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Abstract

This thesis will present the results from single zone Post Processed Nucle-
osynthesis simulations of Common Envelope accretion discs centred around
either a neutron star to better understand the composition of the material
that is produced and investigate the impact that different accretion rates,
initial abundances and companion masses have on the resulting isotopic and
element abundances. Accretion disks around neutron stars of mass 1.5 Mg
and 2 My inside companion envelopes of 12 Mg, 15 Mg and 20 My, compan-
ions were analysed. This thesis will also present a comparison between post
processing nucleosynthesis code reaction librararies, as well as a comparison
between four different post processing nucleosynthesis codes for a range of
different astrophysical environments.
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Chapter 1

Introduction and related
physics

To simulate the nucleosynthesis inside a common envelope
there is a wide variety of physics that must first be under-
stood. This chapter explains the types of nuclear processes
that may occur inside a common envelope and describes how
to use nuclear physics to understand and simulate astrophys-
ical objects.

1.1 Nuclear Physics in stars

1.1.1 Types of Nucleosynthesis

Stars maintain their shape and luminosity through a complex process of
nuclear fusion and radioactive decay. Stars in the main sequence of the
Hertzsprung-Russell diagram, like our sun, fuse hydrogen nuclei together to
form helium or fuse hydrogen with carbon, nitrogen and oxygen in the
CNO cycle. The temperature within the star dictates which process will
dominate energy production, as shown in figure 1.1. Extreme environments,
such as the accretion disk around a black hole or supernovae, reach
temperatures in the Gigakelvin range, hundreds of times hotter than the
core of our sun. When temperatures are in this extreme range different
nuclear fusion processes can occur depending on the composition of the
material and availability of neutrons, protons and « particles.
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Figure 1.1: Energy production as a function of temperature for pp-chain and
CNO nucleosynthesis. The dot signifies conditions in the solar core, taken
from [2].

RP-process

In low temperature environments only a small fraction of available
hydrogen will have enough energy to fuse with other low mass nuclei, and
the resulting isotope will decay back to stability before another proton is

able to fuse with the unstable nuclei.

The rapid proton capture process, known as the rp-process, occurs in
environments with high temperatures, greater than 100 Megakelvin, and in
material that contains a large fraction of hydrogen. This process follows a
series of successive proton captures reaching isotopes near the proton drip
line, then followed by fast 5% decays with half-lives shorter than the proton

capture rate. Due to the high flux of high energy protons the unstable
nuclei with long half lives are not able to decay before fusing with another

proton. This type of nucleosynthesis is believed to occur within X-ray
bursts, as stated in [41] and [6], as this is process involves a neutron star

accreting material from a companion where it falls to the neutron star
surface and undergoes thermonuclear runaway. The rapid proton capture
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process ends in the tin tellurium cycle, as shown in figure 1.2, in which
proton rich isotopes of tellurium (1°“Te and '%Te) decay via a particle
emission to produce proton rich tin isotopes (1%*Sn and '°*Sn) which then
decay via 81 emission. This produces isotopes of indium that follow proton
captures and 81 decays until it reaches tellurium and the process is then
repeated.
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Figure 1.2: The tin tellurium cycle that ends the rapid proton capture pro-
cess, The solid lines. Taken from [57]

The expected reaction pathways for the rp-process are shown in figure 1.3.
This shows the reaction pathways that occur between hydrogen and krypton
during rapid proton capture. It is important to note that the process does
not just involve proton capture reactions, there are also a capture reactions
that are important to the process. ®Ne, 22Mg and 3°S all undergo (o, p)
reactions which are crucial for the rp-process to continue. ®Ne is an
important break out reaction from the hot CNO cycle, ?2Mg allows material
to reach beyond the Ne, Na region and at low temperatures can delay the
flow of material and 3°S has a beta decay half-life of 1.18 seconds meaning
that at low temperatures it can limit the amount of material the flows to
heavier elements. The initial composition of the material in figure 1.3
consists of mostly hydrogen as the study investigated hot hydrogen burning.
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Figure 1.3: The full rp-process reaction chain for temperature T=1.5GK,
density p = 10* g cm™ and time t = 1000 seconds. Taken from [60].

« capture

If a main sequence star is nearing the end of its life it will transition into an
Asymptotic Giant Branch (AGB) star. This means that the star begins
fusing helium isotopes into carbon and oxygen. This requires much more
energy to start, temperatures on the order of hundreds of Megakelvin are
needed to trigger helium fusion, so this only occurs when the energy
emitted from hydrogen fusion is no longer enough to sustain the stars
shape, this causes the outer envelope to collapse towards the core,
increasing the pressure inside the core and triggering helium fusion. The
high temperature and density is required to overcome the coulomb
separation between the a particle and the target nucleus. During o capture
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the isotopes produced can be unstable and decay back towards stability, if
the density of a particles is high enough the unstable product can undergo
a capture again before it decays back to stability.

S-process

The slow neutron capture process, also known as the s-process, can occur
within low mass Asymptotic giant branch stars during thermal pulsation
[40] or inside rotating massive stars [18]. These environments provide the
right temperature range and neutron abundance for neutron capture
reactions to occur slower than the subsequent beta decays. This produces
isotopes near stability on the neutron rich side. The s-process only occurs
inside environments with neutron densities of around 10° — 10 ecm~! and
is believed to synthesise approximately 50% of all observed elements heavier
than iron. For the s-process to occur there needs to be mixing between the
core with material from the surrounding helium envelope, this mixes
neutrons produced by ¥C(a,n)!%O (for AGB stars) or Ne(a, n)**Mg (for
massive stars) with the seed nuclei from the core. This process can occur
for thousands of years during the lifetime of the star.

R-process

R-process nucleosynthesis typically occurs inside neutron rich environments
and is identified by the rapid, successive capture of neutrons producing
isotopes far into the neutron rich region of the nuclear chart. Unlike in the
s-process the neutron captures occur faster than the S~ decays, producing
isotopes close to the neutron drip line. For this to occur the neutron
density must be extremely high, greater than 10?° cm™!, and temperatures
must be within the Gigakelvin range. Therefore, it is thought that this
process can only occur inside compact object mergers. Gravitational wave
observations conducted in [1] suggests that the r-process occurs inside
neutron star mergers.

1.1.2 Reaction rates in the context of stars

Every star that we observe is primarily fuelled by nuclear fusion. During
nuclear fusion nuclei of elements can collide to from new elements, releasing
photons which interact with the surrounding material and eventually
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escape the bounds of the star to be observed. Astrophysicists trying to
model the processes that can occur inside the star need to understand how
the fusion of material occurs and what conditions are required. For this,
reaction rates are measured in the lab or calculated using nuclear structure
theory and combined to produce reaction rate tables. These tables dictate
how a particular isotope will interact with any other isotope of interest at a
particular temperature.

The interactions between two particles are dictated by the four
fundamental forces, the strong force, the weak force, the electromagnetic
force and the gravitational force. As the nuclei inside the star are in a
plasma this means that there are no electrons in orbit around the nuclei,
instead they travel through the plasma as free electrons. This removes the
need to include the weak force when modelling two particle interactions. As
well as this, the gravitational force does need to be considered as the affect
of gravity between two nuclei is so small that it can be considered
negligible. This leaves us with the strong nuclear force and the
electromagnetic force to consider. At very small distances, less than 3
femtometres separation, the strong nuclear force causes the nuclei to be
attracted to each other. However, at distances larger than this the positive
charge of the two nuclei repel each other due to the electrostatic force,
known as the Coulomb barrier.

To overcome this effect George Gamow proposed modelling the particles as
a wave to understand the alpha decay that can be observed in naturally
occurring radio nuclides [22]. This model was then adapted to investigate
reactions between different particle species and quantum tunnelling is the
solution to the coulomb barrier. Gamow calculated that the probability to
penetrate the coulomb barrier is:

_2nZ1Z9e? s

G(E) = exp™ ho Vip

(1.1)

Where Z; is the charge of one particle, Z, is the charge of the second, v is
the relative velocity of the two particles, E is the energy of the two
particles, e is the charge constant and h is planks constant. p is the reduced
mass of the two particles given by

mime
= = 1.2
h= (1.2)
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From equation (1.1) we can see that there is a dependence on the velocity
of the particles. This can be assumed to be an ideal gas and will have a
Maxwellian velocity distribution. Therefore, we can calculate the Gamow
peak to be the product of the velocity distribution and the probability to
penetrate the coulomb barrier, G(E).
During fission nuclei of heavy mass, radioactive isotopes break down to
produce daughter nuclei and, depending on the reaction, either neutrons,
protons, electrons or a combination of these.

1.2 What is Post Processing
Nucleosynthesis

To identify different processes that are occurring inside different types of
stars requires a combination of observation, experiments and theory. Post
Processing nucleosynthesis codes are used to understand the internal
process that can occur inside different astrophysical scenarios, specifically
looking at the types of nucleosynthesis that can occur. This is a challenging
task as each isotope that is being measured can have several methods of
production and destruction, and networks inside PPN codes can range from
a couple of hundred isotopes to several thousand. With respect to Common
Envelope nucleosynthesis, PPN codes are being used to identify interesting
and exotic isotopes of elements as this could be a new production site for
elements that we can observe in our universe, but we don’t currently know
of their production sites. This can also be used to help identify the
Common Envelope event as we can accurately observe stellar composition
through spectroscopic analysis, so understanding the abundance ratios is
important for identifying the neutron star common envelope.

Each PPN code is independently designed, and so the inner workings can
often vary. However, they all follow the same basic method. Ordinary
Differential Equations (ODEs) are created for each isotope to model how
they can be produced or destroyed, depending on the temperature and
density of the system at a particular time. As each isotope has multiple
reactions that dictate the production/destruction a single ODE requires
less computing power to calculate and accounts for the change in
abundance of other isotopes. Then the ODEs are solved for each time-step,
providing a new isotopic abundance for each time-step. As each code is
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independently developed different numerical solvers have been chosen to
calculate the ODEs, the most common of which is the backward euler
method, which uses the Newton-Raphson method to find the roots of the

ODE. This method will be examined in further detail in chapter 4 along

with the Bader-Deuflhard method and Gear’s method.

To accurately model the nucleosynthesis that occurs inside a neutron star
common envelope the input physics used in the PPN code must first be
accurate. The main nuclear physics used in PPN codes are reaction rate

tables. These dictate how a specific reaction to produce or destroy a
specific isotope will vary as a function of temperature. Each reaction rate is
not only dependent on the temperature of the system, but also on the mass

and number density of the reactants involved. So for two isotopes i and j

the reaction rate is given as:

Rij = nmj<av>ij (13)

Where R;; is the reaction rate, n; and n; are the number densities of
isotopes ¢ and j respectively and (ov),; is the temperature dependant
reaction cross-section between ¢ and j. In PPN n; and n; are stated in the
initial abundance or taken from the previously calculated time-step and the
cross-section can be calculated by:

(ov) = (%)m W /OOO o(E)Ee P 4B (1.4)

Where E is the energy in the centre of mass system, o(E) is the
cross-section at energy E, T is the temperature of the system, k is the
Boltzmann constant and p is the reduced mass of the system, given in

equation 1.2 [24] [52]. The cross-section at energy E, o(E), can be
determined both experimentally and through theory. Experimental
measurements are compared with theoretical calculations and used to
constrain optical model potentials and energy level densities, which then
refine the theoretical calculations. Eventually theoretical models and
experimental measurements can be combined to create an evaluated
cross-section, which includes resonant effects that can influence the
cross-section at different particle energies.
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Reaction rates need to be measured accurately and the initial abundance of
the scenario need to be found. Reaction rates can be measured
experimentally and are further supplemented with theoretical rates for
reactions that we cannot yet recreate in a laboratory condition. So it is
important to ensure the reaction rate libraries are regularly updated with
new physics. Accurate initial abundances can be taken from observation
(for scenarios with progenitors that can be observed) or from stellar models
of stable scenarios such as main sequence hydrogen burning or Asymptotic
Giant Branch helium shell burning.
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Chapter 2

Previous work investigating
Neutron Star Common
Envelope evolution

2.1 What are Common Envelopes?

The term common envelope was first used by [48] when discussing V471
Tau, a binary system in the Hyades cluster containing a 0.8 My white dwarf
and a 0.8 My K-type main sequence (Referred to as a K-dwarf in the
literature). He stated that this system may have originally been a long
orbital period binary. The white dwarf was observed to be newly formed,
meaning the progenitor had only recently left the main sequence and was
originally a Red super giant of 2 Mg and 600 Rg. For the two stars in the
system to reach the close binary that was observed they must have
undergone common envelope evolution, during which the orbiting compact
cores of each star were heated due to the friction of the envelope. This
dissipated the orbital energy into the envelope and brought the cores of the
two stars much closer. He believed the end result to be a close binary
located at the centre of a planetary nebula. Since this fundamental theory
has been proposed the first neutron star-neutron star has been observed
(GW170817). For this merger to occur within a Hubble time (the estimated
lifetime of the current universe assuming constant expansion) the binary
progenitor must have undergone a common envelope phase.
Common envelopes are a phase that can occur during a binary system’s
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lifetime when both stars orbit within a shared Common Envelope (CE).
This is thought to be a precursor to neutron star mergers and Type la
supernovae and an important evolutionary step in many binary systems
[30]. If either star in a binary system expands past its Roche Lobe, such as
expansion during the change from main sequence evolution towards the
asymptotic giant branch, it will start to transfer material onto the surface
of its companion. If the companion is sufficiently close this expansion and
mass transfer can engulf the entire system in a single envelope of material.

©
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Figure 2.1: Different common envelope evolutions, taken from [28]. The final
evolution Acronyms are as follows: ZAMS - Zero Age Main Sequence, RLO
- Roche Lobe Overflow, CE - Common Envelope, SN - Super Nova, CO WD
- Carbon Oxygen White Dwarf, HMXB - High Mass X-ray Binary, LMXB -
Low Mass X-ray Binary, He - Helium star, MSP - Millisecond Pulsar.
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CEs can form at many points during a binary systems evolution and do not
always result in a compact binary system (such as a binary neutron star, a
neutron star black hole binary or a binary black hole system) but can result
in the compact remnant merging with the core of the companion. The
recent observation of a neutron star merger with gravitational waves has
highlighted the importance of understanding how the progenitor system has
formed. For the neutron stars to merge within a Hubble time they must be
separated by no more than 5Rg, [8], and therefore there must have at least
one common envelope event during the lifetime of the system to allow the
stars to dissipate some of the orbital energy they carry and move closer to
one another [16]. This work will investigate the nucleosynthesis that might
occur inside the accretion disc that forms around the compact binary
progenitor, looking at neutron stars of mass 1.5 My and 2 Mg, orbiting in
the envelope of giant phase 12 M, 15 Mg and 20 M companions.
During the CE phase the material from the companion does not fall
directly onto the surface of the compact remnant but forms an accretion
disk around the neutron star or black hole. This is due to the angular
momentum carried by the accreted material as the compact remnant orbits
through the envelope, [44]. As the material flows around the accretion disk
it is subjected to high temperatures and pressures, which can trigger
nucleosynthesis to occur inside the disk. As the material gets closer to the
surface of the compact remnant the temperature and density climb higher
into the Gigakelvin range, opening up new reaction channels, producing
more exotic isotopes. However, due to the angular momentum carried by
the material and the energy generated from nuclear fusion some material in
the disk is ejected back into the rest of the envelope. It is this process that
we aim to understand in more detail as the material that is not accreted
onto the surface can then later be ejected into the Inter Stellar Medium
(ISM) during the final ejection phase of the Giant star.

2.2 Previous study on NS CEE

The Common Envelope environment has been a system of interest over the
past 50 years, since it was first used to explain the orbital period of the
binary system V471 tau by [48]. In this groundbreaking paper Pacyzynski
proposed that the change in orbital period was due friction between the
white dwarf and the surrounding envelope. [19] looked at the outcomes of
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rapid infall of material onto a neutron star in an external medium. Two
cases were examined, the first an atmosphere in pressure equilibrium above
the surface of the neutron star, the second representing material freely
falling from infinity. The system was then evolved using one and
two-dimensional hydrodynamic codes, and it was concluded that these
systems allow for hyper critical (otherwise known as ”super Eddington”)
accretion to occur. This is due to the cooling effect from escaped neutrinos
allowing the system to expel energy via neutrinos and not photons,
decreasing the photon pressure on the accretion disc and allowing more
material to fall towards the neutron star. This theory was then further
developed in the context of hyper accreting black holes during gamma ray
bursts, which has a similar driving mechanism as neutron stars or black
holes during common envelope evolution. The study by [51] looks at steady
state accretion in the form of a disk centred around a black hole of several
solar masses. In this it was concluded that the neutrino cooling effect is
dominant at distances bellow 10 cm away from the neutron star surface.
Above this threshold energy released during accretion is trapped in the
optically thick gas and the disk does not cool.

The work presented in this thesis is a continuation from [31], which looked
at how different ejection methods impacted the abundance of material
produced near the surface of the neutron star inside a common envelope. In
this paper two different ejection methods were compared to investigate the
impact they have on nucleosynthesis of material, as [19] concluded that
some material would gain enough energy during infall to be ejected back
into the surrounding medium and not settle onto the surface of the
neutrons star. As the method of ejection was uncertain two models were
compared at different stages of the common envelope evolution. The first
looked at an instantaneous "bounce” where the accreted material is
adiabatic and in free fall, then at a depth of 20 km away from the surface of
the neutron star the material is ejected at escape velocity. The second
method looks at a convective scenario where the material is in free fall until
at a depth of 50 km from the neutron star surface, then a force is turned on
that ejects the material. The temperature and density profiles were then
run through a single zone post processing code and the resulting
abundances showed that both proton rich and neutron rich nucleosynthesis
can occur in the low z region, depending on the accretion rate and therefore
dependent on the temperature and density of the chosen model.

With accreting neutron stars showing evidence for complex nucleosynthesis
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in [31] and the important hydrodynamic work conducted in [51] and [19] we
can see that the accretion disk that forms inside the common envelope
event is possibly a production site that can contribute to the galactic
chemical evolution of the universe. However, the models investigated by
[31] do not accurately model the flow of material in the accretion disk as
this only looked at material in free fall. As the disk orbits the neutron star
the angular momentum carried by the material in the disk will extend the
time it takes for it to fall towards the surface.

2.3 Hydrodynamics and development of
Neutron star Common Envelope
trajectories

Figure 2.2 shows the path of the material investigated in this project.
Material that is accreted into the surface of the neutron star is not of
interest as it is trapped on the surface due to the extreme gravitational
potential, so trajectories where material enters the accretion disk and
passes close to the neutron star before being ejected back into the
companion were studied.
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Figure 2.2: A cross-section of the neutron star common envelope showing the
path of the material accreted from the companion towards the neutron star.
rgyy is the Bondi-Hoyle-Lyttleton radius of the accretion disk and the black
arrows show the trajectory of the material around the neutron star before
being mixed back into the companion envelope.

When a neutron star is engulfed in the expansion of a red giant companion
there are many complex processes that dictate how material is accreted
towards the neutron star. Following basic principles, as the neutron star

enters the envelope of the companion the surrounding envelope is attracted
to the compact object and flows towards the surface due to gravity. The
accretion rate feeding the disk can be found using Bondi-Hoyle-Lyttleton

equations [7]:
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MBHL = 47FT]23HLP(U2 + 05)1/2 (21)

Where v is the speed of the neutron star relative to the envelope which will
be similar to the orbital velocity of the neutron star, ¢ is the speed of
sound in the medium of the envelope, p is the density of the medium the
neutron star is travelling through and rgyy, is the Bondi-Hoyle-Lyttleton
in-fall radius, given by:

GM
TBHL — ( NS (22)

02 + 2)

Mpys is the mass of the Neutron star and G is the gravitational constant.
Without the inclusion of angular momentum these equations only model
material in free fall towards the surface of the neutron star, similar to the
work done in [31]. [19] contains tabulated information of the infall rates
and radii for a neutron star falling into different mass main sequence and
AGB stars. The density and velocity gradient across the Bondi-radius leads
to a net angular momentum inside the accreted material. This angular
momentum drives the formation of a disk around the neutron star, which
then in turn generates winds inside the disk which drive outflows, limiting
the inflow. It is the outflows from the disk that can then mix with the
surrounding envelope and later be ejected into the ISM and will be the
main subject of investigation chapter 5.

[55] conducted hydrodynamic simulations of Bondi-Hoyle accretion in
in-homogeneous mediums and developed a simple method of estimating the
specific accretion angular momentum for wind fed X-ray sources. This
approach can also be used for neutrons star common envelopes. To
calculate the angular momentum, j,, we can use the following:

1
J: = v = Z(GEU — €,)U (2.3)

Where .J, is the angular momentum accretion rate (i.e. the amount of
angular momentum transferred by the accreted material), M, is the mass
accretion rate and ¢,, is the in-homogeneity parameter for the density and
velocity:
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pv

H, is the scale height of the density and H, is the scale height of the
velocity. Using equations 2.1 to 2.4 we can obtain the angular momentum
dependant accretion rate.

