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Abstract

Neutron star (NS) mergers are currently the only observed source of r-process production in the Universe. Yet, it is
unclear how much r-process mass from these mergers is incorporated into star-forming gas to enrich stars. This is
crucial to consider as all other r-process mass estimates in the Universe beyond Earth are based on stellar r-process
abundances. Here, we explore the extent to which merger location and host-galaxy properties affect the
incorporation of r-process elements into star-forming gas, and quantify an “enrichment” timescale to account for
this process. To put this timescale in context, we analyze a population of 12 gamma-ray bursts (GRBs) with
probable associations to r-process kilonovae (GRB-KNe) and 74 short GRBs without claimed KNe, including new
nonparametric star formation histories for the GRB-KN hosts. We find the enrichment timescales for this sample
are between =7 Myr and 1.6 Gyr, suggesting that environmental enrichment is delayed from NS merger
occurrence. Moreover, we find a correlation between the amount of environmental enrichment from a single event
and increasing host specific star formation rate (sSFR), and little correlation with stellar mass and GRB
galactocentric offset. Environments with low sSFRs (<10 "% yr—"), which comprise 18% of short-GRB hosts and
the host of GW170817, will have little to no capacity for stellar enrichment. Our results indicate that not all
r-process from NS mergers is incorporated into newly forming stars, and instead some remains “lost” to the
circumgalactic medium or intergalactic medium. Future studies should consider these losses to understand the total
contribution from NS mergers to the Universe’s r-process budget.
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1. Introduction

The astrophysical birthsites of heavy r-process elements
(A > 130) have long been debated. There are several proposed
channels of r-process, including neutron star (NS) mergers
(D. Eichler et al. 1989; E. Berger 2014; P. Beniamini et al. 2016;
K. Kawaguchi et al. 2016; K. Hotokezaka et al. 2018) and rare
types of core-collapse supernovae (CCSNe; Y. Z. Qian 2000;
D. Argast et al. 2004; T. Tsujimoto et al. 2015; G. Halevi &
P. Mosta 2018; D. M. Siegel et al. 2019; A. Skiladéttir et al.
2019; K. Brauer et al. 2021). While NS mergers are subject to a
wide range of progenitor formation timescales (delay times) and
host environments (K. Belczynski et al. 2010; M. Dominik et al.
2012; R. O’Shaughnessy et al. 2017), collapse of massive stars
(collapsars) and CCSNe are almost exclusively connected to
short delay times and star-forming host galaxies (K. M. Svensson
et al. 2010; D. A. Perley et al. 2013; S. D. Vergani et al. 2015;
F. Y. Wang & Z. G. Dai 2014; P. K. Blanchard et al. 2017;
Y. Niino et al. 2017; S. Schulze et al. 2021; K. Taggart &
D. A. Perley 2021). Given this diversity in progenitor timescales
and environments, the channel(s) through which r-process
material is synthesized has substantial impact on the chemical
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enrichment of the Universe, as well as how our solar system
achieved its r-process mass and abundance pattern.

Despite relevant observations of a handful of CCSNe and
collapsars to determine if they produce any r-process, there are
no clear signs of r-process element production in these events
thus far (P. K. Blanchard et al. 2024; S. Anand et al. 2024;
J. C. Rastinejad et al. 2024). On the other hand, we have direct
evidence of r-process production in NS mergers, with the
coincident detection of an r-process kilonova (KN) with a
binary NS merger, the gravitational-wave (GW) event
GW170817 (B. P. Abbott et al. 2017a, 2017b; R. Chornock
et al. 2017; D. Kasen et al. 2017; C. McCully et al. 2017;
E. Pian et al. 2017; B. J. Shappee et al. 2017; N. R. Tanvir et al.
2017). Because of the coincidence of GW170817 to the short
gamma-ray burst (GRB) 170817A (B. P. Abbott et al. 2017a;
A. Goldstein et al. 2017; V. Savchenko et al. 2017), it is also
now confirmed that at least some short GRBs are connected to
the local population of GW-NS mergers and contribute to
r-process enrichment. Additionally, a number of short GRBs
have been followed by photometric near-IR excesses,
presumed to be KNe (E. Berger et al. 2013; N. R. Tanvir
et al. 2013; Z.-P. Jin et al. 2015, 2016, 2020; B. Yang et al.
2015; W. Fong et al. 2016, 2021; M. M. Kasliwal et al. 2017;
B. P. Gompertz et al. 2018; E. Troja et al. 2018;
G. P. Lamb et al. 2019; A. Rossi et al. 2020; B. O’Connor
et al. 2021; J. C. Rastinejad et al. 2021).
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Observations of r-process elements across a wide variety
of environments have further supported a NS merger produc-
tion pathway. The stochastic r-process abundance pattern
observed in Galactic metal-poor stars (D. Eichler et al. 1989;
A. McWilliam et al. 1995; B. Coté et al. 2018) and low-
metallicity Local Group dwarf galaxies (M. D. Shetrone et al.
2001; K. A. Venn et al. 2012; A. P. Ji et al. 2016; T. Matsuno
et al. 2021; M. Molero et al. 2021; H. Reggiani et al. 2021;
R. P. Naidu et al. 2022; G. Limberg et al. 2024) suggests that
r-process events are much rarer than normal CCSNe. Indeed,
the r-process event rate and mass yield estimates from inferred
stellar r-process abundances are well matched to those
derived for GW170817 and short GRBs (A. P. Ji et al. 2016;
K. Hotokezaka et al. 2018; P. Macias & E. Ramirez-Ruiz 2018;
A. Rouco Escorial et al. 2023). This implies that NS mergers
may be responsible for the majority of r-process elements in the
Universe.

To complicate the picture, three long GRBs, GRBs 060614
(Z.-P. Jin et al. 2015; B. Yang et al. 2015; B. P. Gompertz et al.
2018; A. Rossi et al. 2020; J. C. Rastinejad et al. 2021),
211211A (J. C. Rastinejad et al. 2022; E. Troja et al. 2022;
J. Yang et al. 2022), and 230307A (J. H. Gillanders et al. 2023;
A. J. Levan et al. 2024; Y.-H. Yang et al. 2024), which
typically derive from collapsars, had photometric excesses
consistent with KNe. The potential association of these events
to KNe not only implies they have merger (as opposed to
collapsar) progenitors, but also that long GRBs can also
contribute to the Universe’s r-process budget. Taken at face
value, the addition of this long-GRB r-process channel may
suggest that the total mass yield of r-process material from NS
mergers exceeds the mass observed within Galactic metal-poor
stars and Local Group dwarfs (M.-H. Chen et al. 2024). This
dilemma only becomes more serious if rare types of CCSNe
also contribute appreciably to the r-process budget.

Given that r-process studies of Galactic metal-poor stars and
Local Group dwarf galaxies focus on the r-process enrichment
of stars, it is imperative to consider how r-process material
from various production channels is incorporated into star-
forming gas to understand their potential contribution in these
environments. The delay between r-process events and the
redistribution of the metals into star-forming gas, or the
“enrichment timescale,” may be comparable to progenitor
delay times. Indeed, if this enrichment timescale is compara-
tively very long, the r-process mass may not be able to enrich
star-forming gas and would remain in the circumgalactic
medium (CGM) or intergalactic medium (IGM). This would
result in “losses” when we compare the r-process material
produced to that which makes it into stars. For NS mergers,
their older stellar populations and natal kicks could result in
substantial losses. For instance, GW170817 occurred in an old,
massive host with little ongoing star formation (P. K. Blanchard
et al. 2017; A. J. Levan et al. 2017; A. Palmese et al. 2017;
C. D. Kilpatrick et al. 2022), and, thus, likely a small amount
of star-forming gas left to enrich at the time of merger.
Beyond GW 170817, ~15% of short GRBs are associated with
transitioning and quiescent host galaxies that have low
ongoing star formation rates (SFRs) of ~0.14 M. yr '
(A. E. Nugent et al. 2022; M. Jeong & M. Im 2024).
Furthermore, NS mergers in general occur on more delayed
timescales than, for example, collapsar events following a
star-forming burst within their hosts (E. Nakar et al.
2006; E. Berger et al. 2007; S. Jeong & C.-H. Lee 2010;
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J-M. Hao & Y.-F. Yuan 2013; D. Wanderman &
T. Piran 2015; T. M. Tauris et al. 2017; N. Anand et al.
2018; J. J. Andrews & 1. Mandel 2019; M. Zevin et al. 2022).
It therefore remains unclear what fraction of NS mergers are
capable of enriching star-forming gas before the next possible
star-forming period within their hosts.

