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Abstract

Many massive stars models at the end of their lives can have a merger between the convective
O-burning shell and C-burning shells known as a O-C shell merger. During the merger, the
material in the C-burning shell is ingested into the much hotter O-burning shell. Stellar
models that have O-C shell mergers have been found to produce the stable isotopes of
phosphorus, potassium, chlorine, and scandium which are otherwise not produced by stellar
models to match the solar observations. O-C shell mergers are also a site for the production
of the p nuclei, a group of 35 n-deficient stable isotopes produced by photo-induced reactions
in this scenario. Part of the reason for this is that the O-burning shell is a convective-reactive
environment, meaning that the timescales of the convective mixing and the nuclear reactions
are comparable. Because of this, isotopes can be react at one location in the shell and the
products can be transported to another location in the shell where they can be further
processed. This changes which nucleosynthetic pathways are dominant and which isotopes
are produced.

Stellar models calculate the stellar evolution and nucleosynthesis of the merger in 1D, but
3D hydrodynamic simulations significantly disagree with the 1D models at these late stages
of stellar evolution. Convective velocities in 3D are much higher than 1D, the convective
mixing profile features a downturn near the convective boundaries, the flow has large scale
non-radial asymmetries, and the rate of ingesting C-shell material can be significantly lower.
This is important for understanding the nucleosynthesis in the O-C shell merger, because if
the convective velocities are different, then the timescale for mixing changes and the possible
nucleosynthetic pathways can be altered.

In this thesis, I implement the insights from 3D hydrodynamic simulations into 1D stellar
evolution models to determine how the macrophysical uncertainties in the O-C shell merger
impact the nucleosynthesis in a convective-reactive environment, particularly for the p nuclei.
I also investigate the impact of nuclear reaction uncertainties on the nucleosynthesis of the

p nuclei during the O-C shell merger and this is influenced by the mixing conditions.
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Chapter 1

Introduction

The origin of the elements in the universe is a fundamental question in astrophysics. The
elements are produced in stars by various nuclear reactions during their lifetimes and deaths.
Nuclear astrophysics studies what specific processes are responsible for the synthesis of the
elements. The seminal work done by Burbidge et al. (1957) laid the foundation for nuclear
astrophysics, describing the formation of all isotopes in stars via a series of burning stages
and nuclear processes, and proposing likely stellar conditions where they happen. Shortly
after, Henyey et al. (1964) introduced a numerical method to model helium formation in
stars via the CNO cycle. Since then, computational nuclear astrophysics has progressed
significantly, enabling detailed modeling of stellar evolution across a wide range of masses
and metallicities (Pignatari et al., 2016b; Ritter et al., 2018b; Battino et al., 2019).

1.1 Motivation

As far as computational nuclear astrophysics has come, there are still open questions re-
garding the origin of all isotopes. The stellar models that calculate the nucleosynthesis are
typically one dimensional, relying on the assumptions of spherical symmetry and mixing
length theory to describe the convective motions in stars. While these assumptions are ad-
equate for much of the star’s life, they do not hold as the star reaches the end of its life,
particularly for massive stars. The goal of this thesis is to investigate how the nucleosynthe-
sis of isotopes during the late stages changes when taking into account the three dimensional

nature of stars.



1.2 Stars and the Origin of the Elements

Stars are the primary sites for the formation of elements through nuclear fusion. However,
not all elements are synthesized at the same stage of a star’s life cycle. Low-mass stars,
with masses less than 3 Mg, spend most of their lifetimes burning hydrogen into helium
in their cores. After exhausting the hydrogen in their cores, these stars expand into red
giants and cease core hydrogen fusion, continuing to burn hydrogen in a shell surrounding
the core. Eventually, the core becomes degenerate and undergoes a sudden flash of helium
fusion, initiating the production of carbon as the star enters the asymptotic giant branch
(AGB) phase. During the AGB phase, core helium fusion ceases, but helium continues to
burn in a shell around the core. At this stage, the convective envelope can expand and
mix hydrogen into the helium-burning shell, leading to recurrent flashes known as thermal
pulses. These thermal pulses release large numbers of neutrons, enabling the synthesis of
many elements heavier than iron. Ultimately, the star sheds its outer layers, leaving behind a
planetary nebula and a white dwarf, and ceases to produce new elements. Intermediate-mass
stars, with masses between 3 My and 8 M, do not undergo a helium flash. Instead, after
exhausting core hydrogen, they fuse helium into carbon and oxygen in their cores. Once core
helium is depleted, these stars may also fuse carbon into neon, but do not produce elements
heavier than this, and eventually become white dwarfs. (Prialnik, 2009; Herwig, 2013)

