077 ¥cm, 3Bk
36 Am 39.0 m 14.9604 5.12 x 10" 242 x 10712 220 x 1078 20Cm
19.2323 6.28 x 10" 271 x 1078
679.0000 425 x 10" 1.83 x 1078
28B4 358 ky 2614.5 1.76 x 10 1.00 x 10715 3.13 x 107 self
HoBj 3.04 My 265.6 1.05 x 107 543 x 107 1.01 x 1072 self
304.6 5.78 x 10° 559 x 107"
649.6 7.01 x 10° 6.78 x 107
23Bi 4559 m 440.4500 1.85 x 107 1.42 x 107! 468 x 1078 29Th, 3’0 2*7Np #Cm
H4Bi 19.71 m 609.3200 7.43 x 10" 343 x 10712 454 %1078 26Ra, 30Th, 3§4U, 3Pu, 2Cm, 2°Cm
25Cm 8.25 ky 14.2745 1.60 x 10° 373 %1073 1.06 x 1077 self
18.0336 1.45 x 10° 9.64 x 1078
99.5232 1.19 x 10° 7.91 x 1078
103.7341 1.95 x 10° 129 x 1077
20Cm 4706 ky 14.2737 3.38 x 10® 1.13 x 1073 6.81 x 107° self, 250Cm
18.1426 3.74 x 10 753 x 107° .
¥ Cm 15.6 My 402.4000 247 x 10° 6.80 x 1073 299 x 1071 self
248Cm 348 ky 18.1425 4.01 x 10° 8.10 x 1072 579 x 1071 self
Fe 2.62 My 58.603 1.73 x 10° 270 x 107¢ 832 x 107" self
221Fr 49 m 218.1200 7.27 x 10" 1.58 x 1072 2.04 x 1078 29Th, 33°U, 3'Np, 2¥Cm
821f 8.90 My 270.4080 6.43 x 10° 370 x 1073 424 x 10710 self
21 16.14 My 29.7820 2.40 x 10° 2.50 x 1072 1.07 x 107° self, fission
8LKr 229 ky 275.9900 2.11 x 10° 1.00 x 10713 3.76 x 1072 self
Mo 4.0 ky 30.77 1.84 x 10° 1.00 x 10713 3.28 x 1072 self
2Nb 2.4 My 561.1 5.96 x 107 1.00 x 10715 1.06 x 107% self
934.5 441 x 107 7.86 x 1072
21Nb 20.4 ky 871.091 6.85 x 10° 1.56 x 1071 1.90 x 1071 self
702.65 6.86 x 10° 1.90 x 1071
3Np 2.144 My 16.6004 6.40 x 10° 142 x 1072 1.62 x 107° self, 24‘Cm
ZONp 2356 d 103.7341 1.84 x 10" 1.09 x 107° 357 x10°% self, 2¢7Cm, 23Bk
106.1230 2.24 x 10" 435 % 107®
HPa 32.65 ky 12.7000 5.65 x 108 2.46 x 1073 247 x 1078 self, 33°U, 3°Pu, gg”Am, 3#cm, 3Bk
27.36 1.83 x 10® 8.02 x 107°
300.066 421 x 107 1.84 x 107°
302.667 4.01 x 107 175 x 107° .
33pa 26.98 d 13.6000 4.10 x 10" 482 x 107 352 x107° BNp, §§5Cm
Hopp 2220y 10.8277 3.57 x 10" 1.99 x 107° 126 x 1078 30Th, 34U, 37Pu, ggGCm 30Cm
13.0050 2.77 x 10" 9.82 x 107°
#lpb 36.1 m 404.8530 3.43 x 10'° 475 x 1072 2.90 x 1077 Bpa, U, 239Pu 3BAm, 37Cm, 3Bk
832.0100 3.20 x 10'° 271 x 107°
4P 27.06 m 351.9321 430 x 107 467 x 10712 358 x 1078 ZRa, FTh, 3*U, 32Pu, 3Cm, £°Cm
3PPu 24.11 ky 13.6082 3.38 x 10’ 6.27 x 1073 3.77 x 107° self, 22 Am, 9g7cm, 3Bk
31%pu 6.561 ky 13.6085 3.62 x 10 259 x 1073 1.67 x 1078 self, 3¢8Cm
17.1130 3.93 x 10 1.81 x 1078
315pu 4.706 ky 14.6137 8.15 x 107 3.96 x 1073 575 x 1077 30Cm
43.8100 1.10 x 108 7.76 x 107°
107.0430 8.99 x 107 6.34 x 107°
223.7500 1.03 x 10® 727 x 107° .
#Ra 11.43d 81.3680 2.75 x 10" 228 x 107° 1.11 x 1078 Blpa, U, 3291311, 3BAm, 37Cm, 3Bk
84.1450 451 x 10" 1.83 x 1078
269.4630 2.63 x 10 1.06 x 1078
2°Ra 1.600 ky 186.211 1.30 x 10° 467 x 1073 1.08 x 1077 ¥Tn, 34U, gjzpu #0Cm, 22°Cm
1%6Re 200 ky 58.009 6.41 x 107 121 x 1078 138 x 1071 self