2.3.1 Developing CE trajectories

This process can be simplified into three stages; the in-fall of material,
a-disk evolution and then outflow of material. During the in-fall phase the
envelope material is assumed to be in free fall, accelerating due to the
gravitational potential from the neutron star. During this phase the density
of the material increases as a function of distance from the neutron star,
Pinfall X 73, We assume the material is adiabatic and that radiation
pressure dominates this phase. The entropy of the system is then:

T3
S = infall (2 ) 5)

Pinfall
Where T, rqu is the temperature of the material. This phase will continue
until the angular momentum provides enough support to equal the
gravitational acceleration, at which point the material will form the
accretion disk around the neutron star of radius ry;gy.

Tdisk = jg/(GMCO) (2-6>

Depending on the common envelope scenario ;g is between 107 cm and
10° cm from the neutron star surface. Once material has entered the disk it
needs to lose angular momentum before it is able to accrete further towards

the compact object. The viscosity of the disk is thought to be the main

process through which angular momentum is dissipated, either through
magnetic interactions or rotational instability, [10]. The a-disk assumption
is standard practice for simulating viscous disks, representing viscosity as a
constant value, agis. We take the agg solutions from [51] for our disk and
use aqisk = 0.01 for our common envelope environment. Detailed disk
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calculations provide a range of values for ag dependent on the time and
position throughout the disk. [51] provide a first order approximation for
the disk conditions.

The outflows from the disk are driven by the viscous forces, however it is
difficult to ascertain the amount of material that is ejected, with
simulations showing ejecta in the range of a few percent of the total mass
up to nearly complete ejection of the accreted material. It is also difficult to
calculate where along the disk the most material is ejected, and so a grid of
trajectories have been developed for each accretion rate with different inner
radii reached before ejection due to the outflow wind. For the material to
exit the disk it must reach the escape velocity, to simulate this two different
wind models have been combined, an exponential and power-law evolution.
A typical explosive supernova and r-process yield will result in either an
accelerated ejection or free-streaming regime. As the ejecta is accelerated
outward the density of the material will drop:

p=poe (2.7)

Where py is the initial density of the material, ¢ is the time since ejection

and 7 is the dynamical timescale relative to the acceleration. Assuming

constant entropy and assuming radiation pressure dominates during this
phase the temperature, T, is found to be:

T = Toegift (2.8)

Where Tj is the initial temperature. During the ejection we assume the
material to move outwards with a constant velocity, following this
assumption the temperature and density of the ejecta follow power law

trajectories:
p=po(t/T)77, (2.9)
T ="Tyt/7)" (2.10)
Where 7 is the expansion timescale, which is based on the velocity of the
ejecta.
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Figure 2.3 shows the temperature profile of the material as it proceeds
through the accretion disk. The blue shows the material as it is in free fall
towards the disk, the red section shows the period as the material orbits in

the accretion disk, slowly falling towards the core. The green and yellow
sections show the different winds that are turned on to eject the material.
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Figure 2.3: An example of the trajectories developed for this project. The
top panel shows the temperature evolution of the system as time steps in-
crease. The bottom panel shows the temperature evolution of the system
as a function of time. This is for a 1.5M; compact mass remnant with an
accretion rate of 8 x 107> Myyr~—! and a minimum radius from the surface
of the neutron star of 2.0355 x 10° cm. The coloured points indicate which
stage it is at. Blue indicates the period of free fall, red shows when a-disk
evolution occurs, green shows the period of exponential ejection and yellow
represents the power-law ejection.
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Chapter 3

NuGrid reaction rate library
comparison

This chapter will assess the impact of replacing outdated
reaction rate libraries from NuGrid with current generation
reaction rate data. The standard version of NuGrid still uses
data published in 2001, since then many reactions have been
experimentally recorded and refined and updated reaction li-
braries now contain more accurate reaction rate information.

3.1 Reaction rate libraries in the context of
PPN

Post Processing Nuclear networks are used to simulate the nucleosynthesis
that might occur in different stars and astrophysical scenarios. These
consist of a network of isotopes that model the potential interactions at
specific times, temperatures and densities along a hydrodynamic trajectory.
To accurately model these interactions, temperature dependant reaction
rates are stored in libraries. The information used in these libraries can
come from a variety of sources such as the Joint Institute for Nuclear
Astrophysics REACLIB [12] or STARLIB [56]. These are large
compilations of reaction rates calculated using both experimental data and
nuclear theory. Often PPN codes will use multiple different libraries to get
a full range of interactions as one library my not cover the range of reaction
types or the range of isotopes that need to be simulated. One example of a
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PPN code that uses this technique is NuGrid.

NuGrid [49] is a privately developed software created by the NuGrid
collaboration for the purpose of investigating hydrostatic burning, it has
since been expanded to include explosive nucleosynthesis scenarios such as
type la supernovae and core collapse supernovae. In NuGrid reaction rate
information is mainly taken from the JINA Reaclib database [12]. It also
contains supplementary reaction rate libraries from Iliadis 2001 proton
capture study [27], NACRE [4] [63] and the Karlsruhe Astrophysical
Database of Nucleosynthesis in Stars (KADoNiS) [15] as well as a
custom-made reaction library labelled as VITAL which contains more
complex reaction rates such as the triple a reaction or heavy isotope
reactions like **O(1%0, p)31Si. Along with these particle interaction
libraries, nuclear decay information such as branching ratios and decay
probabilities are taken from [46] and [34].

The reaction flux data shown in [31] clearly shows evidence of proton and
alpha capture reactions, pushing the path of material away from stability
into the proton rich side of the nuclear chart. This area of experimental
nuclear physics has been revolutionised in the past two decades, with
radioactive ion beams being produced at facilities like Argonne National
Laboratory with CARIBU, Vancouver’s TRIUMF and ISOLDE at CERN.
This has resulted in many new reaction rates being determined and
published. As a result of these measurements the reaction libraries used in
PPN software have become outdated, and the reaction cross-sections
currently used in NuGrid are not up-to-date with the latest measurements
and publications. To test the impact of these library changes four
environments were investigated; a simple hydrostatic burn; a common
envelope scenario; an X-ray burst trajectory; and an r-process like
trajectory.

3.2 Updating the JINA Reaclib library

The NuGrid PPN code comes with the Joint Institute for Nuclear
Astrophysics (JINA) Reaclib version 1.1, published on the 2"¢ of April
2013, and contains 76,065 rates. JINA has released four more library
compilations since Reaclib v1.1, the most recent of these is called the
Default Reaclib library and was released on the 24" of June 2021, and will
be referred to as Reaclib 2021 from now on. Reaclib 2021 contains a total
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of 81,443 rates. Of these, 48,694 of these rates are taken from the same
sources that Reaclib v1.1, 25,432 reaction rates have been updated to use
data from publication between 2013 and 2020 and a further 7162 rates have
been added to Reaclib 2021. Full details for the reaction data and the
changes made between Reaclib v1.1 and Reaclib 2021 can be found at [12]
2,075 reaction rates that were in Reaclib v1.1 have been removed for
Reaclib 2021. To understand the impact of these data changes each of the
four test environments were simulated twice, once using the Reaclib v1.1
that comes as standard in NuGrid, and a second with the updated Reaclib
2021. A comparison between the final elemental mass fractions and isotopic
mass fractions above 1 x 107! reveals the differences in the reaction
libraries. The lower mass fraction limit of 1 x 107! was chosen as the
contribution of isotopes below this limit can be considered negligible. This
is equal to the convergence limit, so if predicted mass fractions are within
1 x 1071 of the calculated mass fraction it is assumed to be correct,
otherwise the time-step is split up into smaller increments and rerun.

3.2.1 Simple Hydrostatic Burn

The simple hydrostatic burn trajectory has a constant temperature of 55
MK, a constant density of 100 gcm™ and a length of 38.5 years. This
trajectory was run using solar mass fractions the initial composition of the
material is 72.8% 'H, 26.1% “He and the other 1.1% is made up of trace
amounts of heavier seed nuclei.
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Simple Hydrostatoc Burn Reaclib comparison
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Figure 3.1: Final elemental abundances for the Simple hydrostatic burn tra-

jectory. The blue crosses show the abundances produced when using updated

Reaclib 2021, the red X’s show the abundances as a result of using Reaclib

version 1.1. The initial elemental abundance is represented by the green cir-

cles and dashed lines.

Figure 3.1 shows the final elemental abundances for the simple hydrostatic
burn using both Reaclib v1.1 and Reaclib 2021. As this environment does
not get hotter than 55MK the majority of the elements included in the
initial abundance have the same final abundance and are unaffected over
the course of the trajectory. As expected of a low temperature hydrogen
rich environment the largest final mass fraction is helium, which is
produced via a series of (p,«) reactions. There is also evidence of CNO
nucleosynthesis, as 1*N is the waiting point of the CNO cycle the increase
in N and the decrease in both carbon and oxygen over the course of the
trajectory are evident of nucleosynthesis in this region. From this figure
there is no difference in elemental mass fraction when using Reaclib 2021
instead of Reaclib v1.1, this can be verified by examining the final isotopic
mass fractions and comparing individual isotopic mass fractions.
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Isotopic mass fractions using Reaclib V1.1
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Figure 3.2: Final isotopic abundances for the Simple hydrostatic burn trajec-
tory. The dashed lines show the abundances produced when using updated
Reaclib version 1.1, the dotted lines show the abundances as a result of using

Figure 3.2 shows the final isotopic mass fraction for the CNO region. When

using Reaclib 2021 the abundance of 20 is much larger than when using
Reaclib 2021. The abundance of 2O instantly jumps up to 5.322 x 10~

after the first time-step and continues to grow until it reaches 1.374 x 1077,
As this isotope is not included in the initial abundance and there are no
expected reaction channels to produce this isotope in this environment and

further investigation into the reaction flux shows no reactions producing

120, so it must be due to a computational error inside NuGrid. This
abundance fraction is large enough to compete with the CNO isotopes that

are produced and as 2O is very proton rich and there are neutrons
available it leads to (n, «) reactions and 3 decays back to stability.

42



Reaclib 2021 No 120 Reaclib 2021

20 [ 1 20 [E 1
K K
i, . .
d T a v

- - 5 =1
N g *r .

M
10 4 N 10 4 nd .
F F
: s
N In: i | P
' e il
3= ] o

T T T T T T
0 5 10 15 20 0 5 10 15 20
Neutron number Neutron number

T T
—25 —24 -23 —22 =21 =20
Log Isotopic Mass Fraction

= wnp

Proton number

L]

Figure 3.3: Reaction fluxes (4) for a simple hydrostatic burn using Reaclib
2021 with 20 removed from the network (Left) and 20O included in the
network (Right). Limits of 1 x 107% to 1 x 1072° have been placed to remove
some of the strongest reactions and make the plot easier to read.

The neutrons used in destroying the 20 are produced via two main
reaction channels;

é?’C' + —>é6 O+n (3.1)

WCI+1H —8 Ar+n (3.2)

The neutron mass fraction produced from these reactions is small compared
to the 120 mass fraction, so most of the neutrons are destroyed via the
120(n,a)?C. As these reactions still occur when 20 is removed the reaction
fluxes changes, as seen in figure 3.3. More neutron captures occur for
isotopes just after the CNO region. For all subsequent reaction library tests
and common envelope simulations 20 was removed from the network.
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Isotopic mass fractions using Reaclib V1.1
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Figure 3.4: Final isotopic abundances for the Simple hydrostatic burn with
duced when using updated Reaclib version 1.1, the dotted lines show the

abundances as a result of using Reaclib 2021.

The isotopic abundances for Reaclib without 20 in the network are shown
in figure 3.4. From this figure it is clear that the same mass fractions can

be achieved for all the stable isotopes. The only difference that occurs when
using Reaclib 2021 is a higher production of Na?4, this is because the
neutron capture rate for Na has been updated in Reaclib 2021 to include
a low temperature resonance, increasing the production of 2*Na. As this
isotope 8 decays to produce ?*Mg it will impact the Magnesium abundance,
however the final mass fraction of 2*Na is only 8.196 x 107!% and the final
elemental mass fraction of Magnesium is 4.958 x 10~* the contribution from
%4Na is negligible. Using Reaclib 2021 in place of Reaclib v1.1 provides the
same elemental abundance distribution for a simple hydrostatic burn
trajectory.
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3.2.2 X-ray Burst
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Figure 3.5: Temperature and density evolution for the X-ray burst trajectory.

The X-ray burst trajectory was taken from the SkyNet benchmarking
publication [36]. The temperature and density evolution of the trajectory
are shown in figure 3.5, with a peak temperature just under 2 GK, a peak

density of 107 gem ™2 and a total length of 2243 seconds. The initial
composition of the material is 88.7% 'H, 11.2% *He with the other 0.1%
consisting of seed nuclei.

X-ray Burst Reaclib comparison
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Figure 3.6: The elemental mass fraction distribution for an X-ray burst using

both Reaclib v1.1 and Reaclib 2021, Similar to figure 3.2. The result from

Reaclib 2021 is shown by the blue line, the result from Reaclib v1.1 is shown

in red and the initial abundance is represented using the green dashed line.
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Figure 3.6 shows the elemental mass fraction distribution at the end of the
X-ray burst trajectory. Large differences of more than two orders of
magnitude can be seen in the Beryllium and Boron mass fractions, where
using Reaclib 2021 results in much lower mass fractions. The Boron mass
fraction is made up of almost pure ®B and is produced via proton capture
on "Be. Less "Be is produced when using Reaclib 2021, and as a result less
Boron is produced, as this library uses information from [13] for the
"Li(p,n)"Be and "Be(n,p)"Li reactions. Inside Reaclib v1.1 this information
is taken from [14] which uses theory to extend the reaction rate to
astrophysically relevant energies. There is a large region between Nitrogen
and Antimony where there is no difference in elemental mass fraction.

Isotopic mass fractions using Reaclib V1.1
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Figure 3.7: Final isotopic abundances for the X-ray burst trajectory in the
region between Tellurium and Neodymium. The dashed lines show the abun-
dances produced when using updated Reaclib version 1.1, the dotted lines
show the abundances as a result of using Reaclib 2021. Different elements
are shown using different colours.

There are substantial differences in elements between lodine and
Neodymium where Reaclib 2021 produces higher mass fractions. The final
isotopic abundances shown in figure 3.7 show more proton rich isotopes of
Caesium, Lanthanum, Cerium, Barium and Neodymium are produced with
Reaclib v1.1 even though the total elemental mass fraction of these elements

is lower. As this is a hydrogen rich environment, proton rich isotopes are
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expected to be produced, but they are very unstable, and therefore reaction
information cannot be easily obtained through experiments. For both
Reaclib 2021 and Reaclib v1.1 many of the reactions are calculated from
theory rates, except for isotope decay information which is measured
experimentally. The theoretical reaction rate data used in Reaclib 2021 has
been revised and improved compared to Reaclib v1.1. For example the
26Mg(p,n)?°Al rate is taken from [9] which was produced over 40 years ago
in 1988, whereas the same rate in Reaclib 2021 uses [47] from 2011.
Overall the final elemental mass fractions produced using Reaclib 2021 are
very close to the results from Reaclib v1.1, however the updated fitting and
newly included rates in Reaclib 2021 produce higher fractions of elements
beyond the cadmium peak and the combination of theory and experimental
data used in reactions producing and destroying “Be.

3.2.3 R-process environment
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Figure 3.8: Temperature and density evolution for the r-process trajectory.

The temperature and density evolution for the r-process trajectory, again

taken from the SkyNet benchmarking publication [36], are shown in figure
3.8. This follows the ejecta of a black hole-neutron star merger, with a high
initial temperature and density that quickly cools as it expands. The initial

composition consists of mostly neutrons, with an initial mass fraction of

99.9% neutrons and traces of other elements.
Figure 3.9 shows the final elemental mass fractions from the R-process
trajectory taken from the SkyNet benchmarking publication [36].
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Immediately it is clear that the result does not fit the expected mass
fraction distribution for R-process nucleosynthesis. For R-process
trajectories the initial abundance is composed mainly of neutrons and some
seed nuclei, and the trajectory starts very hot and slowly cools. This leads
to rapid neutron capture reactions, pushing the material towards the
neutron drip line, followed by 5~ decays back towards stability. During this
process material forms high mass, neutron rich isotopes [43], [20] and [36].

R-process Reaclib comparison
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Figure 3.9: The elemental mass fraction distribution for an R-process like
environment using both Reaclib v1.1 and Reaclib 2021, Similar to figure
3.2. The result from Reaclib 2021 is shown by the blue line, the result from
Reaclib v1.1 is shown in red and the initial abundance is represented using
the green dashed line.

As NuGrid has modelled this environment correctly it will not be used in
further reaction library comparisons or PPN code comparisons. This is
because the differences seen in figure 3.9 can not be directly attributed to
the changes made in the reaction libraries. Before any further comparisons
are made using the r-process trajectory the cause of this non-physical result
must be understood and corrected.
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3.2.4 Weak s-process
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Figure 3.10: Temperature and density evolution for the weak s-process tra-
jectory.

The weak s-process trajectory is taken from [45] and has been implemented
into NuGrid as a test to ensure the network can repeatedly produce the
expected resulting elemental and isotopic abundances produced in a slow
neutron capture environment. The temperature and density evolution are

shown in figure 3.10 and the initial composition of the material consists of

71.5% 'H, 27.0% *He and 1.5% seed nuclei.

Comparing the results from the weak s-process environments probes the
neutron capture and S~ decays close to the valley of stability. As the peak
temperature of this trajectory is around 0.4 MK the nucleosynthesis that
occurs in this environment follows closely to the valley of stability, most of
these reactions have been determined experimentally as experiments
recording reactions onto stable isotopes have been available since the 1950s
[58]. Therefore, this environment is unlikely to produce large differences in
isotopic or elemental mass fraction when using the different versions of

Reaclib.
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Weak-s process Reaclib comparison
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Figure 3.11: The resulting elemental mass fraction plots from using Reaclib
v1.1, shown using red X’s, and Reaclib 2021, shown using blue crosses. The
initial abundance for both trajectories is shown using green dots.

Figure 3.11 shows the resulting mass fractions from each version of Reaclib,
this is the second astrophysical environment to provide the same elemental
mass fractions for both Reaclib 2021 and Reaclib v1.1. Further
investigation into the reaction flux during the final time-step are shown in
figure 3.12. This is the flux during the peak temperature of the trajectory,
and it clearly shows the same reactions occurring at the same intensity in
both runs. From this it is clear that using either reaction library will work
for modelling slow neutron capture reactions close to stability.
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Reaclib v1.1 Weak s-process final flux

LN ram S
e b -16
25 | Mn —
Cr 12 g
N
T
5 s
é 20 4 G =
3 Ar A -18
< d ]
I=] S
£ 15 : s P
£ 5 e e -3 ]
z; A
" Mg o Mg
] Y a L 20
10 ¥ T
o
o = 5]
N | (A N
| 11
st 8 =k : : ‘
0 10 20 30 40

r—22
Neutron number

Reaclib 2021 Weak s-process final flux
Zn

Log Isotopic Mass Fraction

30 4 i = T
- Qu I N = [ _.
Ni T = 24
Co o -
e i
25 a Mn “H
.
ol r !
I
5 ¢ =t
é 20 4 @ ——— 26
K -
5 Ar 2y
= d i
5 5 s
5 15 : e ]
@ - = 51
Mg e - A —28
S g
Na 2 )
10 Ne P e
E oo
a = 5]
N (A N
;| ane
5 L L [ [ & : . : —30
0 10 20 30 40

Neutron number

Figure 3.12: Reaction flux (%) for from the weak s-process environment
using Reaclib v1.1 (Top) and Reaclib 2021 (Bottom). Stable isotopes are
outlined in red.

3.2.5 Common envelope

As the common envelope phase can occur at different stages during a
binary system evolution and the mass transfer process can vary as a result
of many factors, it is not as well known with respect to the expected
nucleosynthesis and resulting elemental or isotopic mass distribution. To
best understand the impact updating the Reaclib library will have when
simulating a common envelope environment two separate trajectories were
investigated. The first trajectory has an accretion rate of 8 x 10_5M@S_1
feeding the accretion disk and reaches distance of 2.5444 x 10° cm from the
neutron star surface before being ejected back into the envelope. The peak
temperature reached by this trajectory is 2.2238 GK, similar temperatures
are reached in all the trajectories with accretion rates lower than
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64 x 107°M@s™" at varying inner radii. The second trajectory has an
accretion rate of 128 x 107 °Mgs™! and get to 1.0422 x 10° cm from the
neutron star surface. This trajectory was chosen as it has a much higher

peak temperature of 8.7877 GK. The high accretion rate trajectories,

128 x 107° — 1024 x 10~°Mes ', all reach similar temperatures. These two
trajectories can be used to understand what the impact that updating the
version of Reaclib can have on a broad range of trajectories while only
looking at two specific peak temperatures. The initial abundance used in
each trajectory is extracted from information regarding the separation and
subsequent position of the neutron star inside the envelope and the
composition of the material feeding the disk at that position.