In addition, NSs can experience significant natal kicks at
their formation, translating to large systemic velocities, as
observed by the Galactic binary NS population (T. M. Tauris
et al. 2017; A. Vigna-Gémez et al. 2018; J. J. Andrews &
A. Zezas 2019). Coupled with the long expected delay times of
NS mergers, NS systems can easily migrate and merge well
outside of their host galaxies (M. Zevin et al. 2020; S. Mandhai
et al. 2022; N. Gaspari et al. 2024). This is backed by
observations of the short GRB population, which have large
galactocentric offsets of ~5.6-7.7kpc (R. P. Church et al.
2011; W. Fong & E. Berger 2013; R. L. Tunnicliffe et al. 2014;
W.-f. Fong et al. 2022; B. O’Connor et al. 2022). Subsequently,
offsets may also play an important role in contributing to a
prolonged r-process enrichment timescale.

Here, we assess how significant r-process losses are from a
population of 12 GRBs with claimed KNe (GRB-KNe). We
model the GRB-KN host-galaxy stellar masses and star
formation histories (SFHs), and use their galactocentric offsets
to constrain the enrichment timescale and the fraction of stellar
mass capable of enrichment from these events. We additionally
compare these results to those determined for the literature
sample of short GRBs without claimed KNe. In Section 2, we
discuss our GRB sample. In Section 3, we describe the stellar
population modeling methods used to determine host-galaxy
stellar masses and SFHs, and present our results on these and
the hosts' halo properties. We describe our method for
quantifying the r-process enrichment timescale in Section 4.
We discuss major implications from these findings in Section 5.
Finally, we list our conclusions in Section 6.

Unless otherwise stated, all observations are reported in the
AB magnitude system and have been corrected for Galactic
extinction in the direction of the GRB (J. A. Cardelli et al.
1989; E. F. Schlafly & D. P. Finkbeiner 2011). We employ a
standard WMAP9 cosmology of Hy=69.6kms ' Mpc ',
Q,=0.286, and €,,.=0.714 (G. Hinshaw et al. 2013;
C. L. Bennett et al. 2014).

2. Sample
2.1. GRB-KN Sample

Our main sample consists of 12 GRBs with probable
KNe, confident host-galaxy associations, and confirmed
spectroscopic redshifts from their hosts. We focus on the
sample with claimed KNe as it is reasonable to assume they
produced r-process material. We begin with eight short GRBs
that have claimed KNe, extensively discussed in the literature:
GRBs 050709 (Z.-P. Jin et al. 2016; B. P. Gompertz et al.
2018; A. Rossi et al. 2020; J. C. Rastinejad et al. 2021), 050724
(A. Rossi et al. 2020; J. C. Rastinejad et al. 2021), 070714B
(A. Rossi et al. 2020; J. C. Rastinejad et al. 2021), 070809
(Z.-P. Jin et al. 2020; A. Rossi et al. 2020; J. C. Rastinejad et al.
2021), 130603B (E. Berger et al. 2013; N. R. Tanvir et al.
2013; B. P. Gompertz et al. 2018; A. Rossi et al. 2020;
J. C. Rastinejad et al. 2021), 150101B (W. Fong et al. 2016;
E. Troja et al. 2018; A. Rossi et al. 2020; J. C. Rastinejad
et al. 2021), 160821B (M. M. Kasliwal et al. 2017,



THE ASTROPHYSICAL JOURNAL, 982:144 (13pp), 2025 April 1

G. P. Lamb et al. 2019; A. Rossi et al. 2020; J. C. Rastinejad
et al. 2021), and 200522A (W. Fong et al. 2021; B. O’Connor
et al. 2021; J. C. Rastinejad et al. 2021). We further include
GW170817/GRB 170817A, a known NS merger with
spectroscopic evidence for a KN (AT 2017gfo; R. Chornock
et al. 2017; D. Kasen et al. 2017; C. McCully et al. 2017;
E. Pian et al. 2017; B. J. Shappee et al. 2017; N. R. Tanvir
et al. 2017) that produced ~0.05-0.08 M. of r-process
material (V. A. Villar et al. 2017; K. Hotokezaka et al. 2018;
S. Rosswog et al. 2018).

Finally, we include three long GRBs that were followed by
possible KNe: GRBs 060614 (Z.-P. Jin et al. 2015; B. Yang
et al. 2015; B. P. Gompertz et al. 2018; A. Rossi et al. 2020;
J. C. Rastinejad et al. 2021), 211211A (J. C. Rastinejad et al.
2022; E. Troja et al. 2022; J. Yang et al. 2022), and the recently
detected 230307A (J. H. Gillanders et al. 2023; A. J. Levan
et al. 2024; Y.-H. Yang et al. 2024). Relative to traditional
Type Ic supernovae (SNe) following collapsars, all three GRBs
had near-IR photometric excesses that peaked at earlier times,
were less luminous, and faded more rapidly, suggesting these
were not typical long-GRB events. The lightcurves of the
excesses for GRBs 211211A and 230307A also faded at rates
similar to that of AT 2017gfo (J. C. Rastinejad et al. 2022;
A. J. Levan et al. 2024). These characteristics suggest that the
observed excesses were KNe, and therefore that these events
were merger-driven rather than deriving from collapsars. In
addition, spectroscopic follow-up of the counterpart observed
for GRB 230307A revealed detection of an emission feature at
~2.15 yum. This was claimed to be Te I at z=0.065
(J. H. Gillanders et al. 2023; A. J. Levan et al. 2024), although
the identification is not definitive. A broad emission feature
was observed for AT 2017gfo at a similar (but not exact) rest-
frame wavelength, also proposed to be Te III (K. Hotokezaka
et al. 2023). If the identification is correct, this spectro-
scopically validates that the GRB 230307A derived from an NS
merger and that the excess was an r-process KN.

We obtained host associations for the short GRBs and
long GRBs 060614 and 211211A in W.-f. Fong et al.
(2022). GW170817 is associated with host galaxy NGC 4993
(P. K. Blanchard et al. 2017; A. J. Levan et al. 2017; A. Palmese
etal. 2017; C. D. Kilpatrick et al. 2022). A. J. Levan et al. (2024)
claimed the host of GRB 230307A is a galaxy at z=0.065,
~40kpc offset from the transient, given the tentative Te I
detection at the same redshift and a low probability of chance
coincidence of P.. = 0.09. Using the classification scheme from
W.Af. Fong et al. (2022), 10 of these events have “Gold”
standard host associations (P.. < 0.02), and two (GRBs
160821B and 230307A) have “Silver” standard host associations
(0.02 < P.. < 0.09); thus, this sample all has fairly robust host
associations.