Massive stars, with masses greater than 8 Mg, also begin their lives by fusing hydrogen
to helium in their cores, but they continue to fuse into heavier and heavier elements as
they evolve. After they exhaust hydrogen in their cores, they will begin to fuse helium into
carbon and oxygen in their cores. Then they will continue to fuse carbon, neon, oxygen, and
eventually silicon. Once they begin to fuse silicon in their cores, they will begin to produce
iron. Once iron begins to form in the core of stars, they begin to collapse as the fusion
of elements heavier than iron is endothermic and does not produce energy. This collapse
causes the star to explode in a supernova and many nuclear reactions can occur. After the
supernova, the remnant core of the star can either become a neutron star or a black hole
depending on the mass before collapse (Woosley et al., 2002; Prialnik, 2009).

The rest of the elements heavier than iron that are not produced in AGB stars or super-
novae of massive stars are mostly produced during the merger of two neutron stars. When
two neutron stars merge, they produce extremely high densities of neutrons and the heaviest
stable elements in the universe are formed (Goriely et al., 2015). These astrophysical sites

for the production of the elements are summarized in Figure 1.1.
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Figure 1.1: Taken from Johnson (2017): Periodic table shaded according to the origin of the
elements in the solar system.

1.2.1 Massive Star Evolution

Stars with an inital mass greater than 8 My undergo a series of nuclear burning phases:
H — He - C — Ne —+ O — Si — Fe — core collapse.

These burning phases lead to the structure of the star being separated convective shells with
primary burning structures, as seen in Figures 1.2 and 1.3.

After the formation of the Fe-core the star begins to rapidly contract as nuclear burning no
longer can balance the gravitational force. This leads to a core collapse supernova explosion
where further shockwave induced nucleosynthesis can occur (Woosley et al., 2002). The core
of the star leaves behind a neutron star or black hole, and all other material beyond the mass
cut is ejected into the interstellar medium. The exact border of where mass is ejected from
changes the yields of massive star nucleosynthesis. Ritter et al. (2018b) place this mass cut

for massive stars around the interface of the Si/O-shell.

1.2.2 O-C Shell Mergers

The burning shells of stars, as shown in Figures 1.2 and 1.3, are separated by radiative

regions. Because of this, there is no material shared between the shells, but in the final stages
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Figure 1.2: Taken from Prialnik (2009): Schematic structure of a supernova progenitor star.
The Ne-burning layer is not shown but would be between the C- and O-layers.

of advanced O-shell stellar burning, hours before the core collapse of the star, anywhere from
20% to 40% of 1D massive star models have been found to have a merger of the O-, Ne-, and
C-shells (Rauscher et al., 2002; Ritter et al., 2018a; Collins et al., 2018; Roberti et al., 2023,
2025). This phenomenon is known as an "O-C shell merger". Figure 1.4 shows a Kippenhahn
diagram of the merger of the O- and C-burning shells for a 15 My Z = 0.02 model from
Ritter et al. (2018b). These mergers occur when the convective O- and C-shells grow large
enough to overlap, forming a single extended convective region. This happens when the
upper boundary of the O-shell starts to grow and ingest some of the C-shell material. As
this material enters the O-shell, it begins to burn at the higher temperatures of the O-shell
and the compositions of the shells begin to mix.
These mergers are known to have peculiar markers of nucleosynthesis because the convective-

reactive environment of the O-shell, such as the production of the odd-Z elements P, CI, K,

and Sc which are underproduced in galactic chemical evolution calculations (Ritter et al.,
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Figure 1.3: Kippenhahn diagram of the inner 6 My of the 15 M, Z = 0.02 model from
Ritter et al. (2018b) with labels for the main shell and core burning phases. Grey areas

are convective regions, white areas are radiative regions, and blue areas show where nuclear
burning occurs.

2018a; Roberti et al., 2025). The O-C shell merger has also been found to produce the
p nuclei, heavy n-deficient isotopes, by photo-disintegrating stable heavy isotopes (Rauscher
et al., 2002; Ritter et al., 2018a; Roberti et al., 2023).

O-C shell mergers have also been understood to be important for seeding asymmetries
important for the supernova. The shell mergers are highly asymmetric and provide pertur-
bations necessary for the supernova explosion in the O-shell (Miiller, 2016; Collins et al.,
2018; Miiller, 2020; Yadav et al., 2020; Andrassy et al., 2020).