Common envelope with 8 x 107°Mgs™' accretion rate
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Figure 3.13: Temperature and density evolution for the common envelope
accreting 8 X 10*5M@s*1 trajectory.

The temperature and density evolution for the 8 x 107°Mms™! accretion
rate common envelope trajectory is shown in figure 3.13 and shows a peak
temperature of 2.1 GK. The initial composition of the material is shown in
green in figure 3.14. The initial composition consists of 97.8% *He. The full
details of how the initial compositions were calculated are given in chapter

5.
The final elemental abundances of the 8 x 10_51\/[@8_1 accretion rate
common envelope trajectory are shown in figure 3.14. Like with the weak
s-process trajectory, the final elemental mass fractions from using Reaclib
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2021 are the same as those produced using Reaclib v1.1. This indicates
that the updated reaction rate information used in Reaclib 2021 does not
change the reaction channels used or the rate of nucleosynthesis through

these reaction pathways. For some reactions along stability the same
reaction rate is used as there have not been any changes for these stable
isotope reactions since the release of Reaclib v1.1.

Common Envelope 8x10-5 accretion rate Reaclib comparison
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Figure 3.14: Final elemental abundances for a common envelope with 8 X
10*51\/1@5*1 accretion rate. Results from Reaclib v1.1 are shown in red,
results from Reaclib 2021 are shown in blue and the initial abundance used
for both is shown in green.

The reaction flux at the peak temperature is shown in figure 3.15. The
main production mechanisms that occur inside the common envelope at
this accretion rate and inner radius are alpha and proton capture reactions.
At this temperature and density the differences in Reaclib 2021 and Reaclib
v1.1 do not impact the nucleosynthesis that is occurring. There are some
minor differences in the magnitude of the reaction flux, For example the
4Ti(p, )%V reaction is slightly weaker when using Reaclib 2021 and the
inverse reaction is not active. However, when using Reaclib v1.1 the “Ti(p,
7)BV and *®V (v, p)*Ti reactions are in equilibrium. This is what causes
the slightly higher titanium mass fraction when using Reaclib v1.1 that can
be seen in figure 3.14. While there are some differences in the resulting
elemental mass fractions the impact of changing the Reaclib version does
not significantly change the result but for longer trajectories or larger time
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periods this may lead to differing results.

Reaclib v1.1 Commeon Envelope 8x10-5 accretion rate final flux
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Common Envelope with 128 x 107°Mgs™! accretion rate
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Figure 3.16: Temperature and density evolution for the common envelope
accreting 128 x 107°Mgs™! trajectory.

The temperature and density evolution for the common envelope accreting
128 x 10~°Ms~* are shown in figure 3.16. This trajectory has a peak
temperature of 9 GK, well within the NSE temperature range. The initial
elemental mass fractions of the material are shown in figure 3.17, this uses a
solar initial mass fractions, like in the simple hydrostatic burn case, with an
initial composition of 72.8% 'H, 26.1% *He and the other 1.1% is made up
of trace amounts of heavier seed nuclei.
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10t Common Envelope 128x10-5 accretion rate Reaclib comparison
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Figure 3.17: Final elemental mass fractions for the common envelope with
128 x 107°Mys ™! accretion rate. Results from Reaclib v1.1 are shown in red
and the results from Reaclib 2021 are shown in blue. The initial abundance
used in both runs is shown in green.

This higher accretion rate trajectory has a peak temperature of 8.7 GK,
reaching Nuclear Statistical Equilibrium (NSE) temperatures. Figure 3.17
shows the final elemental mass fractions using both versions of Reaclib.
Like the previous Common envelope trajectory, there is very good
agreement in the results from both Reaclib v1.1 and Reaclib 2021 for
almost all elements. However, when using Reaclib 2021, the final mass
fraction of Cobalt is over an order of magnitude higher than the mass
fraction produced using Reaclib v1.1.
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Reaclib 2021 common envelope 128x10~> accretion rate final mass fraction
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Figure 3.18: Final isotopic mass fractions for a common envelope with 128 x
107°M@s™* accretion rate. Results from Reaclib v1.1 are top, results from
Reaclib 2021 are bottom. Stable isotopes are labelled.

Further investigation into the individual isotopic mass fractions for the Iron
peak elements is shown in figure 3.18 and reveals that the distribution of
mass around the Iron peak is not the same for both reaction libraries.
When using Reaclib 2021 the final 3"Co mass fraction is 24.8 times larger
than the 5"Co mass fraction produced using Reaclib v1.1. The main
contribution to the increased 57Co mass fraction is the *"Fe(p,n)3"Co,
however in Reaclib v1.1 the ®”Co(p,a)**Fe is much stronger, destroying
more of the °”Co and leading to a larger difference in mass fraction.
Further investigation into the reaction flux shows that the difference is not
due to a single reaction rate change, but stems from a variety of different
reaction channels being used as a result of different isotopic mass fractions
at the peak temperature. As the strength of each reaction varies as a result
of isotopic mass fraction the slight differences in the isotopic masses that
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occur as the temperature slowly increases up to 8.7 GK result in the
different reaction pathways that are shown in figure 3.19. In Reaclib 2021
many of the rates that were used in Reaclib v1.1 are still included but have
been refitted to avoid non-physical behaviour. Reaclib 2021 also includes
shell model calculations for reactions far from stability in the proton rich
region of the nuclear chart. The combination of these changes lead to
different reaction channels being used.
This trajectory highlights some of the problems that can occur when using
older reaction libraries to model high temperature and density astrophysical
environments. While the resulting elemental mass fractions are very similar
the isotopic composition of the material is quite different. To ensure all
high temperature scenarios are being modelled as accurately as possible the
Reaclib 2021 reaction rate library will be the default choice and all further
results will be calculated using this.
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Figure 3.19: Reaction fluxes (%)at the peak temperature of 8.7 GK inside
a common envelope accreting material at 128 x 10_51\/[@5_1. Reaction fluxes
produced using the Default Reaclib 2021 are shown on the left, reaction fluxes
produced using Reaclib v1.1 are shown on the right.
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3.3 Removing supplementary libraries

When NuGrid was first released in 2008 there was not a single Reaction
rate library that contained all the rate information needed to simulate the
full range of nucleosynthesis that was desired. This led to multiple reaction

rate libraries being included to supplement the Reaclib v0.5 that NuGrid

initially used. Now that Reaclib 2021 is installed three of the
supplementary libraries are outdated and should be removed; the Iliadis
2001 proton capture study [[27]], the NACRE compilation of charged
particle interactions [3] and the VITAL library. The NACRE and Iliadis
2001 publications have both been superseded by the NACRE II update [63]
and by charged particle thermonuclear reaction rate study from [26]. The
VITAL library is a custom-made reaction library built specially for NuGrid.
It contains 117 reaction rates and is used as a supplementary library as well
as a customisable list for users to add new reactions to the network.
Consequently, some of the rates that are used in the VITAL library do not
have alternative libraries to read from and so certain VITAL rates must
remain in the network.
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lliadis 2001, NACRE and VITAL rates converted to Reaclib
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Figure 3.20: A chart of isotopes showing which reactions use nuclear reaction
rate data from Iliadis 2001, NACRE and VITAL which will be converted to
use nuclear reaction rate data from Reaclib 2021.

Figure 3.20 shows the reactions that can use reaction rate data from JINA
Reaclib 2021 but are set to use the Iliadis 2001, NACRE and VITAL
libraries in NuGrid. These are mainly charged particle reactions, such as
proton or a-particle captures, or decay reactions like 87 or a decays. From
figure 3.15 it is clear that the reaction channels used in the low accretion
rate common envelope test environment are using reaction data from these
now defunct libraries. To guarantee a fair comparison between different
post processing codes in the next chapter the networks must use the same
reaction libraries and so each reaction using data from one of the
aforementioned supplementary libraries was converted to use data from
JINA Reaclib 2021. This section will assess the impact that this conversion
has on the resulting isotopic and elemental abundance data.
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3.3.1 Simple Hydrostatic burn

The elemental mass fraction distribution shown in figure 3.21 shows that
for this constant temperature and density trajectory there is very little
impact from removing the supplementary libraries. Only Beryllium,
Oxygen and Fluorine have significant differences in the resulting mass
fractions. The Fluorine mass fraction varies when converting the NACRE
library only, whereas the Beryllium mass fraction is impacted by converting
each reaction library to Reaclib, however when all the supplementary
libraries are converted to Reaclib 2021 the final Beryllium abundance is the
same as the standard library compilation.

Simple Trajectory suplementary library comparison
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Figure 3.21: Final elemental mass fractions for a simple hydro static burn in
NuGrid. Green circles show the results when using Reaclib 2021 in place of
Iliadis 2001. Blue Stars show the results when using Reaclib 2021 in place of
NACRE rates. Red crosses show the final mass fraction when using Reaclib
2021 in place of VITAL rates (where possible). Magenta triangles show the
results when using Reaclib 2021 in place of Iliadis 2001, NACRE and VITAL,
and black X’s show the results when using Iliadis 2001, NACRE and VITAL
alongside Reaclib 2021.

Further investigation into the isotopic mass fractions are shown in figure
3.22. From this it is clear that the Fluorine abundance is lower when using
the updated rate information from Reaclib 2021. This results in a lower
final mass fraction for '"!8¢19F and 19¢17Q. The difference in these isotopic
abundances comes from using JINA Reaclib 2021 reaction data for

61



60 (p,v)'F, taken from [25], and "O(p,v)'®F taken from [26]. These
reactions are normally taken from the NACRE database when using
NuGrid. As the material leaves the CNO cycle it follows a series of proton
capture reactions on oxygen isotopes and then 3 decays back to stability.
The isotopic mass fraction of beryllium varies when removing each reaction
library. The isotope with the largest mass fraction is “Be and so the
variation seen in the elemental mass fraction is due to the variation seen in
"Be shown in figure 3.22. The reaction rate data used to model production
and destruction of this isotope is only taken from the VITAL and JINA
Reaclib libraries, so the variation seen when removing NACRE and Iliadis
2001 is not expected. However, the main production method for “Be is
from:

SHe +a —' Be (3.3)

which means "Be is directly related to the availability of *He and “He. Each
library contains reaction rate data that does impact the helium abundances
and from figure 3.22 it is evident that the 3He and *He mass fractions
follow the same pattern of change as "Be. It is also evident that when all
the supplementary libraries are converted to Reaclib 2021 that the final
isotopic abundances of helium and beryllium are the same as when they are
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Figure 3.22: Isotopic abundance mass fractions for a simple hydrostatic burn
using different Library compilations. Isotopes of different elements are shown
using different colours and connected via dotted lines.
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3.3.2 X-ray burst

The final elemental mass fraction for an X-ray burst trajectory with each
supplementary library removed is shown in figure 3.23. The effect of
converting supplementary libraries to JINA Reaclib 2021 is only seen in
elements heavier than magnesium and lighter than manganese. Figure 3.20
shows that there are a large number of Iliadis 2001 reaction rates used in
the same region where there are differences in elemental mass fraction. The
differences seen in figure 3.23 are only seen in tests where the Iliadis 2001
reaction rates information is removed.

X-ray burst suplementary library comparison
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Figure 3.23: Final elemental mass fractions for the standard library composi-
tion (Black X’s), Iliadis 2001 rates converted to Reaclib 2021 (Green circles),
NACRE converted to Reaclib 2021 (Blue stars), Vital rates converted to Rea-
clib 2021 where possible (Black crosses) and all three converted to Reaclib
2021 where possible (Magenta triangles)

The final isotopic mass fractions for isotopes between magnesium and
manganese are shown in figure 3.23. This clearly shows that only removing
the VITAL or NACRE libraries does not cause any variation in isotopic
mass fractions, figures 3.24.C and 3.24.D. but both instances where Iliadis
2001 is removed result in lower mass fractions for isotopes of aluminium,
phosphorus, chlorine and potassium along with higher mass fractions for
more proton rich isotopes’ argon, potassium and calcium.

Further investigation into the isotopic abundances for isotopes between
Magnesium and Manganese is shown in figure 3.24. Comparing the default
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library composition, figure 3.24.A, to the new composition with Iliadis
2001, NACRE and VITAL removed there are many differences in the
isotopic mass fractions. Both isotopes of Aluminium result in lower mass
fractions when using the pure Reaclib 2021 compilation, seen in figure
3.24.E, this can also be seen in figure 3.24.B when all Iliadis 2001 rate
information is removed. The reduced Aluminium mass fractions come from
updated proton capture rates on *Al and ?°Al in Reaclib 2021, which are
taken from [37] and [48] respectively. The next isotopes that differ are 2P
to 3P, 31C1 to **Cl and 3°K and 3"K. Once again the difference is only seen
when removing Iliadis 2001 rate information and comes from Reaclib
containing proton capture information from [26], which was released 10
years after the Iliadis 2001 publication. Overall for the X-ray burst
trajectory the differences in mass fraction for these isotopes come mainly
from removing the Iliadis 2001 rate information, which is a necessary
process to ensure the software is correctly modelling the nuclear physics.
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Figure 3.24: Resulting isotopic mass fractions between Magnesium and Man-
ganese for an X-ray burst trajectory using; A) The standard supplementary
library compilation in NuGrid with Reaclib 2021, B) All Iliadis 2001 reac-
tion library rates converted to Reaclib 2021, C) All possible NACRE rates
converted to Reaclib 2021, D) All possible VITAL rates converted to Reaclib
2021, and E) all possible VITAL, NACRE and Iliadis 2001 rates converted
to Reaclib 2021.
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3.3.3 Weak-s process

Weak-s process suplementary library comparison
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Figure 3.25: Elemental mass fractions for a weak-s process trajectory using
different library configurations. Results from the Iliadis 2001 rate informa-
tion converted to Reaclib 2021 are shown in green, all possible NACRE rate
information converted to Reaclib 2021 are shown in blue, all possible VITAL
rate information converted to Reaclib 2021 are shown in red, all possible
liadis 2001, NACRE and VITAL rate information converted are shown in
magenta and the standard library configuration using Reaclib 2021 is shown
in black.

The weak-s process trajectory flux, shown in figure 3.12, does not use many
of the reaction channels that are shown in figure 3.20. Therefore, removing
the Iliadis 2001, NACRE and VITAL rate information will not have a large
impact on the final elemental abundances. This can be seen in figure 3.25
as each elemental abundance is the same regardless of the library
configuration. There is one exception to this, the Lithium mass fraction
produced when using the pure Reaclib 2021 library compilation (all
supplementary libraries converted to Reaclib 2021) is large enough to pass
the 1 x 107!% mass fraction threshold. This comes from a new ‘Be ' decay
rate from [37] which replaces the 1988 VITAL rate which is taken from [9].
The Helium mass fraction is also higher when NACRE rate information is
removed. This is due to the ®Li(p, a)*He rate information is now taken from
[50]. This shows that, depending on the environment, different reaction
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libraries within NuGrid can impact different regions of the nuclear chart.

3.3.4 Common envelope

Like in section 3.2.5 the common envelope environment has been evaluated
over two different accretion rates, these are the same trajectories used in
the previous Reaclib version comparison. The first has an accretion rate of
8 X 10_5M@S_1 and a peak temperature of 2.2 GK, the second has an
accretion rate of 128 x 107°Ms™! and a peak temperature of 8.7 GK.
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Common envelope with 8 x 10_51\/I@s_ accretion rate

Common Envelope 8x10-5 accretion rate Reaclib comparison
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Figure 3.26: Elemental mass fractions for different library configurations
simulating a common envelope trajectory with an accretion rate of 8 x
10°M@s ™. Iliadis 2001 rates converted to Reaclib 2021 are shown in green,
all possible NACRE rates converted to Reaclib 2021 are shown in blue, all
possible VITAL rates converted to Reaclib 2021 are shown in magenta and
the standard library configuration using Reaclib 2021 is shown in black.

From figure 3.26 it is clear that converting rate information from the Iliadis
2001, NACRE and VITAL libraries separately to Reaclib 2021 does not
have a large impact on the final elemental mass fractions. However, when
all three supplementary libraries are removed the combined effect reduces
the mass fraction of Sodium, Zinc, Gallium, Germanium and Arsenic. The
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largest difference is in the Gallium elemental mass fraction. When using the
standard supplementary library set up the mass fraction is 1.431 x 1075,
converting the NACRE and VITAL rates to Reaclib 2021 also produces the
same mass fraction (within 1% of the same value), however when the Iliadis
rate information is removed this drops to 7.638 x 107%. This is still within a
factor of two and as the Iliadis 2001 rates are outdated this must be the
more accurate value.
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Common envelope with 128 x 107°Mgs™! accretion rate

Common Envelope 8x10-5 accretion rate Reaclib comparison
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Figure 3.27: Elemental mass fractions for different library configurations
simulating a common envelope trajectory with an accretion rate of 128 x
10°Ms . Iliadis 2001 rates converted to Reaclib 2021 are shown in green,
all possible NACRE rates converted to Reaclib 2021 are shown in blue, all
possible VITAL rates converted to Reaclib 2021 are shown in magenta and
the standard library configuration using Reaclib 2021 is shown in black.

The resulting mass fractions from different supplementary libraries are
shown in figure 3.27. Changing the source of reaction rate information has
a large impact on elements between Silicon and Cobalt. These elements are
destroyed during NSE via rp-process nucleosynthesis, and from figure 3.27
it is evident that removing the outdated Iliadis 2001 rate information has a

large impact for this region. Further investigation into the isotopic
abundances, as shown in figure 3.28, confirms that removing Iliadis 2001
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results in lower mass fractions for all isotopes in this region. Removing all
possible VITAL rates has a similar effect but to a much lesser extent. As
the VITAL supplementary library was designed for users to add complex
and regularly updated reaction rate information that was not included in
the original Reaclib v0.5 that NuGrid was designed around. Reaclib 2021
now contains most of the same rates that VITAL was designed for and as
VITAL has not been updated since the release of Reaclib 2021 it contains
some outdated information now.
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Figure 3.28: Isotopic mass fractions for isotopes between Silicon and Iron
for a common envelope with a 128 x 10°Mgs™! accretion rate using; A)
the standard reaction library compilation used in NuGrid, B) all Iliadis 2001
reaction rate information replaced with Reaclib 2021, C) all possible NACRE
reaction rate information replaced with Reaclib 2021, C) all possible VITAL
reaction rate information replaced with Reaclib 2021 and E) all possible
liadis 2001, NACRE and VITAL rate information replaced with Reaclib
2021.
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3.3.5 Final Library composition

From the results produced in this chapter all further PPN runs have been

run using Reaclib 2021 and the supplementary libraries from Iliadis 2001,

NACRE and VITAL have been removed, and reaction rate information is
taken from Reaclib 2021. This is because the version of Reaclib that

NuGrid comes with, Reaclib v1.1, was published 8 years before Reaclib

2021 and contains outdated reaction rate information. There is little

impact for the example trajectories that produce isotopes along the valley

of stability or in the proton rich region of the nuclear chart.

Of the supplementary libraries, almost all the reaction rate information
from these was removed. This is because the Iliadis 2001 rates are two
decades old and have become outdated. Most of the NACRE rate
information was removed as this was included in NuGrid before the
NACRE II [63] reevaluation of rate information was released, and this
release is included in Reaclib 2021. Approximately 60% of the VITAL rates
were removed, which is the most that can be removed from NuGrid. This is
because the VITAL library contains over 40 reaction rates for complex
reactions (such as the triple « reaction) that are not included in the Reaclib
2021 library. In total all 51 reactions from Iliadis 2001, 45 out of 51
reactions from NACRE and 74 out of 117 VITAL reactions were converted
to use Reaclib 2021.
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Chapter 4

Comparing different Post
Processing Codes

This chapter will investigate how different PPN codes model
a variety of environments. A detailed description on how
each code models the changes in isotopic mass fractions is
given. Each code is compared to NuGrid, as this software
provides the most information regarding reaction processes
used during the simulations.

4.1 Nuclear network code details

Four different nuclear network codes were used in this comparison study, to
investigate the effects of the different numerical solvers and screening
implementations can have on final abundances for the four different
scenarios used previously. The reaction rate libraries in each code have been
adapted or converted to use the default Reaclib 2021 library to make sure
that any differences in the results do not come from different input physics,
and each scenario investigated has the same initial abundance (the simple
hydro static burn, the common envelope, X-ray burst and weak s-process
trajectory). This chapter will provide a review of how each code models
isotopic abundance changes, what changes have been made to the reaction
libraries and how each code simulates the coulomb screening. This effect is
required when looking at charged particle interactions inside plasma as the
reacting nuclei are the same charge and repel each other due to the
coulomb interaction. SkyNet is the only code to use a different screening
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method not built from first principles, but based on statistical averages of
the screening effect from different contributions. Further details as to how
screening is calculated for each code are given in the next sections.

4.1.1 NuGrid

NuGrid uses a high order Bader-Deuflehard method, [5], to calculate the
resulting abundance of each isotope. This method models the production
and destruction of a single isotope, i, in the form of an equation dependent
on the abundance of the isotope, Y;.