We collect host-galaxy optical and IR photometry for
this sample from J. Hjorth et al. (2005), S. Covino et al.
(2006), J. Gorosabel et al. (2006), A. Gal-Yam et al. (2006),
P. Morrissey et al. (2007), J. F. Graham et al. (2009), W. Fong
et al. (2010, 2016, 2021), C. N. Leibler & E. Berger (2010),
W. Fong & E. Berger (2013), A. de Ugarte Postigo et al.
(2014), S. Alam et al. (2015), P. K. Blanchard et al. (2017),
W.-f. Fong et al. (2022), and J. C. Rastinejad et al. (2022), as
displayed in Table Al from W.-f. Fong et al. (2022). For the
host of GRB 230307A, we find near-UV host photometry from
the Galaxy Evolution Explorer survey (P. Morrissey et al.
2007), ugriz optical photometry from the Sloan Digital Sky
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Survey (R. Ahumada et al. 2020), and mid-IR photometry from
the Wide-field Infrared Survey Explorer (E. L. Wright et al.
2010). We correct all photometry for Galactic extinction
in the direction of each GRB, using the E. F. Schlafly &
D. P. Finkbeiner (2011) dust maps. We furthermore collect the
reduced, extinction-corrected host spectra on the Broadband
Repository for Investigating Gamma-ray burst Host Traits (or
BRIGHT),” which are available for all host galaxies except for
those of GRB 070809, GW170817, and GRB 230307A.

In Table 1, we provide the redshift and host association
confidence level for this sample. We note that this GRB sample
has a lower median redshift (z ~ 0.1615) than that reported for
the full short-GRB sample (z ~ 0.64) in W.-f. Fong et al.
(2022), A. E. Nugent et al. (2022), and B. O’Connor et al.
(2022). This is an expected observational bias, given that KNe
become much more difficult to detect with increasing redshift.
As the distance of the KN to the host galaxy will also inform
the r-process enrichment timescale (see Section 4), we further
provide the projected galactocentric offsets for this sample. We
find that the GRB-KN sample has a median projected physical
offset of ~6.6kpc, within the median and 68% confidence
interval for the full sample of short GRBs (~7.772%° kpc;
W.-f. Fong et al. 2022).

2.2. Short-GRB Sample

Given that most of the general short GRB population also
likely derives from NS mergers, it is probable that the majority
of events also produce some r-process materials even if their
KNe are not detectable. As previously mentioned, KNe are
difficult to detect beyond z = 0.3 with ground-based detectors
(J. C. Rastinejad et al. 2021), and the majority of short GRBs
are observed over this redshift limit. Thus, under the premise
that short GRBs will also produce r-process, we include the
short GRB samples from W.-f. Fong et al. (2022) to increase
our population size. This sample contains an additional 74 short
GRBs with confident host associations and offsets. Host-galaxy
properties (including stellar mass, SFR, and either photometric
or spectroscopic redshifts) are available for 59 hosts in
A. E. Nugent et al. (2022), and stellar mass and spectroscopic
or photometric redshift estimates for another 11 hosts are
described in A. E. Nugent et al. (2024).

3. Host-galaxy and Halo Properties
3.1. Stellar Population Modeling and Properties

The r-process enrichment timescale will be heavily influenced
by host-galaxy properties, such as stellar mass (see Section 4).
We further seek to understand if host-galaxy properties affect the
capacity for an environment to be enriched from a single NS
merger event. To determine the host-galaxy stellar masses and
SFHs, we use the stellar population inference code Prospec-
tor (J. Leja et al. 2019; B. D. Johnson et al. 2021). We jointly
fit the photometry and spectroscopy (when available) for each
host galaxy and employ the nested sampling fitting routine
dynesty (J. S. Speagle 2020) to produce posterior distributions
for the stellar population properties of interest. Internally,
Prospector utilizes the MIST models (B. Paxton et al.
2018) and MILES spectral libraries (J. Falcén-Barroso et al.
2011) through Flexible Stellar Population Synthesis (FSPS) and
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Table 1
GRB, Host, and Halo Properties

GRB Sample z Projected Offset log SFR log Tvir Viir log(Tir)
(kpe) (M /Mo) Mg yr") (M/M)h (kpe) (kms™") )
050709 Gold 0.161 3.76 9.07+0% 0.111903 11.31 152.83 75.6 5.31
050724 Gold 0.257 2.74 1112153 027093 13.28 697.86 345.21 6.63
060614 Gold 0.125 0.7 77754 0.07+582 10.66 93.46 46.23 4.88
070714 Gold 0.925 12.33 9.7059%3 1.89798 11.68 203.40 100.62 5.55
070809 Gold 0.473 34.11 10.9754 9.75+12% 12.97 546.21 270.20 6.41
130603B Gold 0.357 5.4 9.667013 1827548, 11.59 189.48 93.73 5.50
150101B Gold 0.134 11.31 1131553 1.844031 13.60 887.92 439.23 6.84
160821B Silver 0.162 15.74 9.447003 0.01799 11.48 175.07 86.60 5.43
170817 Gold 0.0097 2.125 10.807003 0.015002 1251 384.54 190.35 6.11
200522A Gold 0.554 0.93 9.503% 11757133 11.53 181.54 89.81 5.46
211211A Gold 0.076 7.92 8.9179%¢ 0.357904 11.21 142.14 70.31 5.25
230307A Silver 0.065 38.9 9.6679% 0.09700¢ 11.60 190.7 94.34 5.50

Note. Given are the sample (confidence of host association), spectroscopic redshifts, projected galactocentric offsets, stellar masses, present-day SFRs, halo masses,
virial radii, virial velocities, and virial temperatures for our GRB sample. For stellar masses and SFRs, we report the median and 68% confidence interval, as

determined in our Prospector fits.

python-FSPS (C. Conroy et al. 2009; C. Conroy &
J. E. Gunn 2010) to produce model spectral energy distributions.

For all Prospector fits, we utilize the P. Kroupa &
T. Jerabkova (2021) initial mass function, the M. Kriek &
C. Conroy (2013) dust attenuation model, which determines an
offset from the D. Calzetti et al. (2000) attenuation curve and
the ratio of light attenuated from old to young stellar
populations, and the A. Gallazzi et al. (2005) mass—metallicity
relation to probe realistic stellar mass and stellar metallicity
combinations. Although all redshifts are spectroscopically
confirmed, we allow redshift to be a free parameter in our
fits with a tight (£0.01) prior range around the host redshift to
mitigate any uncertainty in the redshift that may arise from
varying data reduction methods. In addition, we include the
B. T. Draine & A. Li (2007) IR dust emission model and
sample the polycyclic aromatic hydrocarbon mass fraction
(gpan), given that five GRB hosts in this sample have mid-IR
photometry. For the hosts with a spectrum, we model their
spectral continua with a 12th-order Chebyshev polynomial,
apply a spectral smoothing model to normalize the spectra to
their respective photometry, and determine a gas-phase
metallicity based on their spectral line strengths. For the hosts
with only photometry, we assume a solar gas-phase metallicity.
We further adopt a nebular marginalization template to
marginalize over the observed emission lines. We also employ
a spectral noise inflation model to ensure that the spectra are
not overweighted in the fit in comparison to the photometry,
and a pixel outlier model to marginalize over noise in the
spectra.