1.2.3 Hydrostatic Burning in Massive Stars

Burning in stars largely occurs in hydrostatic equilibrium, where the energy produced by
nuclear reactions balances the gravitational forces acting on the star. This balance allows
the star to maintain a stable structure and prevents it from collapsing under its own gravity.
The burning phases in stars occur at specific range of temperatures and densities, depending
on the initial mass of the star as shown in Table 1.1. Much of the nuclear burning in the core
and shells of stars happens in convective regions which is a region where the stratification

of the star is unstable and the material mixes. In this section, the details of the hydrostatic
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Figure 1.4: Zoom in view of Figure 1.3 showing the merger of the convective O and C-
burning shells for the 15 Mgy Z = 0.02 model from Ritter et al. (2018b). The O-burning
shell extends from 1.55—1.95 M. The first convective C-burning shell sits directly on top
from 1.96—2.11 My and additional convective C-burning shells that are ingested are above.
The merger onsets at log,y(t — tena)/yr &~ —3.85 and reaches full extent at ~ —4.

burning phases in massive stars are described in more detail, along with the nuclear reactions
that occur during these phases.

The following section describes the burning stages following Woosley et al. (2002) and
Iliadis (2015). H-burning is the first stage of hydrostatic burning which occurs in stars,
primarily by the CNO cycle.

2C(p, 7)PN(BH)PCp,7)""N(p,7)"O(87)°N(p, a)*C

In the CNO cycle, carbon, nitrogen, and oxygen act as a catalyst for the fusion of four 'H



Table 1.1: Details about hydrostatic burning phases in massive stars of 13-25 M, from Table
1 of Woosley et al. (2002).

Burning Phase | Temperature (MK) | Density (g cm™) | Timescale (yrs)
H-burning 34.4-38.1 6.66-3.81 (13.5-6.70) x107
He-burning 172-196 (1.73-0.762) x10° | (2.67-0.839) x107
C-burning 815841 (3.13-1.29) x10° | (2.82-0.522) x10°
Ne-burning 1690-1570 (10.8-3.95) x10° 0.341-0.891

O-burning 1890-2090 (8.19-3.60) x10° 4.77-0.402

Si-burning 3280-3650 (4.83-3.01) x107 (48.8-2.0) x107°

isotopes into *He. If the star does not have enough carbon, nitrogen, and oxygen to catalyze

the fusion of hydrogen, it will instead fuse hydrogen into helium by the three p-p chains:
p(p, e"v)*H(p, 7)*He(*He, 2p)'He

p(p,etv)*H(p, v)*He(ar,7) Be(e™, v) "Li(p, o)
p(p, e v)*H(p,v)*He(ar,v) Be(p, v)*B(81v)*Be(a) o

After the hydrogen in the core of the star is used up, the star will begin to burn helium by

two main processes that create carbon and oxygen:
‘He + *He +— ®Be+a — ?C+~ and “C+a— %0 +4

8Be has a very short half-life of 8.2 x 107'" s and decays back into two « particles, but a
quasi-equilibrium state is reached between its formation and decay rate. A small fraction of
these 8Be nuclei capture another o before decaying, forming ?C through the resonant Hoyle
state. After helium is exhausted, the massive star will begin to fuse carbon either in its core

or slighly above the core and primarily produce neon, magnesium, and sodium:
2o 4120 5 Ne +

2o 42 5 BNa+p
24160 = Mg + o
Loy 205 23Mg +n

When the carbon burning stops, the star will begin to burn neon in the core which first



produces *O by photo-induced emission of an « particle, and then produces ?*Mg by the

capture of the released o on ?°Ne:
'Ne 4+ v — 1°0 + «

ONe + o — 24Mg +

After neon burning is complete, the star will begin to fuse oxygen in its core into silicon,

sulfur, phosphorus, and magnesium:
60 +1%0 — Si + o

190 4+ 190 = ¥1S 4 n
160 + 160 N 31P _|_p

With a core composed of #Si, it will be burned by photo-disintegration reactions (v, a),
(7,m), and (7, p). Once enough a particles are produced by these photo-disintegration reac-

tions, there can be a net production elements up to iron and nickel:
#Si(a,7)*S(, 1) Ar(a, 1) Ca(a, ) Ti(er, 7) *Cr(a, 7)*Fe(a, 7)*Ni

Finally, during the explosive burning conditions of the core collapse, the star will produce
elements like Ti, Cr, V, and Mn.

