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Abstract

The rapid neutron capture process (r-process) is a complex and interesting nuclear physics
phenomenon that is responsible for synthesis of actinides and about half the material heavier
than iron in the universe. The astrophysical site of the r-process remains widely debated, but
a promising and largely supported location is in the outflows of neutron star mergers. Within
the r-process, there are many nuclear uncertainties that can make nucleosynthesis calculations
difficult, and therefore on a much larger scale, make predictions of a merger’s observables
challenging to quantify. One of these uncertainties is beta decay rates. Beta decays are in
active competition with both the neutron capture rates early on in the r-process and with
other decay modes for heavier nuclei later in the r-process. These rates have an effect on the
distribution of material on the N-Z plane and can greatly alter the prediction of post-merger
isotopic compositions. In this project, we perform nucleosynthesis calculations for a set of
tracers that describe a 3D simulated post-merger accretion disk while varying theoretical
beta decay rates for nuclei far from stability. We find that varying the beta decay rates has
an impact on the abundances produced 1 GYr post-merger, including the actinides, which
could have an impact on predictions of the ages of r-process enhanced, metal-poor stars.



Figure 1: Chart of the nuclides with increasing proton number upwards and neutron number to
the right. Stable nuclei are shown as black squares. Figure adapted from [1].

1 Introduction

1.1 The r-Process and Beta Decay

The rapid neutron capture process (r-process), responsible for the formation of about half the
material heavier than iron in the universe and the only known natural mechanism for actinide
production, occurs far from stability and in intense astrophysical environments. While the as-
trophysical location of this process is still debated, neutron star mergers have been linked to the
r-process due to their potential to create outflow conditions of high free neutron density [2]. Neu-
tron stars are dense, neutron rich stars that are the remnants of core collapse supernovae [3]. In
the event of the collision of two neutron stars, the inspiral and merger can unbind large amounts of
neutron-rich material, either dynamically or from an accretion disk formed after the merger. The
high number of free neutrons in this ejecta, characterized by low electron fraction (Y,) values of
< 0.25, make neutron star mergers a promising site for the r-process. This hypothesis gained ob-
servational support thanks to the gravitational-wave event, GW170817 [4, 5]. The accompanying
multi-wavelength electromagnetic observations following the merger indicated a slowly declining,
long-wavelength signal consistent with the presence of high-opacity lanthanides synthesized in the
merger ejecta [0, [, 8.

The high abundance of free neutrons allows the neutron capture process to proceed very rapidly,
moving material very far from stability, and potentially all the way out to the neutron drip line.
Far from stability, and at high mass number, beta decay rates play a huge role in determining the
time-scale and final outcomes of the r-process [J]. Early in the r-process beta decay rates most
directly compete with neutron capture rates, dictating how far from stability material can get,
and what the pattern that decays towards stability looks like. Later on in the r-process, especially
for heavy nuclei, there are additional sources of competition, those from other decay rates such as
alpha decay and spontaneous fission. A typical r-process path can be seen in Figure [I], represented
by the orange line. This process is populated by all the timescales in competition, and might be
altered with different beta decay rates. To test this, we conducted nucleosynthesis calculations
using two different theoretical beta decay rates to probe all sources of competition and see how
their resulting final abundance patterns differ from one another.



Figure 2: Visulization of tracer particles in simulation.

1.2 3D Black Hole Accretion Disk Simulation

One key ingredient for nucleosynthesis calculations is a description of the evolution of the ther-
modynamic conditions in the fluid where the nuclear processes take place. This project uses
tracers from a 3D general-relativistic magnetohydrodynamics (GRMHD) simulation of a black
hole accretion disk system with a strong magnetic field (8 = 10) in order to make nucleosynthesis
calculations. This simulation was carried out with nubhlight [10], a SDGRMHD code; the details
of the simulation used in this work are included in [11].

The thermodynamic evolution of the fluid in this simulation is tracked using lagrangian tracers.
In this case, a lagrangian tracer refers to the tracking of fluid elements over time [12]. At the
beginning of the simulation, 1.5* 10° tracer particles are uniformly sampled where there is physical
fluid. These particles are then tracked over time as they undergo thermodynamic evolution.

For this project, 30 tracers were selected from more than 195,000 unbound tracers from the
simulation in order to make a more manageable dataset. These tracers were picked based on bins
of electron fraction (Y.) and radial velocity to sample the conditions described by the full set of
tracers. Each tracer has an assigned identifier and mass, which is given based on the mass in each
Y., and radial velocity bin. A visualization of the spatial evolution of the tracers is given in Figure

. The dataset for these tracers was downloaded from [13].