TS Ry - Y Ry, (1)
J k

Where Rj; is the reaction rate transforming isotope j into the product i and
R;j; is the reaction rate destroying isotope i to produce isotope k. This is
summed for all possible production and destruction methods to get the
total change in isotope abundance, dd?. For a given abundance, Y (), at
time, t, the abundance at the next time-step, ¢t + At, can be predicted using
the following equation:

dY;
dt

YV Ou+ At) =Y+ At - (4.2)
Equation 4.2 is then used to estimate the abundance at time t + A t, but
as this is an explicit equation it is only dependent on the state of the
system at time t. As there is still nucleosynthesis happening at time t +At
the abundance change at time t +At will also impact the isotopic
abundance at this time step. From equation 4.2 and using equation 4.1 for
time t + At the following equation can be used to model Y;(t + At).

Yi(t + At) = Yi(t) + 2At ((dd}:)t + (dd}t/i)t-i-At) (4.3)

The roots of equation 4.3 can then be found using the iterative
Newton-Raphson process to find Y;(¢ + At). This is repeated until the
solution has converged to within a specified mass fraction threshold, which
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is set to 1 x 107'% in NuGrid. If the difference in time, At, is too large the
solution will not converge within the specified number of iterations. If this
occurs At is broken up into sub time-steps and the process is repeated.
Therefore, low temperatures with little activity and very large time-steps
can be processed.

For each time-step that is calculated the uncertainty in the calculated
isotopic mass fraction is the same as the convergence criteria, 1x10715. If
the mass fraction at each time-step was independent of the previous mass

fraction the final uncertainty would simply be:

\/u%—iru%—ir---—l—u:% (4.4)

Where u is the uncertainty at each time-step and x is the total number of
time-steps, resulting in y/z x 1071°. However, as isotopic mass fraction is
directly linked to the mass fraction of isotopes at the previous time-step
this uncertainty is carried forward throughout the simulation, potentially
compounding the effect. Therefore, the final uncertainty in isotopic mass
fraction is the sum of isotopic uncertainty across the length of the
trajectory, x x 107'°. Due to the number of time-steps in the different
trajectories this results in uncertainties between 1.3 — 2.6 x 10~'2 for
isotopic mass fractions and on the order of x10~!! for elemental mass
fractions. This error does not take into account the statistical uncertainties
inside the code, such as the uncertainty in reaction rates and temperature
grid resolution.

NuGrid calculates the screening effect via the Path Integral Monte Carlo
(PIMC) method, outlined in [41] and verified by [11]. Unlike the classical
mechanical approaches where the particle is described by a single trajectory,
the PIMC method describes the particle using a series of paths that have a
specific probability for the particle to take. When looking at two interacting
particles the interaction energy is calculated for every possible path that
they might take and a statistical average is calculated. The PIMC method
also simulates surrounding ions, the collective response of these ions provide
more information about the reaction that is being simulated. It is also
important to include these ions when looking at screening as the motion of
surrounding particles will cause fluctuations in the screening potential.

74



4.1.2 PRISM

Designed at Los Alamos National Laboratory for investigation into rare
earth materials produced through the r-process [43], PRISM was designed
to probe the limits of neutron rich nucleosynthesis. It has also been
designed for testing new nuclear physics in these scenarios [42], with an
adaptable nuclear physics input. For this work the network size been
modified to match the network in NuGrid. The standard network size in
PRISM contains 13262 isotopes ranging between Hydrogen and Z = 133
with the distribution of isotopes predominantly on the neutron rich side of
stability. The new network has been reduced to 5234 isotopes ranging from
Hydrogen to Bismuth with an equal distribution of isotopes on the proton
and neutron rich side, to match the network size and shape used in NuGrid.
PRISM comes with a copy of the JINA Reaclib v2.1 which has been
updated to the default Reaclib for a fair comparison. Atomic mass data
information is taken from [62] and nuclear decay properties are taken from
[32].

The relative abundance in PRISM is calculated as a function of isotope
mass, proton number and time, and it is normalised via the following
convention:

Y Y(ZAt)xA=1 (4.5)
v(Z,A)

The evolution of Y (Z, A,t) can be modelled via a series of equations that
correspond to the nuclear processes that occur at specific time during the
evolution. For each possible reactant and product this results in two
associated differential equations:

Y (Z;, A, t
{vi € {Ry,...., Ry} %— =2t ] Y(ZZ-,A,»,t)} (4.6)
j:R1 ..... RN
and
dY (Z;, A;, t , _
j:R1 ..... RN

75



Where R; is the reactant, N is the number of reactants, A(¢) is the reaction
rate as a function of temperature and time, p is a density at time ¢ and
P(7) is the average number of times that the nuclear species (Z;, A;) is
produced every time the process occurs. Using the information from the

reaction libraries each of the quantities related to each process are known
and a series of differential equations can be found that fully determine the
evolution of Y(Z, A, t) as long as the initial conditions, Y (Z, A,t = 0), are
known.
PRISM uses a different numerical solver to calculate the evolution of
Y (Z, A,t). The Newton-Raphson method is used to find the roots to a first
order implicit backward Euler equation, producing a square matrix of
dimension N, where N is the number of isotopes in the network. Then,
using the PARIDISO matrix solver it calculates the change in abundance
between each time-step [35].
Screening in PRISM has not been as extensively tested due to the
environment it has been designed for. As r-process reactions consist of
mainly neutron capture, screening is not a priority as there are no coulomb
barriers to overcome with neutral particles. The screening method comes
from [11], but it has only been implemented for two body reactions, so
higher multiplicity reactions (such as the triple alpha reaction) do not
undergo screening treatment.

4.1.3 SkyNet

SkyNet uses the same network solving method as PRISM, using the
Newton-Raphson method to find the roots of first order backward Euler
equations for a matrix of isotopes. Full details of the method used can be
found in [36] but simply put, this method creates a series of equations to

calculate the composition at a specific time. Vector Y (t) = Y;(t) where
Y;(t) is the relative abundance of nuclear species ¢ at time ¢. After some
time-step At the change in composition vector can be written as:

Y(t+ At) = Y+ AAQ —Y() (4.8)

which can then in turn be interpreted as:

0 = Y(x, T(t + At), p(t+ AL)) — X_Tf(t) — F(x, T(t+ At), plt+At) (4.9)
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Where x = Y(t + At) is the unknown composition after ¢t + At time. Using
the trajectory information, 7'(t) and p(t) are known and so the function
0 =F(x,T, p) becomes a root finding problem. Here SkyNet implements the
Newton-Raphson method to find the root to F(x, T, p) at every time-step.
SkyNet evolves the isotopic abundance over the course of the simulation,
however it does not store individual isotopic abundances, instead the final
output provides abundance and mass fraction information for an atomic
mass range and final abundances for each atomic charge and mass. To
convert between isotopic abundance and isotopic mass fraction the
following expression is used:

Y - m.
X, = —— 4.10
25 - m; 410)

Where Y; is the abundance of isotope i, m; is the atomic mass of the
isotope, X; is the calculated mass fraction and j is the total number of
isotopes in the network.

The screening method used in SkyNet is outlined in [36]. This screening
effect is not derived from first principles. The screening effect is calculated
separately for weak, intermediate and strong screening and then a
dimensionless correction parameter is applied to ensure the correct
screening method is used at the correct temperature or charge regime, as
shown in Figs 4.1. Weak screening occurs when the coulomb interaction
energy is much lower than the surrounding thermal energy, for this the
electrostatic Poisson-Boltzmann distribution is solved to find the chemical
potential correction factor. Intermediate and strong screening occurs when
there is sufficient density or when looking at highly charged particle
interactions.
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Figure 4.1: Charged particle screening [36]

SkyNet contains tabulated -decay rates as a function of both temperature
and electron fraction for both % and 5~ decays based on [21] and [33].

4.1.4 Nucleo

Nucleo [38] is the final code used in this comparison. This software is based
on code originally developed by Nicos Prantzos in the 1990s, since then it
has been updated extensively by Christian Illiadis and others at North
Carolina State University to provide functionality for reaction rate studies.
In 2009 it was upgraded to include tabular reaction rate inputs which allow
for sensitivity studies as shown in [17] and [38§].

The ODE solver was originally based on the Wagoner 2-step semi-implicit
algorithm from [61]. From work done in [39] it has since been upgraded to
use Gear’s backward differential formulas from [23] and is coupled with the
sparse matrix solver MA48 which is an updated version of the packages
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specified by [59]. This upgrade has increased the speed and accuracy of the
ODE solver. The new method uses the abundance from the previous
time-step and extrapolates a nucleosynthesis time-step. This is then
followed by a Newton-Raphson correction for an approximate implicit
differential method. As a result of the more accurate predictive
nucleosynthesis step, large time-steps can be processed with smaller
correction factors. Due to the prediction-correction this method allows for
the computation of numerical errors, like the Bader-Deuflhard method.
Nucleo is designed to read the StarLib reaction rate tables, however for
these tests it instead used the default Reaclib reaction rate library that has
been converted to a tabulated form. This code is not designed as an
all-purpose nucleosynthesis code, has not been designed to handle r-process
nucleosynthesis and is not an adaptive network. As a result of this each
scenario has a separate network constructed. Each network only contains
the isotopes needed for nucleosynthesis flow in that specific environment
and the r-process trajectory has not been simulated inside Nucleo. As a
result of this a direct comparison between Nucleo and the other codes
cannot be made as the largest network that can be used only has 1,500
isotopes, less than a third of the size of the networks used in NuGrid,
PRISM and SkyNet.

4.2 PPN code comparison results

To understand the impact that different Post Processing Networks can have
on a selected environment, a detailed analysis of the elemental and isotopic
abundances for each scenario was undertaken. NuGrid, PRISM and Nucleo
provide isotopic abundance outputs, whereas SkyNet provides abundances
as a function of proton number or mass number. Nucleo uses specific
networks that are much smaller than the other three codes, therefore it may
limit the production of isotopes if the nucleosynthesis reaches the network
boundary. For each environment the elemental mass fraction from PRISM,
SkyNet and Nucleo were compared to the NuGrid results.

4.2.1 Simple Hydrostatic burn

The elemental mass fraction for a simple hydro-static burn run is shown in
fig 4.2. For this low temperature and density environment the main
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nucleosynthetic process that occurs is p-p chain reactions, leading to high
Helium mass fractions, which is seen across all the codes. The largest
difference in mass fraction is seen at Beryllium. Nucleo produces a much
higher mass fraction when compared to NuGrid and SkyNet, whereas
PRISM destroys all the available Beryllium resulting in a mass fraction
below the threshold limit of 1 x 1071°. There are also significant differences
in the unstable elements Technetium and Promethium. Due to the low
temperature there is very little nucleosynthesis occurring in this region and
so the difference in these elements is likely a result of different references
used the for the decay libraries of unstable nuclei. Overall the networks
produce a similar pattern of elemental mass fractions.

Simple Hydrostatic burn code comparison
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Figure 4.2: Final Elemental mass fractions for a simple hydro-static burn

using NuGrid (Black), PRISM (Green), Nucleo (Red) and SkyNet (Blue).

To understand the difference in the elemental mass fractions the ratio of
difference is shown in fig 4.3. For this the elemental mass fraction produced
in PRISM, SkyNet and Nucleo are divided by the elemental mass fraction
in NuGrid to produce a ratio of mass fractions. The left side of figure 4.3
shows elements below Carbon, where the most nucleosynthesis occurs for
this trajectory. SkyNet, PRISM and Nucleo produce a Helium mass fraction
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to within 10% of the mass fraction produced by NuGrid. Both PRISM and
Nucleo produce helium mass fractions of 0.921 and 0.930 respectively,
whereas NuGrid and SkyNet result in 0.848 and 0.821. The larger mass
fractions in PRISM and Nucleo are due to the different screening methods
that they use. Both PRISM and Nucleo use a simpler screening method
compared to NuGrid and SkyNet. The helium mass fraction is the largest
mass fraction of all elements in the system as expected for p-p chain
scenarios. The Hydrogen mass fractions are all within an order of
magnitude, however PRISM and Nucleo both end with less than half the
amount of Hydrogen compared to NuGrid and SkyNet, as in both PRISM
and Nucleo more hydrogen is fused to produce the larger helium mass
fractions. The neutron mass fraction from Nucleo, SkyNet and PRISM are
all under-produced when compared to NuGrid, however the final neutron
mass fraction is below the threshold in all four of the codes and so this
difference can be disregarded. The Beryllium mass fraction has the largest
disparity across all four of the codes. With Nucleo producing over 100
times the amount seen in NuGrid, SkyNet producing half the amount and
PRISM completely destroying it all. This is due to the different decay
information that the codes use, as the beryllium that is produced is
unstable “Be and 8Be, as well as the different screening methods.
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Simple Hydrostatic Burn code comparison
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Figure 4.3: Ratios of elemental mass fractions for PRISM (Green), SkyNet
(Blue), and Nucleo (Red) compared to NuGrid (Black dashed horizontal line)
are shown. This represents the over or under production of each element
when compared to the NuGrid mass fraction. Elements below Carbon are
shown in the left figure, and elements above Carbon are shown on the right.

Looking at elements above Carbon, figure 4.3 shows that the results from
PRISM and SkyNet match extremely well with the NuGrid elemental mass
fractions. All other discrepancies between PRISM and NuGrid within this
region have a mass fraction within 20% of the NuGrid value. However,
Nucleo produces higher mass fractions for all elements other than Lithium,
Boron, Chlorine, Rubidium, Indium and Tungsten. The exact cause for the
differences seen in Nucleo are still not understood and require further
investigation. Both Technetium and Promethium have significantly
different mass fractions in figure 4.2, as these elements do not have any
stable isotopes the difference in mass fractions is likely due to the different
references used for decay data for unstable nuclei. Overall, NuGrid, PRISM
and SkyNet all produce very similar mass fraction distributions for
elements above carbon, however Nucleo shows differences for each element
and does not agree with the other codes for this simple trajectory.
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4.2.2 X-ray Burst

The final elemental mass fractions for an X-ray burst are shown in figure
4.4. From this it is clear that each code models the X-ray burst
environment very differently, but there are some trends that can be seen
across different codes.

SkyNet is the only network to destroy all the available Hydrogen during the
trajectory, whereas NuGrid and PRISM end the simulation with almost the
same mass fraction and Nucleo results in approximately 20% of the original
Hydrogen mass fraction.

SkyNet is also the only network to produce intermediate mass elements
between Neon and Calcium. During the trajectory SkyNet fuses the
hydrogen with seed nuclei from the initial composition to produce isotopes.
This region is expected to see an increase in mass fraction when compared
to the initial abundance of the system, however as NuGrid, PRISM and
Nucleo all result in a much lower mass fraction for this region it highlights
the impact of the different screening method used in SkyNet. As SkyNet
uses a combined screening effect which changes as a result of isotope
charge, figure 4.1, and temperature, whereas the other codes use screening
methods that vary only as a function of temperature. This means that for
elements greater than neon the screening effect in SkyNet is weaker than
the screening effect in the other three codes.
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X-ray Burst code comparison
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Figure 4.4: Final elemental mass fractions for an X-ray burst trajectory.
NuGrid is shown using black stars, PRISM is shown using green circles,
Nucleo is shown using red X’s and SkyNet is shown using blue crosses.

NuGrid, PRISM and Nucleo all produce a peak at Calcium, this is due to
the “°Ca isotope. It is doubly magic, meaning the proton and neutron shells
are closed, and adding another nucleon to the nucleus requires more energy
as it will be unpaired and in a much higher energy level. As the trajectory
evolves material is trapped in the stable “°Ca until the temperature is high
enough to produce *'Sc, but other isotopes in the same mass region still
undergo nucleosynthesis.

The most abundant element in all networks (other than Hydrogen) is
Cadmium. As this is a high temperature (1.91 GK), proton rich scenario
rp-process nucleosynthesis is expected to occur, producing material up to
the Tin Tellurium cycle. All four codes produce the same elemental mass
fraction shape, however NuGrid is approximately two orders of magnitude
smaller for all element between Zinc and Cadmium, as seen in figure 4.5.
Further analysis reveals NuGrid shows a higher ratio of proton emission to

B decay from unstable isotopes near the proton drip line, therefore
resulting in the high hydrogen mass fraction and lower mass fraction for
elements up to Tin.
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X-ray Burst code comparison
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Figure 4.5: Ratios of elemental mass fractions for PRISM (Green), SkyNet
(Blue), and Nucleo (Red) compared to NuGrid (Black dashed horizontal line)
are shown. This represents the over or under production of each element
when compared to the NuGrid mass fraction. Elements below Carbon are
shown in the left figure, and elements above Carbon are shown on the right.

For elements beyond the Tin Tellurium cycle there is a sharp decline in
mass fraction, as seen in NuGrid and SkyNet (with NuGrid once again
showing mass fractions three to four orders of magnitude below SkyNet),
PRISM however shows a significant mass fraction for elements up to
Neodymium before sharply declining. While there will be some
nucleosynthesis for elements in this region this is still higher than expected
as there are no seed nuclei in the initial abundance and the Tin Tellurium
cycle limits proton captures. Nucleo also shows evidence of continued
nucleosynthesis beyond Tin, with elements up to Bismuth being produced.
This is due to the smaller network in Nucleo. As this network does not
reach as far into the proton rich side of the nuclear chart as the other codes.
In Nucleo material reaches the network boundary and is instantly S+
decayed, but in NuGrid, PRISM and SkyNet the material is able to
continue capturing protons and produce nuclei that may decay via proton
Or «v emission.
Overall the four codes produced similar patterns of elemental mass fraction,
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but with significant differences in different mass regions. Low mass fractions
for intermediate elements are seen in NuGrid, Nucleo and PRISM. High
mass fractions for elements between Nickel and tin are seen in all codes but
NuGrid underproduces these isotopes by three orders of magnitude
compared to the other codes. A sharp decrease in mass fraction for elements
above tin is seen in NuGrid, Nucleo and SkyNet, with PRISM showing
much higher mass fractions for elements between tin and Neodymium.
Elemental mass fractions for elements heavier than dysprosium are below
threshold in NuGrid, PRISM and SkyNet but are much higher in Nucleo.
NuGrid is the only code to show evidence of all four trends.

4.2.3 Weak s-process

Like with the r-process scenario, the weak s-process scenario has only been
run in NuGrid, PRISM and SkyNet. The three codes produce similar mass
fraction distributions for elements heavier than carbon and lighter than
barium, as shown by Figure 4.6. There are large differences in the low mass
isotopes up to and including Boron. For most elements the mass fraction
ratio is near 1, showing very similar mass fractions, however a few elements
do not fit this trend, such as nitrogen with SkyNet only producing 14% of
the mass fraction NuGrid produces. For elements between Nickel and
Antimony both SkyNet and PRISM produce the same mass fractions,
whereas NuGrid under-produces elements within this range, except
Niobium.
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Figure 4.6: Final elemental mass fractions for a weak s-process trajectory.
NuGrid is shown using black stars, PRISM is shown using green circles and
SkyNet is shown using blue crosses.

For all elements above Barium PRISM produces elemental mass fractions
over an order of magnitude lower than NuGrid and SkyNet. As this is a low
temperature and low density trajectory and the material in this region
consists of stable isotopes in the initial composition it is not expected for
this to vary much from the initial mass fractions. The reduced elemental
mass fractions come from neutron captures onto stable nuclei which then
decay into lower mass nuclei via proton, or alpha emission. This results in
excited states in the daughter nuclei which can then decay via the same
emission, even if the daughter nuclei is stable in the ground state. As
PRISM is designed for r-process nucleosynthesis it incorporates decays from
excited state nuclei in detail.
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Weak S-process code comparison
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Figure 4.7: Ratios of elemental mass fractions for PRISM (Green) and
SkyNet (Blue) compared to NuGrid (Black dashed horizontal line) are shown.
This represents the over or under production of each element when compared
to the NuGrid mass fraction. Elements below Carbon are shown in the left
figure, and elements above Carbon are shown on the right.

Figure 4.7 shows the ratio of elemental mass fraction from both SkyNet and
PRISM compared to NuGrid and other than elements below carbon and
the unstable elements Technetium and Promethium there is clear
consistency across the codes.