1.2.4 Galactic Cosmic Rays

Galactic cosmic rays are high-energy particles originating from outside the solar system,
primarily composed of protons, « particles, and small fraction of heavy nuclei that come
from high energy astrophysical sites like a supernovae, stellar winds released by supernovae
remnants, or hot ionized interstellar medium. As these rays travel, they interact with in-
terstellar gas and dust and produce the light elements Li, Be, and B by spallation reactions
(Mitler, 1970; Mewaldt, 1988; Meyer et al., 1997; Iliadis, 2015; Lingenfelter, 2019; Tatischeff
et al., 2021).

1.2.5 Neutron Captures

Neutron captures are an important part of how elements heavier than iron are formed. In the

neutron capture processes, an iron nucleus in a neutron rich environment captures neutrons



by (n, ) reactions and becomes increasingly n rich and unstable. The unstable nucleus then
B~ decays until it becomes a stable isotope. The neutron capture processes are divided into
three main regimes: the slow, intermediate, and rapid neutron capture processes, commonly
referred to as the s, ¢, and r processes. The s and r processes were originally proposed by
Burbidge et al. (1957) and the i process was later identified by Cowan and Rose (1977).
The name of each process refers to the speed at which the neutron captures occur compared
to the ~ decay timescale. The faster the neutron captures occur, the more unstable the
nucleus becomes and it travels further from the valley of stability. Finally, a neutron shell
becomes full when a nucleus has 50, 82, or 126 neutrons, which corresponds to Sr/Y /Zr,
Ba/La/Ce/Nd, and Pb/Bi. When this happens, the (n,v) cross section becomes lower,

making it more likely that the nucleus will undergo S~ decay rather than capture another

neutron.
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Figure 1.5: Taken from Rapp et al. (2006): Abundance distribution of heavy isotopes that
can be entirely ascribed to s process (filled circles), r process (squares), and p process (open
circles) nucleosynthesis.

The s process primarily occurs in AGB stars during their thermal pulse phase. Periodic
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He-shell flashes generate a convective zone in the He-intershell, which mixes freshly syn-
thesized '2C. After the pulse, the convective envelope can penetrate into this region (third
dredge-up), bringing carbon and other products to the surface. Between pulses, a *C pocket
is formed when protons partially mix into the ?C-rich intershell, leading to *C production
via 2C(p,7)¥N(81)13C. The 3C subsequently reacts via *C(a, n)'®0, releasing neutrons
with densities of 10°—10'" em~2, driving the s-process nucleosynthesis close to the valley of
stability. Additional neutrons are briefly produced during He-shell flashes from ?2Ne which
comes from "“N(a, 7)"F(5%)®0(a, 7)?**Ne and releases neutrons by *’Ne(a, n)**Mg (Sneden
et al., 2008; Herwig, 2013). In massive stars, a weaker form of the s process occurs during
the He- and C-burning phases where neutrons are released by #*Ne(a,n) (Pignatari et al.,
2010; Kappeler et al., 2011).

The i process has two sites considered for its production: metal poor AGB stars and
rapidly accreting white dwarfs. If an AGB star is metal poor, when it undergoes its third
thermal pulse it can sustain a longer connection between the H and He rich layers and
produce neutron densities of 10"*—~10' cm™ (Choplin et al., 2021). If a white dwarf has a
main sequence star binary companion, it can accrete the H-rich material from its companion.
As hydrogen is accreted onto the white dwarf, it burns and creates a He-shell. When the
He-shell reaches a critical mass, it will undergo a flash and release neutrons by *C(a, n)0O
(Denissenkov et al., 2021). i-process nucleosynthesis has a similar peak abundance pattern
to the s process as it does not travel significantly farther from the valley of stability, the
primary difference being which isotope is the most abundant (Choplin et al., 2021).

The r process is thought to occur in the merger of two neutron stars, as when they merge
they produce a large number of neutrons at densities greater than 10?° cm=3. The neutron
captures in the r process occur so rapidly that the nuclei produced are extremely unstable
and travel far from the valley of stability. The r process abundance distribution shows peaks
at A =80, A =130, and A = 195. The A = 130 and A = 195 peaks come from the fission
of n-heavy actinides (Arnould et al., 2007; Goriely et al., 2015; Mumpower et al., 2018). A
weaker form of the r process may occur in the supernova of a massive star which produces
isotopes up to A = 130 (Woosley and Hoffman, 1992; Kobayashi et al., 2020).