Finally, we incorporate the nonparametric continuity
SFH in Prospector. This contrasts with previous work that
has modeled short GRB hosts with parametric delayed-r SFHs
(e.g., A. E. Nugent et al. 2022, which modeled 69 short GRB
hosts). A nonparametric SFH is advantageous for this study as
we are capable of modeling recent bursts of star formation, and
can therefore place firmer constraints on the fraction of newly
forming stars that are capable of being enriched with r-process
elements from our sample. This SFH is constructed by
assuming a constant SFR within an age bin. We use eight
age bins: the first two range from 0 to 30 Myr and 30 to

100 Myr, and the final six are log-spaced from 100 Myr to the
age of the Universe at each host’s redshift.

In Table 1, we report the median and 68% confidence
interval for the stellar mass (M) and present-day SFR (average
SFR from 0 to 100 Myr) for each GRB host. We note that in
nearly all cases the stellar masses from the nonparametric SFH
Prospector fits are consistent within the error bars or higher
by ~0.1-0.5 dex than those reported in A. E. Nugent et al.
(2022) and A. J. Levan et al. (2024), which both employed
parametric delayed-7 SFH Prospector fits. This is a well-
known discrepancy between nonparametric and parametric
SFH models (J. Leja et al. 2019). The majority of SFRs also
differ slightly from those in A. E. Nugent et al. (2022) and
A.J. Levan et al. (2024), although with no systematic offset to
higher or lower values. This change is also due to the
nonparametric versus parametric model choice. In Figure 1, we
present the SFHs for each host. This sample appears to have a
diversity in SFH shapes, with four having rising SFH, two with
constant SFHs, five with falling, and one with a burst of star
formation. For our full sample, the stellar mass median and
68% confidence interval is log(My/M.) = 9.641 03, while the
SFR = 0.42789M., yr'. The large confidence intervals reflect
the diversity in host-galaxy properties for this sample. Both
properties are consistent with those of the entire short-GRB
host population (A. E. Nugent et al. 2022), suggesting the
GRB-KN sample should be fairly representative of the
observed NS merger population.

3.2. Halo Properties

Since many short GRBs are observed to be far offset from
their host-galaxy centers, within their hosts’ CGM (W.-f. Fong
et al. 2022; B. O’Connor et al. 2022), the r-process transport
will be affected by their hosts’ dark matter halos (see
Section 4). Thus, we define several halo properties. We
calculate halo masses (M;) using the redshift-dependent
M .—M,, relation defined by UniverseMachine (P. Behroozi
et al. 2019), using the M, median value for each GRB host
determined in our Prospector fits. We use Equation (2) in
J. Stern et al. (2019) to find the virial radius r,; of each host
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Figure 1. The Prospector-derived star formation histories (SFHs) of the 12 GRB-KN host galaxies in our sample. This sample has a diverse array of SFHs and
recent star formation bursts, hinting that some events might be more capable of enriching their environmental star-forming gas with r-process elements than others.

(in kiloparsecs), which is given by where 1 = 0.59 is the molecular mass for fully ionized
primordial gas, and m,, is the mass of a proton. We list the M,

1/3 .
M, . . )
Fir = 260 kpe x h . ) Tvirs Vvirs and Ty;, for each host galaxy in Table 1.
10"2M.,,
We define the virial velocity V., as 4. R-process Enrichment Timescale
To determine the total r-process enrichment timescale for
Woir = GMy/ 1ir @ each event, we consider two separate scenarios that can
and the virial temperature Ty, as transport metals from the halo into the host interstellar medium
v (ISM): freefall /cooling and diffusion. We show a schematic of
pm,V. these transport mechanisms in Figure 2. In the following
Tir = 22 K, 3) subsections, we describe each of these scenarios and their
B impact on the r-process enrichment timescale.
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Figure 2. The two scenarios we use to model the transport of r-process metals
from the offset of the KNe (yellow stars) in our sample to the host-galaxy
center. In Scenario 1, we assume that the thermal pressure from hot halo gas
can support the metals against gravitational freefall if the gas is hot enough, and
the timescale to transport the r-process will be the maximum of the freefall ()
and cooling (f.oo) timescales. In Scenario 2, the metals are transported with
turbulent diffusion mechanisms within the halo gas, and the fallback timescale
is the diffusion timescale (#4;¢). The r-process enrichment timescale will be the
faster of Scenario 1 or 2. As shown in Section 4, diffusion is more efficient at
transporting the metals at small KN offsets, whereas freefall is more efficient at
larger KN offsets, and cooling is only relevant for events highly offset from
large halos.

4.1. Scenario 1: Freefall and Cooling

In Scenario 1, we consider freefall and cooling. As the
galaxy exerts a gravitational force on the r-process metals,
thermal pressure from surrounding hot gas can keep the metals
in a quasi-static equilibrium (e.g., J. Stern et al. 2019). If the
cooling timescale f.,, is shorter than the timescale of
gravitational freefall #y suggesting the halo gas is not hot
enough to support the metals against gravitational freefall, the
timescale for r-process metals to be transported to the center of
the galaxy will be roughly #¢ (M. J. Rees & J. P. Ostriker 1977;
J. Silk 1977; S. D. M. White & M. J. Rees 1978; J. Stern et al.
2019, 2020; C.-A. Faucher-Giguere & S. P. Oh 2023). Other-
wise, the halo gas around the metals will need to cool, and the
transport timescale will be =f.,,;. We quantify the freefall
timescale as t = J2 rkn/ v (e.g., J. Stern et al. 2020). Here,
rkn is the deprojected KN galactocentric offset,® and v,
represents the circular velocity at rgy, assuming a J. F. Navarro
et al. (1996) density profile with concentration ¢ from
C. A. Correa et al. (2015), which correlates ¢ with z and M,,.
Given the broad range of redshifts of the short-GRB sample
(0 <7< 2.6; WA Fong et al. 2022; A. E. Nugent et al. 2022),
we determine ¢ only at the median short-GRB redshift

8 Given that it is impossible to determine the z-direction of the KN, we
assume the event lies at the median of an isotropic distribution of angles (30°).
Thus, to calculate the median deprojected offsets, we simply multiply the
observed projected offsets in Table 1 by cos(30°), or v/3 /2.
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(z=0.64). We note that this assumption will add minimal
uncertainty to our analysis.

Following the methods in J. Stern et al. (2020), we
characterize 7., as a function of v,, the gas density p,,, and
hydrogen gas density ny surrounding the r-process metals at
their initial location, and the R. P. C. Wiersma et al. (2009)
cooling function A, which is dependent on T.; and the halo
gas metallicity.” Assuming Pgas = 2.25 pumy,ny for a completely
ionized gas of primordial composition, we find that

Paas v2 ~ 5.0612m; v}

> ~ . 4)
nH AT(Ril" Z) pgas AT(’I:’ir’ Z)

Teool =

For simplicity, we assume that the gas metallicity is solar and
that pg, follows an isothermal gas density profile, given by

_ JeawhMi | (rK_N)’Z

4rer? Ty

)

gas

where ry = Ry;;/c is the scale radius, f, = /€, is the baryon
fraction, and fcgy is the fraction of baryons in the CGM. As
described in J. Stern et al. (2020), the true fcgym Will depend on
feedback and is related to the fraction of baryons that are kept
in the halo versus the IGM. We adopt fcgm = 0.25, based on
median fcgy values determined for halos within the range
11 < log(M,/M) < 14 from EAGLE simulations performed
in B. D. Oppenheimer et al. (2020). This fcgwm selection only
affects the events that occur highly offset (Z30kpc) from
galaxies with larger halos (>10'*° M.), which is a small
fraction of our observed GRB population.

We note that advection is another possible mechanism for
metal transport (e.g., B. Amend et al. 2022), which we expect
to occur on a similar timescale as the freefall or cooling
timescales.