Figure 4.7 shows the ratio of elemental mass fraction from both SkyNet and
PRISM compared to NuGrid, and shows that the mass fractions for
elements heavier than carbon are all within a factor of 10, with the
exception of technetium and promethium (again the difference in these
elements is due to the different decay data used in each code). However, the
destruction of isotopes above Barium in PRISM highlights the importance
of ensuring these environments are run in more than one post processing
network.
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4.2.4 Common envelope with 128 x 10_5M@s_1
accretion rate

The final environment used in the code comparison are common envelope
accretion disk trajectories. For the 128 x 107> Mgs™! trajectory the peak
temperature reached is 8.78 GK. As this is a relatively new scenario the
type of nucleosynthesis that occurs is not fully known. The resulting
elemental mass fractions are shown in figure 4.8 and each code shows a
similar shape. All codes destroy a large fraction of elements between carbon
and cobalt but to different extents. NuGrid has the highest fraction of
elements in this region, followed by SkyNet, then Nucleo and PRISM has
the lowest fraction in this region. For elements between Nickel strontium
are produced but with PRISM having the largest mass fractions. Followed
by SkyNet and Nucleo, which both have very similar mass fractions, and
then NuGrid with the lowest mass fractions for elements in this region.
This is a result of the temperature evolution of the trajectory. The material
is quickly heated to 3 GK, before steadily climbing up to 8.78 GK. During
this rapid proton capture reactions produce elements heavier than iron and
destroy elements bellow iron until it reaches NSE, at which point the
elements heavier than iron undergo photodissociation and are then
destroyed via the inverse production reaction, proton emission. The most
abundant element in SkyNet, PRISM and Nucleo is zinc with mass
fractions of 0.344, 0.344 and 0.363 respectively, but the most abundant
element in NuGrid is copper with a mass fraction of 0.466. The mass
fraction of zinc in NuGrid is 0.270, which means that SkyNet and PRISM
produce 127% of this and Nucleo produces 135% of this.
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Common Envelope 128e-5 Accretion Rate code comparison
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Figure 4.8: Final elemental mass fractions for a common envelope accreting
128 x107°Ms~'. NuGrid is shown using black stars, PRISM is shown using
green circles, Nucleo is shown using red X’s and SkyNet is shown using blue
CTOsses.

Figure 4.9 shows the extent of the differences produced by Nucleo, SkyNet
and PRISM when compared to NuGrid. From this it is clear that SkyNet
produces elemental mass fractions between neon and iron that are an order
of magnitude smaller than the mass fractions produced by NuGrid, Nucleo
produces elemental mass fractions nearly two orders of magnitude smaller
for this range of elements. In PRISM, between Oxygen and Argon,
excluding Sulphur, and all elements above Indium are below the mass
fraction threshold, and are assumed to have zero contribution to the total
PRISM mass fraction. SkyNet is the only code that produces a very small
fraction of neutrons, and as NuGrid does not produce neutrons figure 4.9
shows a peak in SkyNet. However, the mass fraction of neutrons in SkyNet
is 1.52x 10737, which is smaller than the convergence criteria (therefore
smaller than the associated uncertainty) and can be disregarded.
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Figure 4.9: Ratios of elemental mass fractions for PRISM (Green), SkyNet
(Blue), and Nucleo (Red) compared to NuGrid (Black dashed horizontal line)
are shown. This represents the over or under production of each element
when compared to the NuGrid mass fraction. Elements below Carbon are

shown in the left figure, and elements above Carbon are shown on the right.

Overall the elemental mass fraction shape produced in NuGrid, PRISM,
SkyNet and Nucleo are the same. However, there are significant differences,
greater than an order of magnitude, between the codes. This highlights how
these post processing codes can vary when modelling extreme environments
such as this common envelope. If the results from PPN codes are then used

to study galactic chemical evolution (GCE) the choice of code may
significantly impact the GCE study.

4.2.5 Common envelope with 8 x 10_5M©s_1 accretion
rate

The final scenario used in this comparison is a low accretion rate common
envelope accretion disk. Figure 4.8 shows the final mass fractions for a
common envelope with 8 x 107°Mxs~! feeding the accretion disk with a
peak temperature of 1.69 GK. This trajectory has a much lower peak
temperature and so does not enter NSE, but proton captures are still the
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dominant reactions. NuGrid, PRISM and SkyNet all produce the same
mass fraction pattern. There are some small differences in mass fractions,
for example the Vanadium abundance lowest in NuGrid, but SkyNet
produces 10% more than NuGrid and PRISM produces 24% more
vanadium than NuGrid.

10t Common Envelope 8e-5 Accretion Rate code comparison

—*— Nugrid
—e— PRISM
10714 @ —+— Skynet

1073
10*5 4

10-7 4

Mass fraction

10—9 4

10-11 4

10—13 4

10—15

Element

Figure 4.10: Final elemental mass fractions for a common envelope accreting
8 x 107°Mgs~'. NuGrid is shown using black stars, PRISM is shown using
green circles and SkyNet is shown using blue crosses.

Figure 4.11 shows the ratio of elemental mass fraction produced in SkyNet
and PRISM compared to NuGrid. Unlike the previous scenarios (not
including the simple hydro-static burn trajectory) this trajectory produced
elemental mass fractions for elements above Carbon that are within an
order of magnitude of NuGrid. The largest discrepancies are with the
Nitrogen and Aluminium mass fractions. The Nitrogen abundance in all
three codes is below the mass threshold, therefore PRISM assumes this as
zero contribution and does not have a ratio within an order of magnitude.
The difference in Aluminium mass fraction is a result of NuGrid containing
a decay for the 2°Al meta-stable state from [46] that is not included in
SkyNet or PRISM.
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Figure 4.11: Ratios of elemental mass fractions for PRISM (Green) and
SkyNet (Blue) compared to NuGrid (Black dashed horizontal line) are shown.
This represents the over or under production of each element when compared
to the NuGrid mass fraction. Elements below Carbon are shown in the left
figure, and elements above Carbon are shown on the right.

4.3 Conclusions from PPN code
comparisons

As seen in this chapter there are many factors to consider when using Post
Processing Nucleosynthesis networks and choosing the correct network for a
specific scenario is important. Each code used in this comparison was
carefully adapted to use the same input nuclear physics and the same size
network. However, most users of software such as these will not be aware of
the impact that different reaction rate libraries may have, or how significant
the differences may be when using a different network for the same scenario.
All the subsequent common envelope data presented was produced using
NuGrid, as there is more functionality than the other three codes. NuGrid
provides detailed reaction flux data for each time-step of the simulation, as
well as providing isotopic mass fractions for each isotope in the network at
each time-step. SkyNet only provides elemental or isobaric mass fractions
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for the final time-step, and only stores the proton, neutron and alpha
particle mass fraction evolution. PRISM was designed for neutron rich
nucleosynthesis and evidence from [31] shows that proton rich
nucleosynthesis may occur during common envelope accretion. Nucleo was
not used as the maximum network size is limited to 1500 isotopes, whereas
NuGrid can run 5200 isotopes in the network.
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Chapter 5

Nucleosynthesis Results in
Common Envelope Scenarios

This chapter presents the results for a range of common en-
velope trajectories where the accretion rate, neutron star
mass, angular momentum and initial composition are var-
ied. Depending on the accretion rate and initial composition
different reaction pathways are used, and at large accretion
rates the same isotopic and elemental mass fraction distribu-
tions are reached as the high accretion rates lead to NSE.

5.1 Description of the common envelope
trajectories

As neutron star common envelopes are an active area of research the
nucleosynthetic processes that occur inside the accretion disk are not well
known, and so distinguishing the resulting explosion at the end of the CE

phase from other supernova is currently not possible. Further
understanding of the composition of the material ejected back into the
envelope from the accretion disk will provide an insight into the possible
observables that can come from the explosions at the end of the common
envelope phase. Studies such as [31] and [29] have investigated the accretion
process and provide a preliminary look into the type of material that can
be ejected but focus more on the accretion and ejection processes. This
chapter will further investigate the nucleosynthetic processes and resulting
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elemental and isotopic mass distributions using trajectories developed from
[31] with the inclusion of angular momentum of the accreted material.

Angular Momentum Accretor Mass  Accretion Rate Inner Radius
5% 107 em?s~! —15Mo— -1x107° Mgs ' — +-6.6700 x 10°cm
2% 1075 Mg s~! -8.3375 x 10° cm
4% 1075 Mgs~! -1.0422 x 10%cm

5% 10%em?s™!  ——2.0M, -1.3027 x 10%cm

-1.6284 x 10%cm

8% 107 Mgs™!

16 X107 Mos™ 50355 x 105em
32X 10 Mes™' 2,544 x 10%cm
64 X 107 Mg s™! -3.1805 x 10°cm
128 105 Myt | 39756 % 102cm

256 % 10°5 Mg 5! -4.9695 x 10°cm

S | 10422 10%cm
-~ 512x 107 Mo s~
1024 X 107 Mg s™!

Figure 5.1: A flow chart breaking down the different aspects of each common
envelope trajectory run.

Figure 5.1 shows the components of each trajectory run. Two different
angular momenta were investigated, each for two different neutron star
masses coming to four different scenarios. Each of these scenarios has 11
different potential accretion rates depending on the separation of the
neutron star and its companion. Each of these accretion rates form an
accretion disk around the neutron star, as disk winds eject material at
different points within the disk each accretion rate is broken down into ten
different inner radii where material is then ejected. Figure 5.2 shows how
the different inner radii impact the shape of the temperature and density
evolution of a trajectory.

During the development of the trajectories, it was assumed that across the
length of the trajectory the mass of the neutron star remains unchanged.
To account for this each trajectory run is not treated as a completed
evolution of the CE system, but instead used as a tracer trajectory, looking
at a snapshot of the accreted material and seeing how it evolves in a steady
state scenario (i.e. no change in neutron star mass or change in angular
momentum). Therefore, each trajectory investigated is not a complete
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component of the CE evolution, but a snapshot investigating how the
composition of a packet of material that is accreted into the disk at a
specific rate will change.

5.2 Contribution to ejecta from different
inner radii

During accretion approximately 10 to 20% of the accreted material is
ejected along the axis of rotation [20]. As the material falls towards the
neutron star surface a fraction of the material is heated to beyond escape
velocity and able to escape the accretion disk. This ejecta is the focus of
this study as the material will be mixed into the envelope which is then
ejected into the interstellar medium at the end of the common envelope
phase. Understanding the composition of the

Temperature profile of 2.0 Mg, neutron star accreting 2x10™>Mys~! with an angular momentum of 5x10*’cm?2s~1!
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Density profile of 2.0 My neutron star accreting 2x10™>M,s~! with an angular momentum of 5x10*’cm?2s~1
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Figure 5.2: Temperature (GK) and density (gcm) against time (seconds) for
a 2.0 M, neutron star accreting 2 x 107°Ms™! and an angular momentum
of 5 x 107em?s™1.

During the common envelope phase the accretion disk ejects some material
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from the disk as it falls towards the neutron star, leading to constant winds
from the accretion disk back into the envelope. To model this ten different
inner radii are assumed. At each of these points the material is ejected via
turbulent winds from inside the disk and cools as it returns to the envelope.
As the material falling in the disk follows the same path the trajectories are
similar, as shown by figure 5.2, but the peak temperature reached increases
for each trajectory that gets closer to the neutron star surface and the
material ejected at each inner radii cools to a different final temperature.
Elemental mass fractions ejected at ten different inner radii for a 2Mg
neutron star accreting 2x107°Mgs~! with an angular momentum of
5% 10 em?2s~1 are shown in figure 5.3. The plot in the top left of the figure
shows the elemental mass fractions from material ejected closest to the
surface of the neutron star and the plot in the bottom right of the figure
shows the results from material ejected at the furthest point from the
neutron star. From this it is clear that as the material approaches the the
neutron star nucleosynthesis destroys low mass isotopes and the bulk of the
material is pushed further up the nuclear chart.
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Elemental mass fractions for each inner radii for a 2.0 M, neutron star
accreting 2x10~> Mo s~ ! with an angular momentum of 5x107 cm?s~1

Inner R = 8.89x10° cm Inner R = 1.11x10° cm
1073 4 1073
1077 4 1077 4
10711 4 10711_
107 L u T T T T T T T T 107 T T T T T T T T T
Nn B Ne P Ca Mn Zn Br Zr Rh Sn Nn B Ne P Ca Mn Zn Br Zr Rh 6Sn
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Figure 5.3: Elemental mass fractions for each inner radii for a 2.0 Mg neutron
star accreting 2 x 107°M,s~! and an angular momentum of 5 x 107 em?s™1
The black line in each plot shows the initial abundance of the trajectory and
the magenta lines show the averaged elemental mass fraction across all inner
radii.

The contribution from each inner radius model is assumed to be equal and
so an average mass fraction can be calculated, as shown in each plot by the
magenta line. The average shows that the material produced closest to the
neutron star surface does not produce the largest mass fraction of heavy
elements such as rhodium and palladium, these elements are produced when
the material is ejected 1.38x10%m away from the neutron star surface. It
is also clear that the contribution to isotopes below iron is mostly from
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trajectories that do not get closer than 2.17x10%m to the neutron star.
The four largest inner radii trajectories produce very similar mass fraction
distributions for elements between silicon and calcium, as shown by the
plateau. These trajectories produce equal mass fractions of calcium and
iron, but trajectories with inner radii closer to the neutron star produce
higher mass fractions of iron group elements and the silicon to calcium
region is destroyed. The average mass fraction (shown in magenta in figure
5.3) preserves the plateau between silicon and calcium seen at high inner
radii while also showing the larger zinc mass fraction seen in the innermost
radii. Even though these trajectories follow the same initial temperature
and density evolution they reach different peak temperatures and cool the
material at different rates during ejection. Overall the average mass
fraction accurately represents the final composition of the ejected material
mixed back into the envelope.

The maximum temperatures of these trajectories varies between 0.910 GK
and 3.11 GK, which is below the expected NSE temperature region. As
many high accretion rate trajectories have peak temperatures within the
NSE temperature range the amount of time spent in NSE may affect the

resulting final elemental and isotopic mass fractions. Figure 5.4 shows the

temperature and density profile of a 2M neutron star accreting
512x10My s~ with an angular momentum of 5x10'®cm?s~!. This is a
lower angular momentum trajectory and so the material spends more time
in the accretion disk and is able to reach higher temperatures as a result.

The peak temperatures range from 3.638 GK up to 12.41 GK. This range

spans the expected NSE temperatures however as NuGrid is only able to

post process material up to 10 GK the closest four inner radii (8.89x10° to
1.74x10%cm) must be excluded from the average as these exceed this
temperature limit.
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Temperature profile of 2.0 My, neutron star accreting 512x107>Mys~! with an angular momentum of 5x1016cm?s!
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Figure 5.4: Temperature and density evolution for a 2.0 My neutron star
accreting 512 x 107°Mgs~! and an angular momentum of 5 x 10%cm?2s~1.

The final elemental mass fractions for the six inner radii with peak
temperatures below 10 GK are shown in figure 5.5. Nickel has the largest
mass fraction at every inner radii, and it is clear that for inner radii
between 3.39x10% cm and 6.62x10° cm almost identical elemental mass
fraction distributions are produced. For the lowest two inner radii, elements
between boron and nickel are destroyed and elements above nickel are
produced. Like before with the 2 x 107> M,s™! accretion rate trajectory the
resulting average mass fraction distribution preserves details produced from
individual inner radii, in figure 5.5 the average mass fraction for elements
above zinc is much higher than the mass fractions produced for all inner
radii other than 2.71x10%m. As material is ejected constantly during free
fall through the accretion disk this average ensures that these elements are
included in the final composition of the material. Overall the average
represents the composition of material ejected from the accretion disk very
accurately.
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Elemental mass fractions for each inner radii for a 2.0 M neutron star
accreting 2x10 ~> Mo, s~ ! with an angular momentum of 5x10'7 cm?s~1
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Figure 5.5: Elemental mass fractions for each inner radii for a 2.0 Mg neutron
star accreting 512x 107° M, s~ ! and an angular momentum of 5x 10%¢m?2s 1.
The black line in each plot shows the initial abundance of the trajectory and
the magenta lines show the averaged elemental mass fraction across all inner

radii.

Further investigation into the reaction flux, as shown in figure 5.6, show
that not all inner radii reach full NSE. These plots show the integrated
reaction flux at the peak temperature, around the nickel region for reactions
within two orders of magnitude of the reaction with the highest flux. For
the inner radii larger than 3.39x10%m it is not in full NSE as there are still
unbalanced forward and reverse reactions such as the **Fe(p,y) and the
%Ni(v,p), for which the inverse proton emission does not occur. The
reaction flux seen in the left most plot of figure 5.6 is for the 2.17x10%cm
inner radius and demonstrates the expected flux for the NSE state. The
central plot shows the flux for the next inner radius out and from this it is
clear that at the peak temperature conditions are close to NSE with many
forward and reverse reactions being balanced, however there are still
unbalanced (p,n) and (n,p) reactions between isotopes of cobalt and nickel
and the ®3Fe(p,n) reaction is only active in the forward direction.

102



2.17x10°cm Inner radius reaction flux 2.71x10°cm Inner radius reaction flux 3.39x10%m Inner radius reaction flux

30 102

294 29 5B ! 294 : 62

~N
@

1
N

|
~
°
8
Flu
Proton number

o o o
o N
8 & 3
NONN
W R O
v v ow
o N »

Proton number
NN
o
L

NN
)
\

26 30 32 26 28 30 32
neutron number neutron number neutron number

Figure 5.6: Integrated reaction fluxes ($4%) for three different inner radii for
a 2.0 M, neutron star accreting 512 x 107°Mys~! and an angular momentum
of 5 x 10%em?2s~1. The boxes in grey show stable isotopes.

From figures 5.5 and 5.6 it is clear that the high peak temperatures and
densities can lead to NSE nucleosynthesis, however each trajectory that has
a peak temperature within the NSE temperature range cannot be assumed

to produce the same elemental and isotopic mass fractions. The averaged
elemental mass fraction is still required for NSE trajectories, however as the

NSE data will produce high mass fractions of iron peak elements separate
averages will be taken for NSE and non-NSE mass fraction distributions.

5.3 Initial abundance variations for different
age and mass companions

The common envelope scenario studied in this investigation consists of a
neutron star and a companion expanding as it enters the core helium
burning phase. As the companion star expands and engulfs the neutron
star to form a common envelope, the quantity and composition of the
material entering the accretion disk surrounding the neutron star is
dictated by the position of the neutron star inside the common envelope
relative to the core of the companion. Two different masses of neutron star
were investigated, 1.5M and 2M(), each modelled inside a companion
envelope of 12, 15 and 20M, at three different times after the companion
has undergone expansion into the red supergiant phase. The age of the
companion stars as they expand is shown at the top of figures 5.7, 5.8 and
5.9. Each age will be referred to as either early, mid or late phase expansion
as these points occur at different times for the different companion masses.
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Early phase expansion occurs when a 12M star is 1.7582x 107 years old,
when a 15M, star is 1.256x 107 years old and when a 20M, star is
8.746x10° years old. Mid phase expansion occurs when a 12M, star is
1.7597x 107 years old, when a 15M,, star is 1.257x107 years old and when a
20M,, star is 8.780x10° years old. Then the late expansion phase occurs
when a 12M, star is 1.7604x 107 years old, when a 15M, star is 1.258x107
years old and when a 20M,, star is 9.028x10° years old.

For each combination of neutron star mass, angular momentum, companion
mass and companion age a set of trajectories for eleven accretion rates have
been calculated using Bondi-Hoyle accretion approximations as detailed in
section 2.3. The accretion rate is dictated in part by the density of the
material in the common envelope, which is directly dependant by the radial
position of the neutron star relative to the core of the companion. Using
MESA stellar models for massive stars taken from [54] exact compositions
can be calculated for each accretion rate across all companion masses and
ages after expansion. Figures 5.7, 5.8 and 5.7 show the distribution of
hydrogen and helium as a function of distance from the core of a 12M, star
as it undergoes expansion into the core helium burning phase. Table 5.1
shows the accretion rate, radial position inside the companion star and
hydrogen mass fraction for all common envelopes assessed. For some of the
highest accretion rates there are no positions within the envelope that can
provide the required mass transfer due to limitations as a result of the
Bondi-Hoyle accretion rate, and so these will not be included in the final
analysis.