2 Nucleosynthesis Calculations

2.1 PRISM

For the 30 tracers described in the previous section, we perform two sets of individual nucleosyn-
thesis calculations. In each case, we use PRISM (Portable Routines for Integrated Nucleosynthesis
Modeling) version 1.6.0 developed by T. Sprouse and M. Mumpower [14]. PRISM is a modern



Weight-Based Average Tracer Isotopic Abundance

1072 7
] —— MLR Beta Decay
—— NES Beta Decay
1073 4 |
] \
f | [}
= [
S o
< 1074 4 ‘
=]
=
=
2 | l
< [
| ;
I |
107 o |\|' ! \’ '
10~% T T T T

T T
0 20 40 60 80 100
Proton number (Z)

Figure 3: Abundance plot of NES and MLR beta decay rate nucleosynthesis calculations.

object-oriented Fortran nuclear network code made to track the evolution of nuclear compositions
over time. The program runs based on a control file that takes nuclear data sets in a hierarchical
order, as well as the specifications of the evolving astrophysical conditions. The two sets of control
files created for each tracer differ by the description of beta decay (as well as accompanying beta-
delayed fission) rates. We use the global beta decay rates as described in [@] (MLR) for one set
of calculations, and those described in [] (NES) for the other set. On-average, NES decay rates
predict slower rates above the N=126 shell closure, where MLR decay rates are slightly faster.

A total of 60 individual nucleosynthesis calculations were carried out through the program,
resulting in abundance yields sorted by proton number for each tracer. All calculations began at
1 GK and ran up to 1 GYr post neutron star merger.

2.2 Results

To compare the effect of the two sets of decay rates on the final elemental composition, we made a
composite graph of all 30 tracers using a weight-based sum of each individual tracer using Python,
shown in Figure B. Each of the tracer’s assigned masses were made into a percentile out of 1,
to then multiply the relative abundances by and sum to obtain a singular line for plotting. As
seen in the figure, both the NES and MLR decay rates tend to output fairly similar amounts of
r-process products. However, it is important to note that the NES decay rates produced slightly
less uranium and thorium than the MLR decay rates.

2.3 Discussion of Results and Uncertainty

The higher abundance of actinides in Figure E by MLR decay rates may be attributed to nuclear
branching ratios and their influence on decay rate competition. With heavy nuclei, beta decay is
in constant competition with other decay processes, such as fission. Varying the beta decay rates
can therefore alter the outcome of this competition. With the slower NES decay rates, it may be
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more likely that the nuclei will undergo fission. This is not conducive towards the building up
of actinides as fission drives material away from actinides and towards lower proton and neutron
numbers. With MLR’s slightly faster beta decay rate, more actinides are synthesized. Fission
rates are included in our nucleosynthesis calculations, so the competition between different decay
rates is a large factor in differing abundance patterns. However, there is some uncertainty coming
from the competing decay rates, such as other fission and alpha decay rates for example, that are
not entirely known and not varied in this particular experiment. Similarly, fission yield and fission
barrier heights are an additional source of uncertainty and not varied in this project.

The resulting abundances depend on theoretical nuclear physics models for unstable nuclei that
exist far from stability, and which are still widely disputed. Our nucleosynthesis results are given
as a model of comparison rather than a complete and definite picture of the elemental production
capabilities of this particular astrophysical environment. In this project, we look at the post-
merger accretion disk, but there is also a dynamical component to the ejecta that is not taken into
consideration. This component consists of material that is unbound from the binary system on
very short time scales. Material that is tidally disrupted directly from the neutron star is thought
to be characterized by very low Y, values, while shock- and contact-driven outflows are thought to
be of higher Y,. Together, these could potentially be a source of additional r-process production.
Without considering the dynamical component of the merger, we are missing part of the whole
picture of this astrophysical system.

This project serves as the starting point of a more comprehensive dive into the nuclear physics
occurring in such complex environments. Looking into the future, we would like to include these
sources of uncertainty in order to have a more well-rounded picture of what is occurring in this
environment.

3 Future Studies

There are many different directions into which this research can continue. The two most prevalent
ones include adding sources of previously stated uncertainty into consideration, as well as efforts
in nuclear cosmochronometry.

3.1 Metal-Poor Stellar Compilation and Nuclear Cosmochronometry

The technique of nuclear cosmochronometry can be studied using our abundances from nucleosyn-
thesis calculations in comparison with those from previous literature. The results of the r-process
can enrich surrounding material, and become the initial abundance of a star [[17]. Specifically,
there exists a population of metal-poor stars (as defined by their abundance of iron compared to
the solar abundance [18]) that are rich in r-process elements. The existence of these stars offers the
opportunity to directly probe r-process abundance patterns synthesized by one or a few r-process-
producing events. By comparing the initial abundances of a particular nuclear species with a
known half-life via the nucleosynthesis-calculated abundances as well as their abundances after an
unknown amount of time (the observed stellar abundances) the following equation (equation 14 in
[9]) can be used to determine ¢, the time passed from the synthesis of species to its observation:

t = 21.80[loge(U/Th)i — loge(U/Th)ons] (1)

We are specifically using thorium and uranium as they are actinides with distinctly long half-lives.
It is important to note that uranium specifically is difficult to measure, so the amount of metal-
poor stars with uranium abundances may be limited compared to that of thorium. An in-progress
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Figure 4: A compiled abundance graph of seven metal-poor stars.

catalog of r-process enhanced metal-poor stars and their relative abundances can be seen in Figure
. Continuing the search for metal-poor stars will unlock more potential for stellar aging as well
as insights into the r-process observables across the universe.
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