14
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Table 2
(Continued)
Isotope Halflife Line Energy, E Intensity, / Mass Fraction Line Flux, F Long-lived Ancestor(s)
T/ (keV) (phs™' g™ Xonan (ph s™"em™?)
40.350 1.81 x 107 3.90 x 10713 -
#Ra 149 d 40.0000 432 x 10™ 717 x 107° 552%x 1078 27Th, 23U, 3§7Np 2BCm
#Ra 1.600 ky 186.2110 1.31 x 10° 153 x 107* 3.57 x 107° 30Th, 34U, 3°Pu, 3Cm, 3°Cm
1253b 2758 y 27.4653 9.54 x 10" 3.75 x 1077 6.37 x 1078 fission
427.8740 1.13 x 10" 7.55x 1078
600.5970 6.74 x 10" 450 x 1078
126gp 12.35d 666.5000 3.08 x 10" 1.70 x 107° 933 x 1078 fission, 12°Sn
695.0000 3.08 x 10" 933 x 1078
1258n 9.64 d 1089.1500 1.83 x 10" 359 x 10°° 1.17 x 1078 fission
1067.1000 3.87 x 10™ 247 x 1078
1265n 230.0 ky 87.5670 1.68 x 10 1.16 x 1072 347 x 1078 self, fission
82T 114.7 d 67.7497 9.84 x 10" 131 x 107" 229 x 10710 fission, JS2HF
BT 4.2 My 745.35 3.20 x 107 1.00 x 10715 570 x 107 self, fission
652.41 3.20 x 10’ 8.04 x 1071°
BTc 211.0 ky 89.5 441 x 10° 141 x 1073 1.10x 1071 self, fission
BTh 18.70 d 50.1300 1.29 x 10™ 375 % 107° 8.62 x 107? Blpa, B0, PPu, 2P Am, 37Cm, 3Bk
235.9600 1.99 x 10" 133 x 1078
2Th 7.916 ky 12.3318 4.26 x 10° 142 x 1073 1.07 x 1077 self, 233U, §§7Np 25Cm
15.1900 4.83 x 10° 122 x 1077
11.1 8.94 x 10® 226 x 1078
193.52 3.20 x 10® 8.10 x 1077
210.853 2.03 x 108 514 x 1077
B0Th 75.4 ky 12.3000 5.81 x 107 425 %1073 440 x 107° self, 234U, 532 u, 326Cm 20Cm
67.672 2.88 x 10° 218 x 10710
U 159.2 ky 12.9597 8.36 x 10° 3.92x 1073 5.84 x 10710 self, 3§7Np, 2Cm
16.0978 8.69 x 10° 6.07 x 1071°
42.4349 2.55 x 10° 178 x 107"
97.1346 7.21 x 10* 5.04 x 10712
547039 5.96 x 10* 416 x 1072
B 245.5 ky 16.1500 1.17 x 107 6.93 x 1073 1.44 x 107° self, 2Pu, 2°Cm, 2°Cm
53.20 2.82 x 10° 348 x 107"
120.90 7.84 x 10* 9.68 x 1072
U 1.0 My 185.7150 1.20 x 10° 5.85 x 1073 125 x 107" self, 33°Pu, 3P Am, 37Cm, 3¥Bk
Bou 23.42 My 16.1501 1.29 x 10° 137 x 1072 3.15x 107" self, 22°Np, 24Pu, 28Cm

Note. For each isotope, listed are its half-life T’ />, several strongest 7-lines with their energies E and intensities in photons s g

1, maximal isotopic mass fraction

Xmax 1n a typical r-process calculation, and a list of populating ancestor isotopes. Photon fluxes for a line ¢ are estimated for a remnant at a distance D = 3 kpc,

assuming a total ejecta mass m.; = 0.01M,
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