The resulting isotopic and elemental mass fraction distributions can be
grouped into three main classifications: those that reach NSE, those that
do not and those accretion rates that partially enter NSE. NSE can be
identified by looking at the ratio of isotopic mass fraction at the peak
temperature compared to the isotopic ratio just before the peak
temperature. The left figure in figure 5.10 shows the ratio of isotopic mass
fractions at the peak temperature compared to ten time-steps before it for
a trajectory entirely in NSE. For NSE trajectories this type of ratio will
show material flow from unstable nuclei back to stability. In the case of the
common envelope this is seen in the form of unstable proton rich isotopes
being destroyed and stable isotopes being produced, as shown by the large
over production ratios for isotopes along the valley of stability. It is also
crucial to highlight the creation of isotopes on the proton rich side of the
valley of stability within the germanium to krypton range. These isotopes
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12Mp Early Star age:1.75817E+07 years
12M, Mid Star age:1.75969E+07 years
12Mg Late Star age:1.76042E+07 years
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Figure 5.7: The mass fraction of Hydrogen (dotted lines) and Helium (dashed
lines) and the associated accretion rate (solid lines) as a function of distance
to the centre of the 12M; companion as it undergoes expansion into the
core helium burning phase. The horizontal black dot dashed lines show the
accretion rate limits with the red dot dashed lines showing each accretion
rate. The vertical black dot dashed line shows the radius of the star before
undergoing expansion. The magenta crosses show where the outer radius is
at each stage in the expansion.
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15Mg Early Star age:1.25635E+07 years
15Mg Mid Star age:1.25740E+07 years
15Mg Late Star age:1.25834E+07 years
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Figure 5.8: The mass fraction of Hydrogen (dotted lines) and Helium (dashed
lines) and the associated accretion rate (solid lines) as a function of distance
to the centre of the 15My companion as it undergoes expansion into the
core helium burning phase. The horizontal black dot dashed lines show the
accretion rate limits with the red dot dashed lines showing each accretion
rate. The vertical black dot dashed line shows the radius of the star before
undergoing expansion. The magenta crosses show where the outer radius is
at each stage in the expansion.
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20M; Early Star age:8.74582E+06 years
20Mg Mid Star age:8.78012E+06 years
20Mg Late Star age:9.02809E+06 years
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Figure 5.9: The mass fraction of Hydrogen (dotted lines) and Helium (dashed
lines) and the associated accretion rate (solid lines) as a function of distance
to the centre of the 20M, companion as it undergoes expansion into the
core helium burning phase. The horizontal black dot dashed lines show the
accretion rate limits with the red dot dashed lines showing each accretion
rate. The vertical black dot dashed line shows the radius of the star before
undergoing expansion. The magenta crosses show where the outer radius is
at each stage in the expansion.
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Proton number

n
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are generated during nuclear statistical equilibrium (NSE) but have a
minimal mass fraction prior to reaching peak temperature, leading to
significant overproduction ratios.
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Figure 5.10: Left: The ratio of isotopic mass fractions for a 2Mg neutron
star inside a 12My companion envelope accreting 1024 x 107°Mgs™! and
an angular momentum of 5 x 10'7em?s~!. The ratio of mass fraction at
the peak over mass fraction ten time-steps before the peak temperature is
shown. Right: The ratio of isotopic mass fractions for a 1.5M neutron star
inside a 20M, companion envelope accreting 1 x 107> Mys~! and an angular

momentum of 5 x 10¢m2s—1

Non-NSE trajectories can be identified using the same ratio, as shown on
the right side of figure 5.10. During the peak temperatures and densities
these trajectories result in destruction of isotopes near the valley of
stability to produce unstable nuclei.
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5.3.1 1x10°M.s ! accretion rate

Initial elemental mass fractions accreting 1x10™>Mgs~!
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Figure 5.11: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 1x107°Mys~!. Elements above Sodium are unaf-
fected by the change in orbital position of the neutron star inside the com-

mon envelope.

The initial abundance variations for each companion at each phase after
expansion are shown in figure 5.11. The initial abundances from [54] are for
isotopes up to and including %2Ni. The main differences in the composition

from each companion are in elements between lithium and oxygen as the
companions cycle through CNO fusion. Using table 5.1 the radial position

dictates the composition of the envelope and therefore the composition of
the material entering the accretion disk.
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2.0M neutron star high ang mom 2.0M neutron star low ang mom
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Figure 5.12: Elemental mass fraction distributions for each neutron star mass
and angular momentum. Dotted lines represent the early phase expansion,
dashed lines represent mid phase expansion and dot-dashed lines represent
late phase expansion. Companion masses of 12M, are shown in red, 15M,
in blue and 20M,, in green.

Figure 5.12 shows the final elemental mass fraction distribution for an
accretion rate of 1x107°Mgs~! in each environment for the different
combinations of neutron star mass and angular momentum. For each of the
nine different environments that were studied they all result in a similar
mass fraction distribution. Comparing the results from the different
neutron star masses the only differences in mass fraction are for the CNO
isotopes. When accreting around a 1.5Mg neutron star the carbon,
nitrogen and oxygen mass fractions are an order of magnitude smaller when
compared to the results from the 2.0Mg neutron star. Figure 5.13 shows
the time spent above 0.1GK for each trajectory. Both of the 1.5M neutron
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star trajectories spend more time in this temperature region which then
lead to the destruction of CNO isotopes via proton capture reactions. The
2M,, neutron star with 5 x 1017em?s! has the largest final mass fraction
for beryllium. This trajectory spends the least amount of time above 0.1
GK, the 1.5M neutron star with 5 x 10'®cm?s™! has the smallest
beryllium mass fraction and spends the most time above 0.1 GK. The
beryllium is mostly produced via alpha capture onto >He, which is
produced via proton capture onto 2H. Therefore, beryllium production is
dependent on the initial hydrogen mass fraction and the destruction of
beryllium is dependent on the time spent at high temperature. All the
early expansion phase companions have the highest initial hydrogen mass
fraction, and these all end with the highest beryllium mass fraction (for
each different neutron star mass and angular momentum) and the
second-highest initial hydrogen mass fraction is in the 20M, late expansion
phase, which provides the second-highest beryllium mass fractions.

Temperature profile of 1.5 My, neutron star accreting 1x10™>Mys~1
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Figure 5.13: Time spent above 1 GK for all 1x107>Mgs~! accretion rate
trajectories. Dotted lines show trajectories with an angular momentum of

5 x 107em?s™1, dashed lines show trajectories with an angular momentum
of 5 x 10%em?2s~!
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Figure 5.14 shows the same as figure 5.12 but for elements with mass
fractions over 1x107%. Overall for each neutron star mass and angular
momentum the late phase expansion in companions of 12Mg and 15Mg,

lead to a higher production of elements between silicon and zinc, followed
by the mid expansion phase for a 15M, companion. The late expansion
phase 12M, environment has the highest initial helium mass fraction and
the lowest initial hydrogen mass fraction, H = 0.402 and He = 0.577, with
the late expansion phase 15Mg environment having the second-highest
initial helium and second-lowest hydrogen mass fraction, H = 0.460 and He
= 0.519. The early expansion phases produce the lowest mass fraction of
elements in this range and contains the highest initial fraction of hydrogen
and lowest initial fraction of helium, H = 0.706 and He = 0.273. This
indicates that elements in this region are predominantly produced via alpha
capture reactions and the variation in mass fractions for these elements are
a result of different initial helium mass fractions. There is less separation in
the elemental mass fractions over the 1.5Mg neutron star trajectories, again
this is due to the trajectory spending more time over 0.1GK. The variation
in angular momentum does not impact the resulting mass fractions
indicating that the proton and alpha capture reactions occur as the
material rapidly heats up to the peak temperature. For this accretion rate
the temperature in the accretion disk during this period is below 0.1GK.
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2.0M neutron star high ang mom

2.0M neutron star low ang mom
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Figure 5.14: Elemental mass fraction distributions greater than 1x1075 for
each neutron star mass and angular momentum. Dotted lines represent the
early phase expansion, dashed lines represent mid phase expansion and dot-
dashed lines represent late phase expansion. Companion masses of 12M, are
shown in red, 15Mg in blue and 20My in green.
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5.3.2 2x10°M.s ! accretion rate

Initial elemental mass fractions accreting 2x10™°Mgs~!
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Figure 5.15: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 2x107°M s

The initial elemental mass fractions used for the 2x1075Ms~! accretion

rate are shown in figure 5.15. To achieve this accretion rate the neutron
star must be much closer to the companion core for each environment,
figures 5.7, 5.8 and 5.9 show the accretion rate change as a function of
radial distance for each companion mass and age. For each environment the
neutron star must be approximately 0.5R closer to the companion core to
achieve the 2x107°Mys~! mass transfer. For the 15M companion midway
through the expansion phase this results in the neutron star entering the
boundary between the hydrogen envelope and the helium envelope,
accreting an almost even mixture of hydrogen and helium (H = 0.460 and
He = 0.519). The main changes in all environments are in the fractions of
CNO isotopes and the ratio of hydrogen to helium, which then impact the
type of nucleosynthesis possible as a lower hydrogen mass fractions lead to
less proton capture reactions.
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2.0M neutron star high ang mom 2.0M neutron star low ang mom

100 — 100 37—
107 5 h 10714 h
| |
1024} 1024
| |
107y 102 ]
Nl Nl
1074 4 } 1074 4 }
1075 4 A 1075 4
| £ I
10541 10541
5 1 I
5 1074 ' ! } ! ! ! 107 H L ! ‘ ! ! !
® 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
&
@ 100 1.5M neutron star high ang mom 100 1.5M neutron star low ang mom
e "
10714 g 1071 4 g
} \\ } \\
1072 4 10-2 4
| A N | 28 oL
103 4] f”,\f%‘ AR 10241 f”‘/\fg AR
| T % | F %
104 4 I ‘ 10744 I ‘
-5 I i ‘ -5 I . ‘
1075 4 } §‘ 1075 4 { g §‘
1076 4 1076 4
| t TN t
1074 ! ! } ! ! 1074 A | | ! ! !
0 15 20 25 30 35 0 5 10 15 20 25 30 35
Element (Z) Element (2Z)

Figure 5.16: Elemental mass fraction distributions greater than 1x10~7 for
each neutron star mass and angular momentum. Dotted lines represent the
early phase expansion, dashed lines represent mid phase expansion and dot-
dashed lines represent late phase expansion. Companion masses of 12M, are
shown in red, 15Mg in blue and 20My in green.

The resulting elemental mass fractions from each environment are very
similar, as shown in figure 5.16. The distribution once again peaks around
the iron group, but unlike the 1x1075Ms™! accretion rate trajectory the
mass fraction of CNO elements are not impacted by the neutron star mass.
This is because the time spent above 0.1GK is the same for both neutron
star masses. Figure 5.16 also shows that the late phase expansion for each

companion mass produce higher mass fractions of CNO elements and
elements between silicon and cobalt, and the elemental distributions
produced by the mid expansion phase are the same for each companion
mass. This is because the initial mass fractions for the mid-expansion phase
environments are all very similar, with the smallest hydrogen mass fraction
(for the 12M, companion) being 94% of the largest hydrogen mass fraction
(for the 20M companion). This figure also shows the correlation between
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beryllium mass fraction and time spent at high temperatures, as seen for
the 1x1075Ms~! accretion rate.

Figure 5.17 shows the strongest flux reactions to occur in each environment
for a 2.0M, neutron star with 5 x 107em?s~! angular momentum. The
main reaction channels used are proton captures, with very little variation
as a result of companion mass or age. The early phases reach further into
the proton rich region of the nuclear chart after nickel leading to the
reduced mass fraction of elements leading up to the iron peak. In all
environments it is clear that rapid proton capture drives nucleosynthesis as
the successive proton captures are the dominant reaction. This is indicative
of the rp-process. This is supported by the production of proton rich
isotopes, such as *Ti and °°Ni, in each environment, however the full
rp-process is not achieved as the mass fractions of isotopes in the
tin-tellurium region are unaffected. It is likely due to the lack of heavy
isotopes of seed nuclei and the short period of time at the peak of the
trajectory. The trajectory also shows o capture reactions on Mg and *°S.
However, compared to 1.3 they are at a much lower flux, this is due to the
very short time spent above 1GK in each trajectory.
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Figure 5.17: Final integrated flux (Z%) for a 2M; neutron star with
5 x 107em?s™! for each companion mass and phase after expansion. The
integrated flux shows the total amount of material that has flowed through
that reaction channel over the course of the trajectory.
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5.3.3 4x10°M_s ! accretion rate

Initial elemental mass fractions accreting 4x10™°Mgs~!
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Figure 5.18: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 4x107°Mg s

The initial mass fractions for the 4x1075Ms~! accretion rate trajectory

are shown in figure 5.18. This is again similar to the previous two elemental
distributions, but the late phases contain more helium than hydrogen and
the early and medium phases have almost equal fractions of hydrogen and
helium. As with the previous two accretion rates, the mass fractions for
elements above neon do not change across the different environments.
Figure 5.19 shows the final elemental abundances for the 4x107°Mgs™!
accretion rate. At this accretion rate the 12M, companion during the late
expansion phase leads to higher fractions of elements between nitrogen and
nickel, while also under producing elements between zinc and ruthenium.
The 1.5Mg neutron star trajectory in the same companion mass and age
produces a very similar distribution to the 2.0Mg trajectory but with a
higher mass fraction of carbon. This is due to the longer time spent
orbiting the neutron star at the edge of the accretion disk, at 0.11Gk, in
which the triple o reaction produces 2C. The distributions produced by
the other environments (15Mg and 20M, all phases and early and mid
phase for 12M) all produce distributions similar to the previous two
accretion rates, producing proton rich material predominantly via proton
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capture reactions but also through a capture reactions.
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Figure 5.19: Elemental mass fraction distributions greater than

4x107°Mys~! for each neutron star mass and angular momentum. Dotted
lines represent the early phase expansion, dashed lines represent mid phase
expansion and dot-dashed lines represent late phase expansion. Companion
masses of 12My are shown in red, 15Mg in blue and 20M, in green.

Figure 5.20 shows the final reaction flux for a 2Mg neutron star inside the
three different mass companions during the late phase expansion. It is clear
that the composition of the material accreted from the 12M. companion
causes the difference in the final elemental mass fractions as the high
fraction of helium leads to more « capture reactions close to the valley of
stability compared to the 15M and 20M companions. In all environments
the (p,y) reaction channels are the strongest and the « capture reactions
onto 2Mg and 3°S do occur but at a much lower flux. The differences seen
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Figure 5.20: Final integrated reaction fluxes (Z%) for each companion mass
in the late phase of expansion.

in the reaction flux when compared to 1.3 are due to the different
composition of the material. The common envelope environments all have a
higher initial fraction of helium compared to the study conducted in [60].
These trajectories also spend a much shorter time at extreme temperatures
(grater than 1GK) when compared to the study conducted in [60].
However, the reaction pathways seen in the common envelope accretion
disks are the same as those seen in 1.3 and so the rp-process does occur at
this accretion rate.
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Figure 5.21: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 8x107°M s

The initial mass fractions for the 8x1075Ms~! accretion rate, displayed in
figure 5.21, reveal a continued decrease in the hydrogen mass fraction as the
accretion rates increase. This trend is observed for a neutron star located
closer to the centre of the companion, compared to the previous accretion
rate. Figures 5.7 and 5.8 shows that, for 12 and 15M, companion masses,
the mid and late phase expansion environments see the neutron star
accreting material from the helium envelope. This suggests that the main
reaction mechanism that will occur for this accretion rate will be «
captures, not proton capture reactions as seen in the previous accretion
rates.
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Figure 5.22: Elemental mass fraction distributions greater than

8x107°My st for each neutron star mass and angular momentum. Dotted
lines represent the early phase expansion, dashed lines represent mid phase
expansion and dot-dashed lines represent late phase expansion. Companion
masses of 12My are shown in red, 15Mg in blue and 20M, in green.

Figure 5.22 shows the resulting elemental mass distribution for each
environment and there are significant differences depending on the
companion mass and age after companion expansion. The 20M, companion
produces the same elemental distribution regardless of age, which is the
same distribution up to nickel as the previous three accretion rates.
However, it now produces much higher fractions of elements above
zirconium as a result of the higher temperatures being reached and the
relatively higher mass fraction of hydrogen when compared to the 12 and
15M,, companions. For the 15Mg companion, both the early and mid phase
environments provide the same mass fraction distribution as both of these
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environments have the same initial mass fraction distribution, as seen in
figures 5.21 and 5.8. For these phases in the 15M companion the material
partially enters NSE, as shown by the sharp peak at nickel, but
contributions from larger inner radii (with lower peak temperatures) are
not in NSE resulting in some material beyond nickel being produced.
As the material falls towards the neutron star the contributions from inner
radii close to the neutron star provide NSE elemental distributions, but the
contributions from inner radii further away do not reach NSE and so
provide elemental mass fractions for isotopes beyond the iron peak that
would not normally be seen if the whole trajectory had entered NSE. This
is seen more in the 15M companion environment than in the 12Mg
companion. As « captures are closer to stability a small amount of material
to continues to fuse beyond nickel along stability, resulting in a higher
fraction of bromine to cadmium when compared to lower accretion rates.
Figure 5.23 shows the final integrated flux for a 2My neutron star with
angular momentum of 5 x 10'7em?s~! in each companion environment.
This clearly shows the change in nucleosynthesis for the mid phase 15Mg,
companion. This environment has the lowest initial hydrogen mass fraction
and so results in significantly more a capture, this is due to the position of
the neutron star inside the common envelope that is needed to achieve this
accretion rate (as seen in figure 5.8). This figure also highlights the lack of
a capture reaction in the 20My, environment. The o capture reactions that
do occur are around the nickel peak, whereas in both the 12 and 15M4
environments there are a capture reactions occurring between low mass
stable nuclei. This traps material in the lower mass region leading to lower
production of elements above nickel.
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Figure 5.23: Integrated flux (E‘%) for a 2M neutron star with angular
momentum of 5 x 107em?s~! for each companion mass and phase after com-
panion expansion.
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5.3.5 16x10°M.s ! accretion rate

Initial elemental mass fractions accreting 16x10°Mys™!
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Figure 5.24: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 16x107° My s~ L. Elements above

The initial mass fractions for the 16 x 107 Mys~! accretion rate are very
similar to the previous 8x107° Mys™! for 12 and 15M companions. From
figures 5.7 and 5.8 it is clear that this is due to the sharp increase in the
accretion rate relative to the decrease in hydrogen mass fraction. This
increase is due to the 8-32x107° Mys~! accretion rates occurring near the
boundary between the hydrogen and helium layers in the 12 and 15M
companions. The 20M; companion still has an almost equal amount of
hydrogen and helium at this accretion rate as the density in this
environment is much higher at the bottom of the hydrogen envelope.
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Figure 5.25: Elemental mass fraction distributions greater than
16x107°Mys~! for each neutron star mass and angular momentum. Dot-

ted lines represent the early phase expansion, dashed lines represent mid
phase expansion and dot-dashed lines represent late phase expansion. Com-
panion masses of 12My, are shown in red, 15My in blue and 20Mg, in green.

At this accretion rate the final elemental mass fractions for the 12 and
15M, companions show evidence of NSE nucleosynthesis. This is clear from
the sharp peak at nickel, followed by the low production of elements beyond
the iron peak. In both of these environments, helium has the highest initial
mass fraction and so successive « capture reactions are dominant, resulting

in material close to the valley of stability being produced. Proton capture
reactions do occur but due to the much lower initial hydrogen mass fraction
they are much less frequent and are also competing with a capture
reactions as a result of the high helium mass fraction. Leading up to the
peak temperature these environments produce small fractions of elements
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heavier than nickel, but much less compared to the 20M, as alpha capture
reactions in this mass region have much smaller cross-sections when

compared to the proton capture reactions seen in the 20Mg,.
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Figure 5.26: Final isotopic mass fraction distribution for a 1.5Mg neutron
star with angular momentum of 5 x 10%e¢m?2s~! for each companion environ-
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produces lower mass fractions of elements between neon and nickel as
proton capture reactions are still dominant. As these have a lower energy
threshold than « captures more material in the 20Mg environment is
pushed beyond nickel compared to the 12 and 15My environments. Figure
5.26 shows the final isotopic mass fraction distribution for each companion
environment, and it is clear that the higher hydrogen mass fraction in the
20M environment leads to synthesis of isotopes beyond nickel due to the
large cross-sections for proton capture reactions compared to the smaller
cross-sections for alpha capture reactions. The variation in the initial
composition results in different distribution of isotopic mass fractions and is
more impactful than each environment entering NSE. This is because each
environment is only in NSE for a short time, approximately 5 seconds, and
so full equilibrium is not reached.

5.3.6 32x10°M,s"! accretion rate

Initial elemental mass fractions accreting 32x10~°Mys~!
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Figure 5.27: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 32x107° Mgs~1.

The initial mass fractions for the 32x107% Mgs~! accretion rate, shown in
figure 5.27 in a 20M, companion environment are very similar to the
previous accretion rate, however both the 12 and 15M;, environments have
a smaller initial fraction of hydrogen than in the previous accretion rates.

129



The 12M,, companion has nearly identical initial mass fractions in at each
phase after expansion. As the initial mass fractions are similar to the
previous environment, but the peak temperatures reached are much higher
than the previous accretion rate this will likely lead to similar reaction

channels being used but lead to NSE in more environments.
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Figure 5.28: Elemental mass fraction distributions greater than

32x107°Mys~ ! for each neutron star mass and angular momentum. Dot-
ted lines represent the early phase expansion, dashed lines represent mid
phase expansion and dot-dashed lines represent late phase expansion. Com-
panion masses of 12Mg are shown in red, 15Mg in blue and 20M in green.

The final elemental mass fractions for each environment accreting 32x107°
Mgs™! are shown in figure 5.28. For a 12M,, companion there is almost no
difference in elemental mass fraction as a result of age, angular momentum
and neutron star mass. The only difference is for a 2M, neutron star with
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an angular momentum of 5 x 10'7cm?s~! during the early expansion phase
of a 12M,, companion, which results in slightly higher fractions of gallium
and arsenic. This is due to the short period of time spent in the peak
temperature region compared to the other neutron star masses and angular
momenta for the same environment and even though it is dominated by
NSE the short period of time spent at this temperature means equilibrium
is not fully achieved.