4.2. Scenario 2: Diffusion

In Scenario 2, we consider metal transport in turbulent gas,
which we will model as a diffusion process (e.g., B. G. Elmeg-
reen & J. Scalo 2004; J. Scalo & B. G. Elmegreen 2004).
Turbulent diffusion is driven by physical processes like gas
accretion, SN feedback, galactic winds, tidal disruption of
satellite galaxies, and galaxy mergers, as well as other
characteristics of the halo gas that might force diffusive
transport (B. G. Elmegreen & J. Scalo 2004; M. E. Putman
et al. 2012). Diffusion has often been used to model r-process
transport in galaxies, and generally helps explain observed
r-process abundances and scatter (S. Shen et al. 2015; F. van de
Voort et al. 2015, 2020, 2022; G. Montes et al. 2016;
P. Beniamini & K. Hotokezaka 2020; Y. Tarumi et al. 2020;
A. P. Ji et al. 2023; A. N. Kolborg et al. 2023).

Here, we estimate the diffusion timescale using recent
cosmological zoom-in simulations by H. Shah et al. (2025, in
preparation) of Milky Way—mass 10'* M, halos from the
Simulating the Universe with Refined Galaxy Environments (or
SURGE) project (F. van de Voort et al. 2021; F. van de Voort
et al. 2025, in preparation) based on the Auriga galaxy
formation model (R. J. J. Grand et al. 2017). In brief, H. Shah
et al. (2025, in preparation) study diffusive metal transport by
injecting tracer dyes (passive scalars) into the CGM and

° We note that this metallicity is different from the gas-phase metallicity

determined in our Prospector fits.
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Table 2
Enrichment Timescales for GRB-KNe and GRB Populations

% My

GRB Freefall Cooling Diffusion  Enrichment Enriched
(Gyn) (Gyn) (Gyr) (Gyn)

050709 0.094 3.0e-4 0.241 Freefall 9%—12%
050724 0.043 1.6e-4 0.158 Freefall <1%
060614 0.043 3.4e-6 0.028 Diffusion 44%-57%
070714 0.173 8.5¢e-3 1.169 Freefall 54%-71%
070809 0.198 0.209 4.53 Cooling 49%—-45%
130603B 0.105 8.8e-3 0.39 Freefall 85%—90%
150101B 0.067 3.0e-3 0.589 Freefall 1%
160821B 0.226 1.4e-2 1.618 Freefall <1%
170817 0.047 7.6e-5 0.114 Freefall <1%
200522A 0.041 5.3e-6 0.037 Diffusion 91%-93%
211211A 0.157 2.2e-2 0.649 Freefall 17%-20%
230307A 0.449 0.129 5.396 Freefall 1%
GRB-KNe 0.100F 9418 15%
All GRBs 0.13470483 59%

Note. The freefall, cooling, diffusion, and r-process enrichment timescales for
our GRB-KN sample. The enrichment timescale is taken as the minimum of the
diffusion timescale with the maximum of the freefall and cooling timescales.
We further present ranges (from uncertainties on the host SFR) of the percent
of stellar mass enriched from the single GRB event after the r-process
enrichment timescale t0 z = 0 (Pepricn)- Finally, we show the median and 68%
confidence interval of the enrichment timescale for the GRB-KN and entire
GRB sample studied in this work, as well as the median pepricn for these
samples.

quantifying the distance spread S, which encompasses the 68th
percentile of the tracer dye. In these simulations, the rate of dye
spread is approximately linear in time and can be modeled as

a5 _ K % oye[km s™1]P
dt

where K = 0.55/(0.2 Gyr) and b= 0.473. The diffusion rate

depends on the gas velocity dispersion profile, which follows
the radial dependence

vl (r)[km s™'] = A % r[kpe] 7, (N

where o is evaluated at 1 kpc scales, A = 155, and B=0.7. The
numerical coefficients for these relations are derived by averaging
properties of three simulations with halo masses 10'' M., 10'* M.,
and 10" M. We did not find clear evidence for a halo mass
dependence in these simulations, so for now we assume the metal
diffusion rate is constant with halo mass, though an additional study
is clearly warranted. The dependence of the diffusion timescale on
rkn can be found by solving

2r taifr
f KN AY _ f diff dt )
0 K * ove(rkn — §/2)° 0

which assumes that diffusion is effective if S surpasses 2rgn.
Solving for t4;¢ gives the final result:

taite [Gyr] = 0.05 * rgn[kpe]'33L. ©)

, (6)

4.3. Timescale Results

We present the freefall, cooling (Scenario 1), and diffusion
(Scenario 2) timescales for the GRB-KN sample in Table 2. We
assume that the r-process enrichment timescale will be the
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more efficient process (or minimum timescale) between the two
scenarios quantified in Figure 2; thus, the enrichment timescale
is min(Zge, max(f, feoo1)). In Figure 3, we compare the
freefall, cooling, and diffusion timescales in riyn versus halo
mass. For the GRB-KN sample, we find that freefall timescales
range from ~40 to 450 Myr, cooling timescales range from
~0.003 to 130 Myr, and diffusion timescales range from
~30 Myr to 5 Gyr. When including the short-GRB populations
from A. E. Nugent et al. (2022) and A. E. Nugent et al. (2024),
we find a wider range of all three timescales: # ~ 20—600 Myr,
teool = 700 yr—1.6 Gyr, and t4;¢¢ = 7 Myr—13 Gyr. Generally,
ter > ool €XCept at very large offsets from large halos, which
suggests that cooling is not typically a rate-limiting step in
transporting the r-process.

As we seek to understand how quickly an environment can
be enriched with r-process from NS mergers, we compare these
timescales to possible minimum NS merger delay times. From
stellar population synthesis simulations of the Galactic binary
neutron star (BNS) population, it has been estimated that the
minimum delay time is ~10 Myr (K. Belczynski et al. 2002;
M. Dominik et al. 2012; A. Vigna-Gémez et al. 2018;
P. Beniamini & T. Piran 2019). A larger minimum delay time
of ~200 Myr has been determined from the observations of the
short-GRB host population (M. Zevin et al. 2022), with a
typical delay time of ~3-7 Gyr (E. Nakar et al. 2006; E. Berger
et al. 2007; S. Jeong & C.-H. Lee 2010; J.-M. Hao &
Y.-F. Yuan 2013; D. Wanderman & T. Piran 2015; N. Anand
et al. 2018), and Galactic BNS systems (T. M. Tauris et al.
2017;J.J. Andrews & I. Mandel 2019). Given that the majority
of freefall and diffusion timescales for the full GRB-KN and
short-GRB populations are >100 Myr, this indicates that the
enrichment timescale is about or more than the minimum NS
merger delay time. Thus, these findings hint that the enrichment
timescale is nontrivial in comparison to delay times, and that
environments are not immediately enriched following an event.

In Figure 4 and Table 2, we show the r-process enrichment
timescales in the rgn—halo mass parameter space along with
those determined for the GRB-KN and short-GRB samples. As
expected, we find that at small deprojected offsets (<1 kpc) and
smaller halo masses (M), < 10''°° M), diffusion is more
efficient at transporting the metals. Only two of the GRB-KNe
in our sample are within the region where diffusion is more
efficient: GRBs 060614 and 200522A, which have the smallest
projected offsets in this sample. We further find that five of the
short GRBs in A. E. Nugent et al. (2024), which all occurred
within central locations of dwarf galaxy hosts (M, < 10° M),
also fall within this region. The majority of both the GRB-KN
(nine events) and the short-GRB (62 events) samples fall within
the region where gravitational freefall is the most efficient process.
For events in hosts with high halo masses (M}, = 10" M) and
that have large deprojected offsets (=25 kpc), which includes one
GRB-KN (GRB 070809) and three short GRBs, their r-process
falls back into the host on the cooling timescale.