1.2.6 p-Nuclei Nucleosynthesis

The p nuclei are a set of 35 n-deficient stable isotopes from ™Se to '"Hg that make up
a small fraction of the observed solar abundance distribution of their respective elements

(Rapp et al., 2006; Rauscher et al., 2013). These isotopes are typically 10-1000 times less
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abundant than their stable n-rich counterparts as seen in Figure 1.5. Burbidge et al. (1957)
first identified these isotopes as a distinct group, and did not think that the p nuclei were
produced by the neutron capture processes. Instead, they proposed that a series of (p,~)
reactions in equilibrium with (v,p) and (7y,n) reactions in the H-rich envelope of a Type
IT supernova in a process they labelled the "p process". This is because the p nuclei are

shielded from neutron captures by stable isotopes, as shown in Figure 1.6.

p-process
isotopes

v...
V.. " rprocess

V... " decay chains

.

S process

Figure 1.6: Taken from Rauscher et al. (2013): The p isotopes are shielded from r process
decay chains by stable isotopes and are bypassed in the s process reaction flow.

Since the proposal of the p process by Burbidge et al. (1957), the common understanding
is that the observed solar abundance of the 35 p nuclei is produced by a superposition of
astrophysical processes. Some of the varied processes and sites that can produce the p nuclei

include:

™Se—% Mo can be produced in the ejecta of a supernova during the a capture process

by photo-disintegrations (Woosley and Hoffman, 1992).

e ™Se—19Cd can be produced by v induced (n, p) reactions in the winds of a supernova

(Frohlich et al., 2006; Arcones and Montes, 2011).

e 34Sr—9Ru can be produced in a H-rich accretion disk around a neutron star by rapid

(p,v) and gt decay analogous to the neutron capture process (Schatz et al., 2001).

e 152Gd, Er, and '8°™Ta have significant contributions from the s process (Bisterzo
et al., 2011).
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e 3In and 5Sn can be made during the r process (Dillmann et al., 2008).

e v capture reactions have been found to play a role in the production of *3In, ¥La,
and 89mTa (Goriely et al., 2001; Arnould and Goriely, 2003; Sieverding et al., 2018).

The majority of the p nuclei can be produced by the "~ process", a process that was
first proposed by Woosley and Howard (1978) who did not think the temperatures of the
H-envelope during a supernova were sufficient. The ~ process is a secondary process that
requires pre-existing stable nuclei that undergo photo-disintegrations (v, n), (v, «), and (v, p)
reactions to produce the p nuclei at temperatures of (1.5—3) x 10°K (Rauscher et al., 2013).
Because it is a secondary process, the v process is dependent on the metallicity of the star
and seeds available (Travaglio et al., 2015; Battino et al., 2020).

One site where the v process could take place is in the explosive O and Ne burning shells
of a massive star (Woosley and Howard, 1978; Rayet et al., 1990; Rauscher et al., 2002).
In this site, the p nuclei are produced, but there are serious underproductions of the light
isotopes, especially 9294Mo and 99 Ru, 1**La, and 8™Ta (Rapp et al., 2006; Rauscher et al.,
2013; Pignatari et al., 2016a).

Another site is the explosion of white dwarfs during Type Ia supernova if the seeds for
the process are enhanced. White dwarfs have s-process material from either during the
prior AGB phase or from He-flashes during accretion from a companion star. When the
white dwarf reaches the Chandrasekhar mass limit, it can explode in a Type Ia supernova
and produce the p nuclei by the « process (Travaglio et al., 2011, 2015). Rapidly accreting
white dwarfs that have i-process nucleosynthesis are also able to produce the p nuclei by
the v process in the Type Ia supernovae (Battino et al., 2020). White dwarf explosions are
able to produce the p nuclei apart from '3In, 115Sn, %¥La, %2Gd, and ®¥"™Ta without an
underproduction of the molybdenum and ruthenium isotopes (Rauscher et al., 2013).

It has also been found that the p nuclei can be produced in the O-C shell merger of
a massive star before the supernova explosion (Rauscher et al., 2002; Ritter et al., 2018a;
Roberti et al., 2023). As explained in Section 1.2.2; the stable isotopes in the C-shell are
ingested into the much hotter temperatures of the O-shell. In the O-shell, the stable isotopes
undergo photo-disintegration reactions and produce the p nuclei. A significant percentage
of the final yields of the p nuclei with A > 100 are produced during the O-C shell merger
independent of the peak explosion energy of the subsequent supernova (Roberti et al., 2023,
2024).
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1.3 1D Stellar Modelling