For both neutron star masses inside a 15M companion, varying the
angular momentum of the material in the accretion disk generates different
mass fractions for elements above zinc. From this it is clear that the time
spent in the accretion disk before falling towards the neutron star plays a
significant role in the production of elements beyond the iron peak. Further
investigation into the reaction flux reveals that NSE dominates during the
peak temperatures, but leading up to the peak temperature fusion is not
just restricted to the proton rich side of the valley of stability. This is
because the high helium mass fraction leads to («,n) reactions that
produce neutrons, which are then captured onto seed nuclei. This process
occurs in the accretion disk before reaching the maximum temperature and
as the low angular momentum trajectories spend much more time in the
disk this leads to the higher fraction of elements above nickel.
Figure 5.29 shows the integrated flux for 1.5M neutron star with angular
momentum of 5 x 10%em?s™! at the point where the temperature reaches
0.5GK during the evolution of the trajectory. From this it is clear that in
each environment the dominant reaction channels in the lead up to 0.5GK
change as a result of the initial mass fractions of hydrogen and helium.
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Figure 5.29: Integrated flux (E%) for 2.0My neutron star with angular

momentum of 5 x 10%e¢m?s~! at 0.5GK in each companion environment and

age.

The type of nucleosynthesis seen in each environment is mostly the same
when looking at the different phases beyond expansion, for example in the
20Mg environment it is clear that proton capture reactions drive
nucleosynthesis in the accretion disk at every age beyond expansion. When
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comparing the same expansion phases across different mass companions the
main reaction channels used are different depending on the mass. A
neutron star inside a 12M companions envelope undergoes alpha, proton
and neutron capture reactions, with the most nucleosynthesis occurring
within the proton rich region between silicon and calcium. However, the
same trajectory inside the 15Mg environments have a high flux of neutron
capture reactions along N=26. This indicates that a higher fraction of
neutrons are produced in the 15M environments when compared to the 12
and 20Mg, environments and leads to a higher production of elements
between zinc and technicum when compared to the 12Mg. Further
investigation reveals that the 2 Mg(«, n)*Si reaction produces a high
fraction of neutrons in the 15M, environment. The 20M environment also
highlights the impact of a high hydrogen mass fraction in the initial
composition as this has much higher reaction fluxes across the reaction
channels as capturing protons required less energy when compared to
capturing « particles.

5.3.7 64x10°M.s~! accretion rate

Initial elemental mass fractions accreting 64x10~°Mys™!
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Figure 5.30: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 64x107° Mgs~1.
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The initial mass fractions for the 64x1075 Mys~! accretion rate trajectory
are shown in figure 5.30. The 12 and 15M, environments both continue to
reduce the amount of hydrogen available but also experience an increase of
lithium and beryllium as the point of accretion moves further into the
companion envelope helium shell, this is due to helium particles fusing with
hydrogen and other helium particles to produce lithium and beryllium in
the helium envelope. The 20M, early phase is also accreting material from
the hydrogen/helium boundary, resulting in a higher fraction of lithium and
beryllium when compared to the other 20M, initial mass fractions.

2.0M neutron star high ang mom 2.0M neutron star low ang mom

10-14

1073

1075 A
1077<
10—9_
1071
10713
c
(=]
B r . . . : —— . 10715 r . . : : . . r
o 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
&
a 1.5M neutron star high ang mom 1.5M neutron star low ang mom
©
= 107! 10714
1073 1073 A
1073 10-5 4
1077 10-7
10-° 1079 A
107114 10-11
10-13 10-13 4
10715 10715 ! I ' r I I —= I I
0 5 10 15 20 25 30 35 40 45 50
Element (2) Element (2)
------ M12 early phase —-— M12 late phase --- M12 mid phase
------ M15 early phase —:— M15 late phase -=-- M15 mid phase
------ M20 early phase —:— M20 late phase === M20 mid phase
Figure 5.31: Elemental mass fraction distributions greater than

64x107°Mys ! for each neutron star mass and angular momentum. Dot-
ted lines represent the early phase expansion, dashed lines represent mid
phase expansion and dot-dashed lines represent late phase expansion. Com-
panion masses of 12Mg are shown in red, 15Mg in blue and 20M in green.
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Figure 5.31 shows the final elemental mass fractions for the 64x1075 Mgs™*
accretion rate trajectory. This is the first accretion rate at which every
environment reaches NSE. The early, mid and late stage expansions for the
12 and 15M companions provide the same elemental mass fraction up to
nickel as in the previous environments (except for beryllium as this is
destroyed via alpha capture reactions). But the 20M environments
provide very different results. All the 20M companion environments enter
NSE for every neutron star trajectory, as shown by the high fraction of
nickel. However, the early expansion phase for the 20M, companion results
in « capture reactions along stability, like that seen in the 12 and 15Mg
environments for the previous two accretion rates, and produce low
fractions of elements heavier than nickel due to the low initial fraction of
hydrogen. However, the mid and late stage environments result in rapid
proton capture in the lead up to the peak temperature, as seen in figure
5.32, at which point it enters NSE, shown in figure 5.34
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Figure 5.32: Integrated reaction fluxes (¥4-) up to 1GK from the 64x10~°
Mgs~! accretion rate trajectory with angular momentum of 5 x 106em?2s~!
in each companion environment.

Figure 5.32 also highlights the different nucleosynthetic pathways used as
material is accreted from the helium envelope. For a 20M companion this
is the first accretion rate that has an initial hydrogen mass fraction below
0.1. This occurs during the early expansion phase and produces the same
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mass fraction distribution, for elements up to nickel, that is seen in both
the 12 and 15Mg environments. However when looking at the reaction
fluxes it is clear that there are far fewer neutron capture reactions occurring
in the early expansion of a 20M. The highest flux value for a neutron
capture reaction in the lead up to 1GK occurs during in the envelope of a
15M;, companion in the mid phase after expansion. Leading up to 1GK,
this environment produces 3x as many (n,p) reactions when compared with
a 12M, environment at the same expansion phase, and 4719x as many
(n,p) reactions as a 20M, at the same phase. These neutron capture
reactions are only possible if neutrons are available and as neutrons are not
included in the initial mass fraction they must be produced during the
evolution of the trajectory. The main production sight for neutrons, leading
up to 1GK, is via the *Ne(a,n)?**Mg and »Mg(,n)?8Si reactions and
occurs due to the high initial helium mass fraction.
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64x10~° accretion rate final mass fraction
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Figure 5.33: Final isotopic mass fractions for a common envelope accretion
disk around a 2Mg neutron star in a 15Ms companion envelope during the
mid expansion phase (Top) and for an s-process trajectory (bottom).

Figure 5.33 shows a comparison between the common envelope isotopic
distribution for an accretion disk around a 2Mg neutron star in a 15M,
companion envelope during the mid phase of expansion and an s-process
trajectory isotopic mass fraction distribution. While the trajectories have a
very different temperature and density evolution, neutron capture reactions
occur in both environments. The isotopic distribution produced by the
common envelope follows the valley of stability but not as closely as the
s-process due to the much higher temperature inside the common envelope.
The higher temperatures allow successive neutron captures to occur before
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decaying back towards stability. This does not occur in the s-process as the
lower temperature results in 31 decay before another neutron capture
reaction. The distribution of iron group isotopes also differs, with the
s-process producing stable isotopes of iron, cobalt and nickel. The common
envelope produces neutron rich isotopes of these elements, that would decay
to stable iron group elements if allowed to cool from this point, however
these are then destroyed during the peak temperature via (n,p) and (n,«)
reactions.
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Figure 5.34: Final integrated reaction fluxes (Z%) from the 64x107° Mgs™
accretion rate trajectory in each companion environment.

The final integrated flux for the 64x107° Mgs™*

accretion rate are shown in

figure 5.34. This shows reaction with flux within four orders of magnitude
of the most powerful reaction, and it is clear that even in environments
where neutron captures occur leading up to the peak temperature the

dominant reaction pathways are on the proton rich side of stability.
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5.3.8 128x10°M.s~! accretion rate

Initial elemental mass fractions accreting 128x107°Mgs~!
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Figure 5.35: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 128x107° My s~ 1. Elements above

The initial mass fraction distribution for the 128x107% Mgs~! accretion
rate is displayed in figure 5.35. Each environment accretes material that
between 96.95% and 98.1% helium by mass. This means that every
environment is now accreting material from the helium envelope, which will
result in the system being dominated by « capture reactions. As all the
environments are accreting material from the helium shell of the companion
stars there is little variation in elements heavier than carbon. A small
fraction of high energy alpha particles can continue to fuse with carbon to
form oxygen however as the temperature is too low for this to have a large
impact on the carbon and oxygen mass fractions.
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Figure 5.36: Elemental mass fraction distributions between greater than
128 x107% Mgs~! accretion rate for each neutron star mass and angular mo-
mentum. Dotted lines represent the early phase expansion, dashed lines
represent mid phase expansion and dot-dashed lines represent late phase ex-
pansion. Companion masses of 12My are shown in red, 15Mg in blue and
20Mg in green.

The final elemental mass fraction distributions in figure 5.36 all show
identical mass fractions up to zinc from neutron star mass and angular
momenta inside each companion mass and age. When the material in the
accretion disk is closest to the neutron star the material spends enough
time at high temperature to fully achieve NSE for low mass elements. A
closer look into the region beyond zinc shows that there are trends in
environment, angular momentum and neutron star mass. The most obvious
difference occurs when the angular momentum, and as a result the time
spent in the accretion disk, is varied. This is clearest in both the 12 and
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15M, environments and is seen in all phases after the companion begins
expansion.

Table 5.2: Elemental ratios for elements which vary in mass fraction across
low angular momenta trajectories (5 x 10%cm?2s™1) over high angular mo-
menta trajectories (5 x 107cm?s™!) for common envelopes inside a 12 and
15Mg companions

2.0M@ neutron star 1.5M@ neutron star
average ele- | average ele- | average ele- | average ele-
El " mental ratio | mental ratio | mental ratio | mental ratio
Cment - gor 12Mg | for 15Mg | for 12Mg | for 15Mg
across all ages across all ages across all ages across all ages
| Xiow/Xnigh | Xiow/Xnigh |  Xiow/Xnigh | Xiow/Xnigh
Ge 1.452 1.391 0.985 0.992
As 2.166 2.316 1.314 1.420
Se 4.733 4.134 5.702 6.537
Br 12.382 11.470 7.048 8.392
Kr 14.798 11.327 16.472 17.340
Rb 16.980 17.736 17.197 20.041
Sr 28.908 20.301 36.869 40.729

The average elemental ratios shown in table 5.2 highlight the difference as a
result of neutron star mass and angular momentum. It is clear that higher
7 elements have a larger difference in mass fraction in each binary system
environment. Strontium is the final element to have a mass fraction greater

than 1x107'% in every environment, and it also has the largest mass
fraction difference as a result of angular momentum. The 2.0M neutron
star trajectories produce very similar mass fraction ratios for germanium,
arsenic, selenium, bromine and rubidium in both the 12 and 15Mg
environments, whereas krypton and strontium are both under produced in
the 12M, companion high angular momentum trajectory, leading to a
higher ratio. The 1.5M, trajectories in the 12M; companion do not result
in the same ratios as the 2.0M. This is because the 1.5Mg neutron star
trajectories spend longer in the accretion disk for both angular momenta,
this produces larger amounts of the seed nuclei required to produce these
elements as the heaviest of these elements (krypton, rubidium and
strontium) are produced primarily via proton captures during the peak
temperature. This explains why the elemental mass fractions are very
similar for both neutron star masses with high angular momentum.
Germanium, arsenic, selenium and bromine are all produced via different
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Figure 5.37: Elemental mass fraction distributions greater than 1x1071° for
the 128 x107° Mgs~! for each neutron star mass and angular momentum.
Dotted lines represent the early phase expansion, dashed lines represent mid
phase expansion and dot-dashed lines represent late phase expansion. Com-
panion masses of 12M, are shown in red, 15My in blue and 20M, in green.

methods, with isotopes being produced via « capture and neutron capture
reactions in the lead up to the peak temperature, which are then also
partially destroyed when the system reaches NSE.

Figure 5.37 shows the elemental mass fractions for a 12Mg and 15Mg
companion for elements between germanium and strontium. It is important
to note that bromine, krypton, rubidium and strontium result in elemental
mass fractions that fall bellow the uncertainty threshold (depending on the

neutron star mass and angular momentum).
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5.3.9 256x10°M.s ! accretion rate

Initial elemental mass fractions accreting 256x10™°Mgs~!
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Figure 5.38: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 256x107° My s~ 1. Elements above

Figure 5.38 shows the initial mass fractions for each companion for the
256x107° Mys~! accretion rate trajectory. This accretion rate is the first
that is not reached in one of the companion environments. The 20M,
companion midway through expansion cannot achieve an accretion rate of
this magnitude and so was not included in the analysis. The other eight
environments all have identical initial mass fractions for elements beyond
carbon. The 12M, has the lowest initial hydrogen mass fraction and does
not contain any beryllium or boron. The 15M does not contain any
lithium, beryllium or boron. The innermost radii of this trajectory reach
temperatures beyond 10GK, and are therefore beyond the temperature
range of NuGrid. This means that the innermost radii cannot be included
in the final averaged mass fractions and so the results from this accretion
rate are averaged over all inner radii with a peak temperature below 10GK.
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Figure 5.39: Elemental mass fraction distributions greater than

256x107° My s~ for each neutron star mass and angular momentum. Dotted
lines represent the early phase expansion, dashed lines represent mid phase
expansion and dot-dashed lines represent late phase expansion. Companion
masses of 12My are shown in red, 15Mg in blue and 20M, in green.

Figure 5.39 shows the elemental mass fractions for each environment. For
the 1.5Mg neutron star trajectories the resulting elemental mass fraction
distribution is nearly identical in every environment and for both angular
momenta values, unlike the previous accretion rate where there were
significant differences in elements beyond zinc. The mass fraction
distribution from the 2.0M. neutron star trajectories are the same in each
environment, but not identical for the different values of angular
momentum and do not match the distribution from the 1.5Mg neutron
star. This indicates that the 2.0M neutron star trajectories do not reach
full NSE. The higher mass neutron star accelerates the material towards
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the centre of the accretion disk faster, resulting in less time spent in the
NSE temperature region. Figure 5.40 shows the time spent above 1GK for
each neutron star mass and angular momenta. Both 1.5Mg neutron star
trajectories reach 1GK 5 seconds before the 2.0M neutron star trajectory.
The difference in initial mass fractions from each environment do not
impact the resulting nucleosynthesis as the hydrogen mass fraction is
extremely small compared to the helium in every environment. This leads
to a particle reaction channels such as (a, ), (a, n) and (o, n) dominating
the reaction flux.
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Temperature profile of 1.5 Mg neutron star accreting 256x107°Ms~! high ang mom
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Figure 5.40: Time spent above 1GK for each neutron star mass and angular
momenta for the 256 x107° Mg s~! accretion rate trajectory. The peak tem-

perature is normalised to t=0.

148



5.3.10 512x107°M.s ! accretion rate

Initial elemental mass fractions accreting 512x107°Mgs~!
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Figure 5.41: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 512x1075 Mgs™L.

This accretion rate requires extremely dense material to be accreted from
the companion to reach the mass transfer limit of 512x1075 Mgs™t.
Figures 5.7 and 5.8 show that the required separation of the neutron star
and the companion core are less than 2x 1071 R, at the end of the neutron
star plunge in phase. This is only achieved in the late and mid phase of
expansion of a 12M, companion and during the mid expansion phase of a
15Mg companion. Figure 5.41 shows the initial mass fractions of these
three environments and there are significant mass fraction differences as a
result of companion mass. Both the 12 and 15M common envelopes
accrete material from the helium shell, however in the 15M, companion
there is no hydrogen present in the initial mass fractions. It also has a
higher fraction carbon, nitrogen and aluminium and a lower fraction of
fluorine when compared to the 12M, initial mass fractions.
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Figure 5.42: Elemental mass fraction distributions greater than

512x1075Ms~! for each neutron star mass and angular momentum. Dotted
lines represent the early phase expansion, dashed lines represent mid phase
expansion and dot-dashed lines represent late phase expansion. Companion
masses of 12My are shown in red, 15Mg in blue and 20M, in green.

This accretion rate reaches NSE in every environment, as shown by the
large peak in nickel and the destruction of odd Z light elements up to
silicon. Each neutron star mass and angular momenta result in the same
distribution up to zinc, however the mass fraction of elements beyond zinc
vary with neutron star mass. Table 5.3 shows the final elemental mass
fractions for elements between gallium and krypton and also shows the
ratio of mass fraction produced by a 2M, over the mass fraction produced
by a 1.5Mg neutron star. The table shows that the 2M neutron star
trajectories lead to between 1.73-5.17x the mass fraction of elements
between gallium and krypton. As bromine and krypton are bellow 1x10712
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they are bellow the elemental uncertainty the largest variation is selenium.
Overall the different common envelope environments produce extremely
similar mass fraction distributions for this accretion rate as a result of the

high temperatures that are reached.

Table 5.3: Elemental mass fractions for elements between gallium and kryp-
ton for each neutron star mass, angular momentum and companion mass.

elemental mass

elemental mass

High angular

momentum
elemental mass

elemental mass

fraction 2Mg | fraction 1.5Mg X fraction 2Mg | fraction 1.5Mg X
Element | NS inside | NS inside ﬁ NS inside | NS inside ﬁ

12Mg compan- | 12Mg compan- 15Mg compan- | 15Mg compan-

ion ion ion ion
Ga 7.94%x10~8 4.03x108 1.97 7.62x10~8 3.78x10~8 2.01
Ge 7.17x10°7 4.03x10~7 1.78 6.98%x10~7 3.80x10~7 1.84
As 1.25x10~10 4.74x10~11 2.63 1.21x10~10 4.34x10~11 2.78
Se 5.87x10~10 2.26x10~10 2.60 5.70x10~10 2.07x10~10 2.76
Br 3.37x10713 6.82x10~ 14 4.94 2.94x10713 5.99x10~ 14 4.90
Kr 3.74x10~13 7.60x10~14 4.92 3.26x10~13 6.67x10~14 4.88

low angular momentum

elemental mass | elemental mass elemental mass | elemental mass

fraction 2Mg | fraction 1.5Mg ¥ fraction 2Mg | fraction 1.5Mg ¥
Element | NS inside | NS inside | w505 | NS inside | NS inside | w505

12M compan- | 12Mg compan- 15M@ compan- | 15Mg compan-

ion ion ion ion
Ga 7.52x10~8 3.96x108 1.90 7.31x10~8 3.57x108 2.05
Ge 6.89%x10~7 3.99%10~7 1.73 6.73%x10~7 3.61x10~7 1.86
As 1.19x10-10 4.64x10~11 2.56 1.13x10-10 4.04x10~11 2.80
Se 5.61x10~10 2.21x10~10 2.54 5.33%x10~10 1.92x10~10 2.77
Br 2.99x10~13 6.48x10~14 4.61 2.77x10713 5.32x10~14 5.20
Kr 3.31x10~13 7.22x10~14 4.59 3.07x10713 5.94x10~14 5.17
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5.3.11 1024x10°M_s ! accretion rate

Initial elemental mass fractions accreting 1024x107>Mys~!
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Figure 5.43: Initial elemental mass fractions for each environment for a com-
mon envelope accreting 1024x107° Mys~!. Elements above

The only environment able to generate an accretion rate of 1024x107°
Mgs™t is the 12M, companion during the late phase of expansion. Like the
15M companion environment in the last accretion rate, this has no
hydrogen, lithium, beryllium or boron in the initial composition.
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Figure 5.44: Elemental mass fraction distributions greater than

1024x107°M,s~! for each neutron star mass and angular momentum. Dot-
ted lines represent the early phase expansion, dashed lines represent mid
phase expansion and dot-dashed lines represent late phase expansion. Com-
panion masses of 12My, are shown in red, 15My in blue and 20M, in green.

The final elemental mass fraction distribution for each trajectory inside the
12Mg companion are shown in figure 5.44. As this accretion rate is only
relevant for the 12Mg companion each neutron star mass and angular
momentum trajectory can be plotted on one figure. This highlights the
differences due to neutron star mass, unlike the previous environments
where the higher neutron star mass results in larger mass fractions of
elements beyond nickel however this environment shows the 1.5Mg neutron
star producing higher fractions of elements from copper to krypton. It also
underproduces elements leading up to nickel when compared to the 2.0Mg
trajectories. Further investigation into the flux before NSE shows that the
different neutron star mass trajectories lead to different reaction pathways.
Figure 5.45 shows the integrated reaction flux at 2GK in for each neutron
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star mass and angular momentum. This occurs before NSE and shows the
flux from all reactions within 5 orders of magnitude of the strongest
reaction channel. The most obvious difference is seen in the high angular
momentum 1.5Mg neutron star flux, which does not show the same variety
of reactions occurring with the CNO region as the other environments. The
1.5Mg neutron star with low angular momentum has the same flux in the
CNO region as the 2M neutron star trajectories but results in the same
mass fraction distribution as the 1.5M, high angular momentum.
Therefore, for this accretion rate the reaction pathways that occur before
the peak temperature are not important as it undergoes NSE. The time
spent in NSE does impact the mass fraction distribution as the 2M, spends
less time in NSE and produces higher fractions of elements bellow nickel,
whereas the 1.5M neutron star spends more time in NSE and produces
higher fractions of elements above nickel.
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Figure 5.45: Integrate reaction fluxes (E%) at 2GK in for each neutron star
mass and angular momentum inside the 12 M, companion during the late
expansion phase.