For our GRB-KN sample, we find a range of enrichment
timescales, from =28 to 449 Myr, with a median and 68%
confidence interval of 100 1* Myr. For the full short-GRB host
sample (excluding the GRB-KN sample), we find a larger range
of enrichment timescales (=7 Myr-1.6 Gyr) and a higher
median (13873" Myr). When combining samples, we find a
median and 68% confidence interval of 13411 Myr for the
enrichment timescale. We further notice that the enrichment
timescales exceed 1 Gyr when the GRB is highly offset from
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Figure 3. Grids in KN deprojected offset (in kiloparsecs) vs. halo mass (log(M,,/M.,)) space for the three timescales considered in this work: freefall (left), cooling
(middle), and diffusion (right). All timescales are in gigayears. Our GRB-KN sample (Table 1) is shown by the stars, and the short-GRB sample in A. E. Nugent et al.
(2022) and A. E. Nugent et al. (2024) is shown by the black circles. The black contour lines represent where 10 Myr and 200 Myr fall for each of the two timescales.
The majority of the freefall and diffusion timescales for the KN and short-GRB samples are >10 Myr, while the cooling timescales are generally much shorter.
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Figure 4. The same as Figure 3, but for the r-process enrichment timescale,
which is the minimum of the cooling or diffusion timescale. We find that both
the sample of KNe and sample of short GRBs have significant enrichment
timescales, on order of a ~100 Myr, compared to the minimum expected delay
time for NS mergers (=~10-200 Myr).

13

its  host ]galaxy (220-30kpc in deprojected space for
M, < 10'"" M, and >45kpc for M), < 10'* M.). This only
accounts for two short GRBs.

In related work, B. Amend et al. (2022) argued that the
enrichment timescale should be substantially longer than the
freefall timescale, and thus the results found here. They showed
that Rayleigh—Taylor instabilities will cause the r-process
ejecta to mix in the halo gas clouds and Kelvin—Helmholtz
instabilities will fragment the clouds and force the ejecta to
completely mix in the halo gas. The authors speculate that the
r-process will return to star-forming regions in the host through
diffusion and advection, and estimate >1Gyr enrichment
timescales for Milky Way-like halos. They assume the
diffusion timescales are driven by diffusion coefficients

D ~ 1kpc®>Gyr ', where g = rign/D, typically used to
describe diffusion in the galactic disk rather than the
halo (B. G. Elmegreen & J. Scalo 2004; P. Beniamini &
K. Hotokezaka 2020), and that the advection timescale is
~Mha10/SFR, predicted for hot-mode accretion. Our results
suggest that the diffusion timescales should be much shorter
than their estimates, and given the relatively small radii where
KNe occur, we suggest that the advection timescales should be
much shorter and described by f; and f.,,. However, this
disagreement in enrichment timescales emphasizes the impor-
tance of a more detailed simulation study in the future.

In summary, our results highlight that environmental
enrichment is significantly delayed from the merger and that
host properties and merger location dictate the length of the
enrichment timescale.

5. Discussion
5.1. Enriched Stellar Mass

Our next goal is to understand what host and NS merger
properties dictate whether a NS merger actually enriches star-
forming gas, or if the r-process is lost to the CGM or IGM.
This, in turn, will help us determine whether the inferred r-
process masses in, for example, Galactic metal-poor stars and
Local Group dwarf galaxies are directly comparable to the -
process masses produced from mergers. Thus, we perform a
simple exercise to determine the percentage of the stellar mass
of each host galaxy that is enriched by the observed GRB-KN
event, projected forward in time (hereafter, penicn). We define
Penrich a8

M. *,enrich

—_— (10)
M*,O + M*,enrich

Penrich =
where M, o is the stellar mass formed in the host before
enrichment (Zenrich), and My enricn Tepresents the stellar mass
formed after Zengcn to a future point in time. We assume that all
stellar mass formed after zepicn Will procure some r-process
materials, and thus M eprich 1S the “enriched” stellar mass. We
show an illustration of penicn in Figure 5. Note that pengicn
characterizes the enrichment from a single KN event, and fully
describing r-process chemical evolution in galaxies requires
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Figure 5. An illustration of peyich and how it is affected by the host’s SFH. In the “high” penrich €xample, a substantial fraction of stellar mass is produced after Zenrich
in the host compared to the amount of stellar mass formed before Zepricnh. In the “low” penrich €xample, the amount of stellar mass produced after zeyich is small in

comparison to the amount formed before.

accounting for other effects like the yield and rate of NS
mergers over time, which are highly unconstrained both
observationally and theoretically. It is estimated, for instance,
that a typical Milky Way-sized galaxy has an r-process event
rate of ~tens Myr ™, translating to tens of thousands per billion
years of events per Gyr (K. Hotokezaka et al. 2018; A. Rouco
Escorial et al. 2023).

To determine peprich, We choose two lengths of time for a
common comparison point within our sample: from zZepcn to
z=0, and 5 Gyr following Zenrich- We assume that the hosts
have a constant SFR between zggrp to these future points, and
calculate the amount of mass formed in the host over this time
period. We note that this a reasonable assumption as it
mandates that the hosts will have decreasing specific SFR
(sSFR = SFR/M,, in yr ') with growing stellar mass. A more
sophisticated SFH extrapolation would require simulations,
which goes beyond the scope of this work. For the star-forming
hosts in the sample, this extrapolation further also appears to
keep the galaxies on the star-forming main sequence
(J. S. Speagle et al. 2014; K. E. Whitaker et al. 2014; J. Leja
et al. 2022), a well-known galaxy correlation between a
galaxy's sSFR and stellar mass. We use the stellar mass-to-
mass formed fraction, obtained from Prospector, to convert
the mass formed into stellar mass and calculate M, and
M enrich, projected to z=0 and 5 Gyr after enrichment, for
each host.

We ignore any effects of galactic outflows or winds, as well
as the fact that some r-process may be ejected in the opposite
direction of star-forming gas given the isotropic nature of KNe,
that may prevent some of this stellar mass from being enriched.
We use the 68% confidence interval on their host SFRs
(Table 1) to determine ranges of penicn Of €ach host at z =0 and
5 Gyr past enrichment. We also perform a similar calculation
for the rest of the short GRB sample in A. E. Nugent et al.
(2022) without detected KNe, using their reported stellar mass
and SFR medians. With this analysis, we determine if the
observed GRB population can be responsible for the stellar
enrichment in their observed host galaxies.

In Figure 6, we show cumulative distribution functions
(CDFs) of pensicn for the GRB-KN and full GRB samples for

1.0F GRB-KNe
GRB-KNe + Short GRBs
m— Denrich at Z=0

— Penrich 5 Gyr
L post-enrichment

= = =
[ =)} [e5]
T T

Cumulative Distribution

o
3
T

0.0

I 1 I I 1
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Figure 6. CDFs of the percentage of stellar mass of the host galaxy that is
enriched by the observed GRB-KN sample (Penrich) at z = 0 (solid blue) and by
the full GRB-KN and short GRB sample (solid gray). We show the same for
Penrich 5 Gyr after enrichment (dashed lines). We find that the median
Penrich = 13% for the GRB-KN sample, suggesting that the majority of their -
process will be lost to the CGM or IGM. The median pyicn for the full sample
is 59%. Given that there is a significant fraction of hosts that have <50%
enrichment, this suggests that not all environments are capable of being
strongly enriched from a single event.

both of the timescales between zgrg to z=0 and 5 Gyr after
Zenrich- We first focus on pepicn determined for zgrp to z=0.
We find that five of the GRB-KN hosts in our sample have
Denrich S 1%, suggesting very little capacity for enrichment
from a single r-process event, while three GRB-KN hosts have
high penrich 2 50%. Including the A. E. Nugent et al. (2022)
short GRB population, we find that 13% of the population has
Penrich < 1% and 59% of the population has high peyrich = 50%.
A key result is, therefore, that not all NS merger environments



THE ASTROPHYSICAL JOURNAL, 982:144 (13pp), 2025 April 1

Nugent et al.