Stars are 3D objects that are governed by the Navier-Stokes equations where the fluid is
undergoing a series of nuclear reactions. The equations governing the hydrodynamic flow

are given below (Kippenhahn et al., 2013):

o)
ap : — 1.1
5 TV (V) (11)
o
P (E + (U : V)U) =—-VP — pVCI) (1.2)
dE P 1 =
— =——-V-i+e—-V-F L.
o pV U+ pV (1.3)
V20 = 47Gp (1.4)

where p is the density, v is the velocity, P is the pressure, ® is the gravitational potential,
E is the specific internal energy, € is the energy generation rate, and F is the energy flux.
These equations can be solved in 3D, but calculating the full 3D hydrodynamic equations
for the entire evolution of a star is computationally expensive. This is because the timestep
of the simulation is limited by the Courant-Friedrichs-Lewy (CFL) condition (Courant et al.,
1928; Viallet et al., 2011) which states that the timestep must be small enough that the fluid
does not travel more than one grid cell in a single timestep. The CFL condition which must

be satisfied for the whole simulation is given by:

At < Az
lu| + ¢

(1.5)

where Az is the grid cell size, and |u| + ¢ is the fastest wave speed in the simulation.
Depending on how much of the star is included and which stage of stellar evolution is being
simulated, the timestep can be very short and following the evolution of a star can become
computationally prohibitive. It becomes even more expensive if a nuclear reaction network is
included. Some studies are able to calculate both the hydrodynamical and nuclear network
equations together (Rizzuti et al., 2024b), but these are limited to a couple dozen species.
Because of this, it is necessary to have a 1D approximation to be able to study the whole of
stellar evolution.

1D stellar modeling requires the assumptions of spherical symmetry and hydrostatic
equilibrium. Under spherical symmetry, all variables depend only on the radial coordinate r

and time t. However, it is typical to replace the radial coordinate r with the mass coordinate
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m, defined as the mass enclosed within radius r. This transformation allows all structural

variables to be expressed as functions of m and t:
p=p(m,t), P=P(m,t), T=T(m,t), L=L(m,t), r=r(m,t)

The assumption of hydrostatic equilibrium implies that each mass shell remains static,
with pressure gradients exactly balancing gravity at all times. This condition can be ex-

pressed as
o°P _ Gmp

or 72

Here, m is the mass enclosed within radius 7, and G is the gravitational constant.

The radius as a function of m can be derived from mass conservation:

or 1
om  4nr?p

This equation relates the incremental change in radius to the local density and defines the
geometry of the star.
The pressure gradient in terms of m follows from hydrostatic equilibrium and the geo-

metric relation above:

oF __Gm
om  4mrrt

The luminosity gradient is derived from energy conservation. The luminosity L changes

(1.6)

with m due to local energy generation and changes in internal energy:

oL or oor

5 — Snuc T v — - L.
R TT (17)

Here, e is the local nuclear energy generation rate per unit mass, and ¢, is the energy
loss rate from neutrinos. The terms involving cp (specific heat at constant pressure) and &
account for changes in thermal and mechanical energy content, respectively.

The temperature structure is governed by the thermal gradient. The temperature gradi-

ent can be written as

dInT
V=inp
In mass coordinates, this gives
or  GmT (1.8)
om  AnriP '

The actual value of V depends on the mode of energy transport. In radiative regions,
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energy is carried by photons diffusing outward. The mean free path of photons is given by

1
lnfy = —
fp Kp
where k is the opacity. Assuming local thermodynamic equilibrium and that ¢,,¢, < 7, the

radiative flux can be described as a diffusive process:

dacT? OT

where a is the radiation constant and c is the speed of light. Using the relation L = 47wr?F,

one finds for the radiative gradient:

3kPL

vm =
T 6t Gacm T4

(1.9)

In convective regions, energy is transported by adiabatic motions of fluid elements. If

the gas is assumed to behave ideally, then

P:%pT
1

where Z is the gas constant and p is the mean molecular weight. For adiabatic displacements,
the pressure and density satisfy
P p?

with adiabatic index ~. This yields

Vaa=1-— 1 (1.10)
8
In general, the actual temperature gradient in convective regions is close to V,q due to
efficient mixing.

In radiative regions, only temperature gradients are equilibrated through photon diffu-
sion. In convective regions, both temperature and composition gradients are homogenized
as fluid elements exchange mass. Moreover, the assumption of adiabatic convection implies
constant entropy along fluid trajectories. If a region transitions from radiative to convective,

the entropy gradient must be flattened as mixing proceeds.