5.4 Nucleosynthesis in Z=0.02 solar like
material

Due to the use of initial mass fractions taken from [54] the nucleosynthesis
is limited as all isotopes beyond ®?Ni were not included in the network used
to calculate the evolution of the companion. As the companion stars are
solar like in composition, with Z=0.02, it is important to include the heavy
isotopes seen in solar composition to understand how this would impact
further nucleosynthesis. Trajectories that enter NSE will not be
investigated because during NSE the resulting mass fraction distribution is
dependent on the availability of protons, neutrons or a particles, otherwise
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known as the electron fraction. This will result in the same elemental mass
fraction distribution as the heavy seed nuclei will be destroyed during NSE.
Four environments were rerun with solar seed nuclei. Each environment
was chosen to further investigate the different nucleosynthetic processes
that were seen when using the [54] initial mass fractions.

5.4.1 The rp-process in a 1.5M, neutron star
accreting 32x107° My s ! from a 20M,,
companion.

To understand the impact that heavy seed nuclei have on the common
envelope the trajectories were rerun with the initial mass fractions
extending up to uranium. The mass fractions for elements between copper
and uranium are taken from the solar composition used in [31]. Including
these elements the initial mass fraction is greater than 1 by 3.419 x 107°.
This was then re-normalised, so the total mass fraction is equal to 1. The
normalised initial mass fraction is shown in figure 5.46 by the red crosses.
The same mass fraction for the heavy seed nuclei is used for all
environments that were investigated. All heavy seed nuclei above iron are
not produced during the lifetime of the companion star but are from
previous astrophysical events, such as core collapse supernovae or merger
events, that occur before the formation of the binary system. Therefore,
only stable nuclei are included as unstable heavy seeds will have decayed.
The initial composition consists of 51% hydrogen, 46% helium with the rest
made up from seed nuclei. The maximum temperature of this trajectory is
6.1GK, so rapid proton captures are expected to occur, but the trajectory
will also be within the NSE temperature range for a short time.
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Initial elemental mass fractions for a 1.5M¢ neutron star
inside a 20M, companion accreting 32x107>Mgs~1
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Figure 5.46: The initial mass fractions used for a 1.5M neutron star inside
a 20M companion accreting 32x107°M,s~!. Each elemental mass fraction
has been normalised, so the total is equal to one. Red Xs show the new
initial composition, blue crosses show the initial mass fractions used in the
previous tests, taken from [54].

The successive proton captures seen in the 20M, environments in figure
5.29 indicate rapid proton capture is occurring inside the common envelope.
The extended initial composition, as seen in figure 5.46, will allow these
proton captures onto intermediate and heavy isotopes much earlier in the
trajectory. Figure 5.47 shows the finial isotopic mass fractions for each
initial composition. Including heavy seed nuclei allow production of proton
rich nuclei all the way up to bismuth and polonium. Comparing both initial
compositions it is clear that including the trace amounts of stable heavy
nuclei result in proton capture reactions well beyond nickel.
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Figure 5.47: Isotopic mass fractions for a 1.5Mg neutron star accreting
32x107°Mys™! from a 20M, companion using [54] initial mass fractions
(bottom) and including seed nuclei for Z>28 (Top).

The distribution of isotopes below tin are very similar in both cases. Figure
5.48 shows the ratio of final isotopic mass fraction for the full initial
composition compared to only the [54] initial composition. This ratio is
only for isotopes with a mass fraction greater than 1x10~% in both
scenarios. This shows that the final mass fraction is the same for isotopes
below atomic mass = 94 for both initial mass fractions. The extra seed
nuclei between ®?Ni and atomic mass = 94 do not contribute to the
production of these isotopes but increase the fraction of the tin, indium and
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cadmium isotopes that are produced.
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Figure 5.48: The ratio of isotopic mass fraction produced using [54] with
solar seed nuclei over the isotopic mass fraction produced using only the
initial mass fractions taken from [54]. The ratio is only for isotopes with a
mass fraction greater than 1x1071% in both scenarios.

Once again looking at the reaction flux before the peak temperature it is
clear that the rapid proton capture process is occurring inside this
environment, but with the inclusion of seed nuclei above 2N the full
rp-process pathway is in use, up to the tin tellurium cycle. Figure 5.49
shows the reaction flux produced from both initial compositions when the
temperature reaches 1GK. When using the full distribution of solar seed
rp-process nucleosynthesis is clearly the dominant reaction pathway, but for
isotopes beyond Z=50 the proton captures only occur on stable isotopes.
This is due to much smaller mass fraction of stable isotopes in this region
and the much higher energy required to capture a proton onto these heavy
nuclei. This combined with the short half-life of the unstable proton rich
nuclei results in single proton captures followed by 8 decay back to stability.
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Figure 5.49: Reaction flux (fracdYdt) at 1GK for a 1.5Mg neutron star
accreting 32x107° Mgs~! from a 20M, using [54] including solar seed nuclei
(Top) and using only initial mass fractions from [54].
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Comparing the reaction fluxes and isotopic mass fractions produced from
both initial compositions shows that the inclusion of solar seed nuclei do
not change the mass fractions of isotopes below nickel and do not change
the reaction pathways that are used. Using the full range of solar seed
nuclei also produce a wide range of proton rich heavy isotopes. This shows
that the common envelope accretion disk is a possible site for the rapid
proton capture process to occur and figure 5.47 shows that proton rich
material can be ejected out of the disk at the end of the trajectory.

5.4.2 Neutron capture processes in a 1.5M. neutron
star accreting 32x107° M.s! from a 15M,,
companion.

The 15M, companion accreting 32x107°Ms~! showed evidence of slow
neutron captures before the trajectory reached peak temperature. The
neutrons are produced via (a,n) reactions will be able to capture onto

heavy nuclei much earlier in the trajectory evolution as these heavy
isotopes will already be in the material. Figure 5.50 shows the isotopic
mass fractions produced using just [54] initial mass fractions (bottom) and
the [54] with heavy seed nuclei. The extended initial composition produces
much heavier isotopes on both the proton and neutron rich side of stability.
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Figure 5.50: Isotopic mass fractions for a 1.5My neutron star accreting
32x107°Mys! from a 15My companion using [54] initial mass fractions
(bottom) and including seed nuclei for Z>28 (Top).

This trajectory showed evidence of slow neutron captures leading up to the
peak temperature, in which it entered NSE and resulted in the same mass
fraction distribution as all NSE trajectories. The heavy seed nuclei are not
destroyed during NSE and provide a base for proton, neutron and «
capture reactions. The same final mass fraction distribution is seen for
elements below atomic mass = 68 as seen in figure 5.51. Like in the 20Mg
test, the final isotopic mass fraction from the network with all seed nuclei
do not change the type of nucleosynthesis that occurs but allow the
material to reach much heavier isotopes using the same types of reactions.
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For all isotopes below 92Ni the resulting mass fractions are within 1%,
showing that the inclusion of the heavy seed nuclei do not impact the types
of nucleosynthesis that occur in the low mass region.
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Figure 5.51: The ratio of isotopic mass fraction produced using [54] with
solar seen nuclei over the isotopic mass fraction produced using only the
initial mass fractions taken from [54]. The ratio is only for isotopes with a
mass fraction greater than 1x107! in both scenarios.

Looking at the reaction flux at 1GK in figure 5.52 shows that there are
neutrons available which lead to neutron captures on all stable isotopes in
the climb up to the peak temperature, which was also seen in 5.29 for the

15Mg environment.
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Figure 5.52: Reaction flux (%) at 1GK for a 1.5My neutron star accreting
32x107% Mgs™! from a 15M, using [54] including solar seed nuclei (Top)
and using only initial mass fractions from [54].
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5.4.3 The a-process from a 1.5M. neutron star
accreting 8x107° My s~ ! from a 12M,
companion.
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Figure 5.53: Isotopic mass fractions for a 1.5Mg neutron star accreting
8x107° My, st from a 12M, companion using [54] initial mass fractions (bot-
tom) and including seed nuclei for Z>28 (Top).

With the full solar seed nuclei the final isotopic mass fraction distribution
once again produces heavy elements such as bismuth and polonium. The
alpha capture process that is seen in figure 5.23 is extended, with alpha and
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proton capture reactions occurring beyond nickel. When compared to the
20My rp-process environment the final isotopic distribution is not as far
into the proton rich area of the isotopic chart. This is because the initial

composition of the material in this environment contains more helium, He
= 80.2%, than hydrogen, H = 17.7%.
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Figure 5.54: The ratio of isotopic mass fraction produced using [54] with
solar seen nuclei over the isotopic mass fraction produced using only the
initial mass fractions taken from [54]. The ratio is only for isotopes with a
mass fraction greater than 1x107! in both scenarios.

Figure 5.54 shows the ratio of isotopes with a mass fraction greater than
1x107° in both environments, dividing the isotopic mass fraction produced
from the full initial composition by the isotopic mass fraction produced
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when using only [54] initial mass fractions. The ratio shows that the only
differences in isotopic mass fractions are for isotopes heavier than nickel.
The different initial mass fractions lead to very similar distributions of
isotopes below nickel. Table 5.4 shows the final isotopic mass fractions of
isotopes within two orders of magnitude of the largest mass fraction. Of
these isotopes the largest mass fraction difference is seen in 52Fe. The final
mass fractions produced using each initial composition are within 1% for
isotopes within the largest two orders of magnitude, which shows that
adding in the heavy seed nuclei has not changed the resulting mass fraction
distributions for elements bellow and including zinc.

Table 5.4: Isotopic mass fractions for elements between gallium and krypton
for each neutron star mass, angular momentum and companion mass.

isotopic mass fraction

. isotopic mass fraction X

Isotope zlsellng 7Z=0.02 seed nu- using [54] ﬁ

H 0.0402542 0.0402371 100.04232%
4He 0.1525724 0.1525747 99.998479%
39K 0.0216995 0.0216989 100.00277%
40Ca 0.0119336 0.0119376 99.966461%
46y 0.0122077 0.0122023 100.04447%
50Cy 0.0109626 0.0109602 100.02213%
51Mn 0.0209730 0.0210054 99.845509%
52Fe 0.0161483 0.0163051 99.038294%
54Fe 0.0316973 0.0316309 100.21006%
55Co 0.0124434 0.0124418 100.01228%
56N 0.4005458 0.4005200 100.00644%
57TNji 0.0268331 0.0268332 99.999741%
59Ni 0.0135491 0.0135448 100.03143%
60N 0.0208910 0.0208793 100.05595%
60Cu 0.1021150 0.1020571 100.05671%
607n 0.0406080 0.0405855 100.05546%

5.5 Summary of common envelope accretion
disk data

The accretion disk inside a common envelope can eject material back into
the common envelope after it undergoes a variety of different
nucleosynthetic processes. The distance at which the material is ejected
leads to different isotope production, with material close to the centre of
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the accretion disk reaching the highest temperatures. For low accretion
rates this results in more proton capture reactions, and for higher accretion
rates the material enters NSE faster.

The link between accretion rate and binary separation leads to the largest
difference in nucleosynthesis. The main type of reaction to occur is
dependent on the fractions of hydrogen and helium in the initial
composition and this is calculated from the separation of the companion
and neutron star. Higher accretion rates (> 64 x 107°Ms™!) occur in the
helium envelope and lead to alpha capture and, in some cases, neutron
capture. The lower accretion rates (< 8 x 107°Mys™ ') are mostly
composed of hydrogen and so result in successive proton captures.
Including an extended network of solar seed nuclei above nickel did not
change the mass fraction of isotopes below nickel. Including the seed nuclei
produced heavy isotopes in all environments for accretion rates that were
run with full initial abundances. The distribution of heavy isotopes
produced is dependent on the type of nucleosynthesis that dominates the
simulation. For an accretion disk accreting 32 x 107°Mys~! inside a 20M,
companion, proton capture reactions dominate the nucleosynthetic
pathways which result in production of proton rich isotopes. The 15Mg
companion scenario undergoes many («, n) reactions. This produces a
mixture isotopes distributed across both sides of the valley of stability as
free neutrons produced via («, n) are then captured onto heavy nuclei
making neutron rich isotopes, while alpha capture reactions continue to
produce proton rich nuclei.

It is likely that including the full network of seed nuclei for every possible
combination of neutron star mass, angular momentum, companion mass
and companion age will produce heavy isotopes dependent on the initial
mass fractions of hydrogen and helium.
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Figure 5.55: Instantaneous reaction flux (%)for a 2Mg neutron star inside

a 20M, companion accreting 32 x 107°Mys~L.

Figure 5.55 shows the non-intergrated reaction flux for a single time-step
during common envelope accretion around a 2Mg neutron star accreting
hydrogen rich material from a 20Mg, companion at 32 x 107°Mys~!. This
clearly shows the reaction pathway, following successive proton captures,
however it does not include the expected (a, p) reactions at *®* Ne, 22 Ne and
308 as the common envelope trajectories spend much less time above 1GK
compared to the studies conducted in [60]. Instead, material S~ decays
back to stable isotopes before continuing proton capture reactions. This
type of nucleosynthesis is seen in all environments with hydrogen rich initial
mass fractions and as these occur at low accretion rates the final mass
fraction distribution consists of proton rich material, as seen in figure 5.47.
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Figure 5.56: Instantaneous reaction flux (‘%) for a 2M, neutron star inside

a 15M companion accreting 32 x 107°Mys~L.

Figure 5.56 shows the reaction pathways inside the common envelope
accretion disk around a 2Mg neutron star accreting helium rich material
from a 15M¢, companion at 32 x 107°M,s~!. This clearly shows the flow of
(a, ) and (o, p) reactions which create heavy isotopes. It also shows
proton capture reactions, however this is not rapid proton capture as the
initial fraction of hydrogen is too small to follow the expected reaction
pathways seen in [60]. All environments accreting material from the helium
envelope show evidence of this type of nucleosynthesis however for many of
these accretion rates the temperatures reach into NSE and the material
does not reach past nickel.
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Chapter 6

Conclusions and future work

In this work three main projects were addressed. The first investigated the
impact of using different generations of nuclear physics libraries when
modelling different astrophysical scenarios. For simple scenarios such as the
hydrostatic burn trajectory this had very little impact as the reaction rates
used in these environments are experimentally determined and extensively
studied. However, when modelling more extreme scenarios such as an X-ray
burst or r-process the different versions of Reaclib produce differences
greater than an order of magnitude in isotopic and elemental mass
fractions. When updating to the latest version of JINA Reaclib 2021 the
X-ray burst trajectory shows differences in elements between iodine and
praseodymium and the r-process trajectory shows differences in elements
beyond nickel, with the difference getting larger as proton number
increases. When the supplementary libraries of KADoNiS, Illiadis 2001 and
VITAL were removed and JINA Reaclib 2021 was used the r-process
environment showed that including the outdated supplementary libraries
under produced all elements above boron by an order of magnitude. When
using only Reaclib 2021 the elemental mass fraction distribution was much
closer to and expected r-process distribution. This highlights the
importance of using updated nuclear physics data when modelling
astrophysical environments. This was further reinforced when removing the
outdated reaction rate data from NuGrid.

The second project then compared the use of different post processing
nucleosynthesis networks for modelling different astrophysical
environments. With each network adapted to have the same network limits
and reaction rate libraries, differences between each network were still
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significant depending on the environment. Lower temperature trajectories,
such as the simple hydrodynamic, weak s-process and 8 x 10™° Mg s~
produced very similar elemental mass fractions from each PPN code, with
all elements greater than carbon, other than Technetium and promethium,
resulting in mass fractions within an order of magnitude. The extreme
temperature trajectories such as the X-ray burst, r-process and high
accretion rate common envelope all saw extreme differences in at least one
of the codes. SkyNet overproduced intermediate mass elements between
neon and titanium when simulating an X-ray burst, but under produced
elements between magnesium and tin when modelling an r-process
trajectory. Clear communication between users and developers of these
codes must be maintained to ensure the appropriate code is used for a
chosen environment. A publication using only one code to model a scenario
may come to a completely different result to another investigating the same
scenario using a different code.

The final project investigated the type of nucleosynthesis that might occur
inside a neutron star common envelope. The variation in angular
momentum does not change the elemental or isotopic mass fraction
distributions for accretion rates bellow 4 x 107°Mys~!. The variation in
angular momentum is only seen in accretion rates that reach NSE, as
shown in figures 5.28 and 5.31, as reaching NSE depends on both the time
and temperature of the system and varying angular momentum varies the
time spent in the accretion disk.

The smaller neutron star mass also means that the material spent less time
in the accretion disk before being ejected however this does impact
trajectories that do not reach NSE. For accretion rates up to
8 x 107°Ms~! the boron mass fraction is consistently higher in the
shorter, 2M, trajectories. For trajectories that entered NSE the neutron
star mass, like the angular momenta, impacts the time spent in the
accretion disk and so the larger neutron star mass trajectories result in
lower mass fractions of isotopes beyond Nickel as these are produced in the
disk before the peak temperature.

The accretion rate feeding the disk had a substantial impact on the type of
nucleosynthesis that occurred. All accretion rates greater than
64 x 107°Ms~! reached temperatures and densities high enough to enter
NSE. The highest accretion rates spent long enough at NSE to reach
equilibrium producing identical mass fraction distributions from different
neutron star masses and different angular momenta. The most varied
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nucleosynthesis occurred in accretion rates lower than 64 x 107°Mys~!. For
these accretion rates the separation of the neutron star and the companion
core result in material being accreted from near the hydrogen/helium
boundary. Therefore, for a single accretion rate, different companions will
result in different types of nucleosynthesis, as shown in the 32 x 1075 Ms™?
accretion rate trajectory where a 15M. companion results in slow neutron
captures, while a 20M, companion results in rapid proton captures. For
combinations of accretion rate and companion mass and age that have
initial compositions with large hydrogen mass fractions rapid proton
capture occurs, this is the case for all environments for accretion rates up to
4 x 107°Mys~!, and in the 20M, environment up to 32 x 107> Mys™ 1.
Neutron capture reactions occur in the accretion disk in both the 12 and
15M,, environments for accretion rates greater than 32 x 10™°Mgs~!
however for accretion rates that reach NSE (greater than 64 x 1075Mys™1)
the neutron rich products are destroyed to reach equilibrium. Overall the
accretion disk around a neutron star inside a common envelope can produce
a wide variety of different nucleosynthetic methods depending on the
companion mass, age and metallicity. Low accretion rates produce very
proton rich nuclei and high accretion rates result in nuclear statistical
equilibrium.

Investigation into the reaction rate libraries revealed that there are still
reaction rates used in post processing nucleosynthesis networks that are
from outdated publications and do not use the most accurate rate, however
many users of post processing codes might not be aware. Different PPN
codes use different libraries, not all of which use the most up-to-date
libraries available, in some cases this is a choice for backward comparisons
of other variables with previous tests. However, users must be aware of
which reaction rate library is in use and so communication between nuclear
physicists creating the nuclear physics packages and users of network codes
must be consistent for users to understand where weaknesses may occur in
astrophysical modelling. Therefore, more comparisons and investigations
into the impact that updated reaction rate data can have on previously
studied astrophysical environments must be undertaken.

Future work should involve a sensitivity study to identify which reaction
rates lead to the largest variation in isotopic distributions and consistent
communication should be maintained between experimental nuclear physics
and theoretical astrophysics. A project investigating how energy generated
during the common envelope accretion phase must also be completed as
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this will be impactful for future models.

The code comparison also revealed the lack of similar studies that have
been undertaken for newly developed software, with few of the previous
example being [36] and [53]. NuGrid is a multipurpose code that has been
used extensively since 2007, yet there are no publications comparing the
results produced by NuGrid with other software. Future work should be
done extending the code comparison conducted in this project to
understand how the convergence methods used in each code differ.
The common envelope isotopic and elemental distributions presented in this
project provide an initial step toward understanding the role of common
envelopes in the broader context of galactic chemical evolution. A reaction
rate sensitivity study using realistic reaction rate uncertainties should be
conducted to better understand the possible variation in isotopic and
elemental distribution of material ejected into the common envelope as it is
unclear from this project the impact that reaction rate uncertainty may
have on the resulting isotopic and elemental distributions. A subsequent
population study will be required to identify the likely combinations of
neutron stars and companions that lead to the formation of common
envelopes and to determine the frequency of such events. Once these
studies are complete, yield data can be derived and integrated with
population synthesis models to assess the overall contribution of common
envelopes to galactic chemical evolution.

The trajectories used in this project were designed only considering the
energy contribution from the hydrodynamic process and do not include any
potential contributions from nuclear energy generation. A future study
investigating the energy generated during the common envelope phase
should be conducted as this will influence the temperature evolution of the
common envelope trajectories.

A comprehensive investigation of the full evolutionary process of a common
envelope is necessary to quantify both the total mass and the composition
of material ejected throughout its lifetime. This project investigated the
nucleosynthesis that can occur during the slow spiral phase of the common
envelope, however the wide variety of neutron star binaries that can evolve
into common envelopes pose potential sites for different types of element
formation during different points of their evolution.
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