—8F

R c. . N 100F .
b ° ° @ g °
1.0 * . .
" GW170817 o 80 * Ko, 80 ﬂ;‘k 0, o° o &
Fetr ooy e PRGN . K
105F & o E 2 -9 s . i " E 80r ° >
% ‘:, ° L e 5 &D o0 Jﬁ’v 211211A . § ..- o0
P b 60 = o G L] 60 = °
N 10.0F © 2 =1 o o & o g
= P Z — 10k A w o 60
© Oafeo cr:* ° e Z in 10 R 2 o Z e o
© 9.5 Feo s R 8 5 & i 2 ¥ °°
= @ te o7 o = = e b z 3
* ].J‘:x e? © 40 z =4 1 _M"ky \':!Lay A 40 § 2 40+ @ °
E 9.0F 2 230307A m 11 W T m °
g’ ® ﬁ"\ ® ] @£ g .
= ask 211211 = o 5 w 20T s %
202 = gl ¥ 208 20r4 e
L]
8oL ® s * co ¥ * ¥ GRB-KNe
SRB-KNe o sRB-KNe ° (]
‘E? e Short GRBs -~ M= GW170817 ¢ Short GRBs 0 g w» °¢ ° Short GRBs
| 1 1 L] et | I L
756 1o 20 30 40 B%—16 20 30 40 00 05 10 15 20 25
Physical Projected Offset [kpc] Physical Projected Offset [kpc] Redshift
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(circles). The color indicates the percent of stellar mass enriched with r-process (Pensicn) from each event at z = 0, and the black dashed line denotes the Milky Way
properties (T. C. Licquia & J. A. Newman 2015). Middle: the same figure, but for the specific SFR (SFR/M,) vs. physical projected offset. Right: the redshift vs.
Penrich at z = 0. While there does not appear to be a trend between pepich and host stellar mass, GRB offset, or redshift (at 0.3 < z < 1), we do find that pepicn increases
with sSFR. Importantly, this emphasizes that NS mergers occurring in environments with little ongoing star formation will have no impact on their r-process
enrichment. From this, we can infer that not all NS mergers are contributing to stellar 7-process enrichment.

have the capacity to be significantly enriched with r-process
material, despite the existence of an r-process source. This is
especially true if the environment has already formed the
majority of stellar mass before a merger event, thereby leaving
a small fraction of newly formed stellar mass for the NS merger
to enrich (see Figure 5). Thus, we infer that a substantial
fraction of r-process mass from NS mergers will be lost to the
CGM or IGM, unlikely ever to be reincorporated in stars,
implying that r-process “losses” are indeed significant. Similar
results were found in F. van de Voort et al. (2022), where
stellar r-process abundances were measured from simulated NS
mergers with and without natal kicks. When including natal
kicks in their simulations, they found NS mergers are more
likely to occur with larger galactocentric offsets, and stellar r-
process abundances in the host are decreased by ~50% than
when not including kicks. This suggests a substantial amount
of r-process is not being reincorporated into stars. We find that
when we evolve all host galaxies for 5 Gyr beyond Zenrichs
Penrich Changes only minimally, with an average change of 5%
for each GRB host. This implies that the length of time given to
enrich star-forming gas has a small effect on the overall pepicn
from a single event.

We reiterate that our method for determining pepric, is simple
and likely unsuitable for several specific cases. For instance,
given that SFRs are generally higher at higher redshifts, an
extrapolation of constant SFR to z=0 is unlikely to be
realistic. Moreover, this method ignores any instances of
possible future bursts of star formation after zgrg. However,
we emphasize that regardless of how peprich 1S determined, it
remains clear that some galaxies will not have the capacity to
be enriched from mergers similar to the sample studied in this
work, assuming that they do not have a future burst of star
formation that would increase their capacity for enrichment.

5.2. Trends with Host Properties and Offset

To understand if there are specific factors that dictate how
highly enriched an environment is from a single NS merger
event, we compare Penrich (determined at z = 0) to different host
and GRB properties. Naively, we might expect that a highly
offset event would have the majority of r-process lost to the
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CGM and IGM, resulting in a 1ow peprich- On the contrary, a
higher-mass galaxy with a larger population of stars to enrich
might receive more enrichment from a single NS merger.

In Figure 7, we show a median peyicn, in comparison to the
projected physical offset and host stellar mass for each GRB-
KN and A. E. Nugent et al. (2022) short GRB sample. We find
little correlation between penic, and either of these properties,
suggesting that the proximity to the host and its stellar mass has
little or no effect on the host’s capacity for enrichment. This is
notable given that both properties strongly affect the enrich-
ment timescale (Section 4). We do, however, observe that GRB
hosts with log(M,/M.) ~ 9.5 have a higher degree of
enrichment. This is likely explained by the fact that galaxies
around this stellar mass have higher sSFRs, and are still
building up their stellar mass.

Indeed, we see a much stronger trend between the sSFR at
ZGrRB aNd Penrich, @S shown in Figure 7. Given the stronger
dependence on sSFR rather than stellar mass or offset, this
suggests that the enrichment timescale will only be a small
perturbation in the host SFH. When considering all GRB-KNe
and short GRBs with sSFR > 107 '"%yr™' (70% of the
population), all peqsich are >19%, with median pengicn = 79%.
In contrast, the maximum penicn for GRBs in hosts with low
sSFR < 107]0yr71 is 27% with median pepicn = 2%. For very
low values below sSFR < 107 '%yr~' (18% of the popula-
tion), the maximum pepicn, = 5%, implying that environments
with little to no ongoing star formation (and that have likely
already built up the majority of their stellar mass) will not
procure r-process material in newly forming stars. Interest-
ingly, we also find that the Milky Way lies within this sSFR
regime (T. C. Licquia & J. A. Newman 2015), with sSFR

~ 107"® yr~! implying that current or future Galactic NS
mergers will have a minimal effect on the overall enrichment of
the Milky Way. This is because the Milky Way has already
formed most of its stars (C. Sneden et al. 2008), so future NS
mergers will impact a very low fraction of all Milky Way stars.

Overall, our results indicate that there are specific circum-
stances that allow a NS merger environment to be more
enriched with r-process. Specifically, the amount of active star
formation in the host will heavily influence the fraction of
stellar mass enriched. This is intuitive, given that a galaxy
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needs ongoing star formation in order to be enriched by
subsequent r-process events. For instance, the long-delay-time
NS merger GW170817, which occurred in an old, quiescent
host galaxy, will have negligible effect on the r-process
composition of the stars in its host. Future exploration using
more complex simulations of galaxies and NS mergers is
needed to better constrain the true rate of NS mergers that do
indeed contribute r-process to their environments.

5.3. Redshift Effects

We further test if penicn (determined at z = 0) depends on the
GRB redshift. It would be natural to assume, for instance, that the
degree of enrichment might increase with GRB redshift as the
r-process has more time to enrich newly forming stars. In Figure 7,
we ShOW Penicn Versus redshift. We find that at 0.3 < z < 1.0 (60%
of the full GRB sample), there is a large scatter in the values of
Penrich and no obvious trend between pepicn, and zgrg. We verify
this observed trend with a linear regression test, which indicates no
linear correlation of penen, Within this redshift range. This indicates
that the majority of the observed NS merger population will not
have penicn affected by redshift.