Finally, the chemical composition in stellar evolution is described by the mass fractions
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X, satisfying ) . X; = 1. The change in composition due to nuclear burning is given by

dX;
dt

=Y R; (1.11)
burn -

J
where R;; represents net reaction rates involving species 7 and j. Alternatively, in terms of

number densities NV;, the general form is

dN;
dt = ZNij<UU>jk — NizNj<UU>ij + ...+ ZNnAn — Nz>\z

J:k J

Here, (ov) denotes thermally averaged reaction rates, and A represents decay rates.

Mixing of chemical species is described as a diffusive process:

dX;
dt

_ 9 {(47r7"2p)2D8Xi] (1.12)

mix  OmM om

where D is the effective diffusion coefficient describing convective or other mixing processes.

1.3.1 Mixing Length Theory Approximation

Prandtl (1925) was first to describe the turbulent flow of water through a channel by consid-
ering a characteristic length scale the eddies would travel before mixing with their surround-
ings. Following his insight, Bohm-Vitense (1958) developed the first stellar model using the
idea of a characteristic length scale to describe the convective motions of the Sun.
Turbulent motions are complex 3D flows involving eddies of different shapes, velocities,
and distances they travel before mixing with their environment. Rather than describing
the flow of every individual fluid element, it models the average distance each fluid element
travels, ¢, before mixing with its surroundings. It also assumes that the average size of the
fluid elements is equal to the travel distance ¢. This is the "mixing length theory" (MLT)
approximation. Fluid elements also have other average properties such as the velocity v
they travel at and therefore an average timescale they travel for before becoming mixed with
their surroundings 7 = ¢/v (Kippenhahn et al., 2013; Cox and Giuli, 1968; Joyce and Tayar,

2023). In stars, the average distance traveled ¢ is the mixing length ¢y and is given by:
Oypr = ot - Hp (1.13)

where Hp is the pressure scale height and ayr is a dimensionless free parameter and can
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be chosen to match stellar evolution tracks to empirical data (Joyce and Tayar, 2023).
Prandtl (1925) used this assumption to describe the turbulent flows by a diffusion process,

and this description of the motion is still the understood physical picture that MLT relies

on (Joyce and Tayar, 2023). In the MLT approximation, the motion of fluid elements is

characterized by a diffusion coefficient:

1
Dyiir = §Uconv X Oy (1.14)

where v.o,, are the average convective velocities of the fluid elements and /v is the mixing
length. The timescale can also be re-written in terms of this diffusion coefficient and the

mixing length (Herwig et al., 2011):
et = L/ Dyvnr (1.15)

1.3.2 Stellar Evolution with MESA

The Modules for Experiments in Stellar Astrophysics (MESA) code is an open-source
1D stellar evolution framework used in stellar astrophysics that allows the computation of the
structure and evolution of stars from pre-main sequence to advanced stages of burning up to
the core collapse (Paxton et al., 2010). One of MESA’s distinguishing features is its implicit,
fully coupled solution of the structure, nuclear burning, and mixing equations. The code
employs a Newton-Raphson method to simultaneously solve the coupled set of equations
of 1D stellar structure, diffusion of species, and nuclear reactions. The coupled equations
allow MESA to resolve multi-timescale problems. In convective regions, MESA adopts a time-
dependent diffusive mixing approximation, solving the mixing (subscript "mix") and nuclear

burning (subscript "nuc") processes at the same time with operator coupling:

( dt >t0ta1_ ( dt )nuc+ ( dt )mix (116)

where X; is the mass fraction of isotope i, and both terms are evaluated and advanced

implicitly in a coupled fashion. Species mixing in MESA is taken to be diffusion (Paxton et al.,
2010). MESA can include nuclear networks of hundreds of isotopes. However, solving large
coupled equations takes a lot of computational power, and so stellar evolution calculations
typically use reduced networks to capture the reactions that are relevant to energy generation

without tracking full nucleosynthetic yields.
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1.3.3 Post-Processing with mppnp

To obtain detailed nucleosynthesis predictions, it is necessary to post-process stellar models.
One such code is multi-zone post-processing network parallel (mppnp) created by
the NuGrid collaboration!. mppnp is a parallelized multi-zone code that takes as input an
already evolved stellar structure and species from MESA and calculates the full nucleosynthesis
of thousands of isotopes and tens of thousands of reactions.

Unlike the coupled equations of MESA, mppnp adopts an operator-split approach where it

solves nuclear reactions and mixing separately in alternating steps:

1. The abundances X; are updated via an implicit solver for nuclear reactions, using the

supplied temperature and density histories.
2. The resulting abundances are then mixed by diffusion.