While there is no trend between pephchn and zgrp at
0.3 < zgre < 1, we do find that at zggrg > 1 all hosts have
high enrichment from a single event (penicn > 76%), while at
z < 0.3 the majority of hosts have minimal enrichment
Pentich < 51%). Indeed, when including all GRBs, a linear
regression test leads to a positive linear correlation between z
and Penrich-

A natural subsequent question might be whether the majority of
observed r-process in stars derives from high-redshift events.
There are a couple of competing factors that make it difficult to
answer this. For one, at higher redshifts the sSFR of an average
galaxy is higher, which would lead to more stars forming and a
higher capacity for enrichment. However, the rates of NS mergers
at higher redshifts are also lower than at lower redshifts, which is
backed by the short GRB luminosity distribution (D. Wanderman
& T. Piran 2015; A. Lien et al. 2016) and estimates on the NS
merger delay-time distribution (K. Belczynski et al. 2002;
E. Nakar et al. 2006; E. Berger et al. 2007; S. Jeong &
C.-H. Lee 2010; M. Dominik et al. 2012; J.-M. Hao &
Y.-F. Yuan 2013; D. Wanderman & T. Piran 2015; T. M. Tauris
et al. 2017; N. Anand et al. 2018; A. Vigna-Goémez et al. 2018;
J. J. Andrews & 1. Mandel 2019; P. Beniamini & T. Piran 2019;
M. Zevin et al. 2022). Moreover, from both observational studies
of tidally disrupted dwarfs in the Milky Way (e.g., R. P. Naidu
et al. 2022; X. Ou et al. 2024) and simulation-based studies on
Milky Way analogs (e.g., S. Shen et al. 2015; F. van de Voort
et al. 2015, 2020), it is apparent that delayed r-process sources
throughout galaxies’ star formation period are needed to explain
their stars’ chemical enrichment. Thus, it is unlikely that high-
redshift GRBs alone could be responsible for the bulk of observed
r-process in stars.

5.4. R-process Enrichment at Low Metallicity

Finally, we speculate on the r-process events that were
responsible for the enrichment observed in Galactic metal-poor
stars and low-metallicity Local Group dwarf galaxies. Enrich-
ment at low metallicity prefers r-process from short merging
delay times, which has been invoked many times (e.g., D. Argast
et al. 2004; B. Wehmeyer et al. 2015). If NS mergers are capable
of merging as quickly as the minimum delay time predicted by
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theoretical work (=~10Myr; K. Belczynski et al. 2002;
M. Dominik et al. 2012; A. Vigna-Gémez et al. 2018;
P. Beniamini & T. Piran 2019), then enrichment at low
metallicity is almost certainly created by NS mergers. However,
if the delay time is longer, as predicted by observations of short
GRBs and Galactic NS systems (~200 Myr; E. Nakar et al.
2006; E. Berger et al. 2007; S. Jeong & C.-H. Lee 2010;
J.-M. Hao & Y.-F. Yuan 2013; D. Wanderman & T. Piran 2015;
T. M. Tauris et al. 2017; N. Anand et al. 2018; A. Vigna-Gémez
et al. 2018; J. J. Andrews & I. Mandel 2019; M. Zevin et al.
2022), then NS mergers are unlikely to be a viable r-process
source at low metallicity. Moreover, our work highlights that
there is an additional timescale that needs to be incorporated
when determining how quickly an environment is enriched after
an r-process event: the enrichment timescale. Given that the
enrichment timescale we find is not trivial (=134 Myr), it
becomes even more difficult for NS mergers to contribute at
early times in low-metallicity dwarf galaxies. Additionally, we
show in Figure 4 that the enrichment timescales can be quite
long for small, dwarf-galaxy-sized halos (<10'' M), even at
moderate NS merger offsets.

If collapsars and rare types of CCSNe were discovered to
also produce r-process, this would be a more natural
explanation for metal-poor stellar enrichment. Indeed, their
delay times are much faster than NS mergers, ~10 Myr, and
they are typically found embedded in star-forming regions
within their hosts (P. L. Kelly et al. 2008; J. L. Prieto et al.
2008; P. K. Blanchard et al. 2016). Many works have also
suggested that a faster r-process channel like CCSNe is
required to explain observed r-process abundances (S. Shen
et al. 2015; F. van de Voort et al. 2015; Y. Komiya &
T. Shigeyama 2016; K. Hotokezaka et al. 2018; B. Coté et al.
2019; P. Simonetti et al. 2019; A. Skdladéttir & S. Salvadori
2020). However, there is still skepticism from both observa-
tions and theory that any class of CCSNe produces r-process;
thus, this may not be a valid explanation for enrichment at low
metallicity. Furthermore, r-process material from CCSNe may
be subject to other processes that prevent enrichment (like SN
winds) given their proximity to star-forming regions, or,
contrarily, may lead to environments that are too well enriched
and thus not representative of the observed scatter in r-process
abundances at low metallicity.

While we find that it would be unlikely for NS mergers to be
responsible for enrichment in low-metallicity environments, we
caution the reader against assuming that it is impossible. The
delay-time distribution of NS mergers is still unconstrained,
especially at low metallicity. Thus, it is still ambiguous if NS
systems can merge on more rapid timescales. Additionally,
while uncommon within our sample, we do find that nine
GRBs (all with small physical deprojected offsets of <1.5 kpc)
have enrichment timescales <50 Myr. Were these GRBs to also
have similarly fast delay times, this may represent a population
that could be capable of enriching low-metallicity environ-
ments. An observational study of 11 short GRBs occurring in
central locations within dwarf galaxy hosts (A. E. Nugent
et al. 2024) has further hinted that NS mergers may indeed
be the source of r-process enrichment within low-mass
galaxies. Thus, it is difficult to interpret at this time if another
r-process channel is required to explain enrichment of all
environments.

We finally note that the source of r-process enrichment at all
metallicities remains an open, unanswered question. Several
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works have shown, using assumptions on the NS merger delay-
time distribution, that a more prompt channel than NS mergers,
like collapsars, is also needed to explain the r-process
abundance pattern of higher-metallicity Milky Way disk stars
(e.g., B. Coté et al. 2019; D. M. Siegel et al. 2019). Given that
we find the enrichment timescale is not trivial in comparison to
the delay time, we suggest that it should be included in future
chemical evolution simulations to better probe the dominant
source of r-process in stars at the full metallicity range.

6. Conclusion

In this paper, we quantify the timescale for r-process from
observed GRB-KNe and short GRBs to be transported back
into their host and mix with the ISM. We further consider the
impact of a single event on the stellar r-process enrichment of
their host environments. We find that the typical r-process
enrichment timescale is 13473]'Myr. In comparison to
minimum NS merger delay times of ~10-200Myr, the
enrichment timescale is significant, implying that there is an
additional, substantial delay following the merger to when the
environment can be enhanced by r-process. We find that only
~60% of the observed GRB-KN and short GRB population
will contribute significant r-process enrichment to the stellar
mass of their host galaxy. The capacity of environmental r-
process enrichment from a single event most strongly correlates
with the amount of active star formation in the hosts, as hosts
with little to no ongoing star formation have a low fraction of
stellar mass enriched by a single event (including that of
GW170817). This implies that a significant fraction of r-
process mass from NS mergers either is not incorporated into a
large fraction of stellar mass within their hosts or is lost to the
CGM and IGM.

Given our findings, it is useful to consider whether there is
any possibility of detecting r-process lines in the IGM or CGM
to observationally quantify the amount of “lost” r-process
mass. Unfortunately, we suspect that it is highly unlikely that r-
process signatures can be detected outside of stars or stellar
remnants. The high atomic mass of r-process elements implies
that the material will be split into fewer atoms of each element
and across many different isotopes. Moreover, r-process
masses from single events tend to be quite small, suggesting
that it will be extremely difficult to detect spectral emission or
absorption features. Thus, future studies on r-process event
rates should focus on the fraction of material making it back
into star-forming gas and consider the impact of losses for any
relevant observational comparison.
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