3. Optionally, an ingestion step can be included where a species is ingested at the top of

region and mixed in.

By decoupling the nuclear physics from the stellar structure, mppnp is able to calculate
large nuclear networks. However, if the timescales of mixing and burning are comparable,

the operator-split approach can lead to inaccuracies in the final abundances.

1.3.4 Convective-Reactive Environments

One of the ways that a region of a star can be characterized is through the Damkohler
number (Dimotakis, 2005):
D, = lmix, (1.17)

Tburn

For the MLT scenario, Ty, is given by Equation 1.15 and 7y, is given by the timescale for

nuclear burning, which can be approximated as the inverse of the reaction rates:

1
T, = —_ 1.18
react ; pNA <O"U>Xj ( )
where p is the density, N, is Avogadro’s number, (ov); the reaction rates contributing to
some species, X; is the mass fraction of the reacting species, and A; is the mass number of

the reacting species.

!Details about the NuGrid collaboration and their codes can be found at https://nugrid.github.io/.


https://nugrid.github.io/
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Hydrostatic burning in convective regions is characterized by D, < 1. In this case,
the mixing timescale is much shorter than the nuclear burning timescale, and the convective
mixing is fast enough that the isotopes are mixed before they can undergo significant nuclear
burning. Convective-reactive nucleosynthesis occurs when nuclear burning and convective
mixing operate on comparable timescales, D, = 1 (Dimotakis, 2005; Herwig et al., 2011;
Ritter et al., 2018b). In these conditions, the mass fractions of species are not well-mixed,
and can undergo significant nuclear burning as they are being mixed. Reactions are not
balanced across the region, and species are able to have different nucleosynthetic pathways

depending on the temperature where D, = 1.
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Figure 1.7: Timescales Typr, Treact; and Tgeae Vs mass for the 15 My Z = 0.02 stellar model
from Ritter et al. (2018b) during the merger at log,,(t — tena) &~ —3.88. The black line is
mvrr. The dashed red line is Tyeact for 2C, and the solid red line is Tycare for 12C. Likewise,

the green lines are for 1°0, and the purple lines are for 2°Ne. Black circles are provided where
D, =1 for 12C and *Ne.

Herwig et al. (2011) found that in a convective-reactive environment, the MLT mixing
timescale is not always appropriate for describing the mixing timescale. They propose a

reaction scale height timescale using the generalized principles of scale heights (Chapman,
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1961):

ding\
H¢:< df) (1.19)

where ¢ is the quantity of interest, in this case ¢ = pN,(ov). The timescale associated with

this scale height is given by (Herwig et al., 2011):

2
H3

DMLT

Tscale =

(1.20)

and there would likewise be a Damkohler number for the scale height where 7, 1S Tscale-
Figure 1.7 shows that D, = Tyt /Treacs = 1 and Dy = Tavrr/Tecale = 1 for 12C and 2°Ne
but D, < 1 for 10 during the merger shown in Figure 1.4. As the merger progresses, the
material that is ingested from the C-shell undergoes convective-reactive nucleosynthesis.
Since this is a convective-reactive environment, it is important to resolve the timescales
for both mixing and burning. This is done by ensuring that there is little change in the final
mass fraction when increasing the number of timesteps and mass zones in the simulation. As
Figures 1.8 and 1.9 show, for the post-processing of the 15 My Z = 0.02 stellar model from
Ritter et al. (2018b), there is very little change in the final mass fractions of the p nuclei
when the number of timesteps and mass zones are increased. The case with 200 mass zones
in Figure 1.9 is strangely quite different from the other cases, but as the mass zones are

increased to 400, the final mass fractions do not change significantly.

1.4 3D Macrophysics

Despite the value of 1D stellar evolution codes, stars are 3D objects that exhibit non-spherical
features. The simplifications made by spherical symmetry and the MLT approximation do
not sufficiently capture the 3D physics of convection. Because of this, there are modelling

inconsistencies between 1D MLT predictions and 3D hydrodynamic simulations.

1.4.1 Limitations of MLT

As explained before, MLT assumes that there is some average length /yr that all fluid
elements travel in a convective environment before mixing with their surroundings.

One of the problems with MLT is how it treats the boundary between a convective region
and a radiative region. As explained in Section 1.3 as defined by Equations 1.9 and 1.10,
convective regions are described by V.q < V,.q and radiative regions where V,q > Vi .q.

The boundary between these two regions is defined by the Schwarzschild criterion where
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Figure 1.8: Time resolution test for the p nuclei using a post-processed model of the 15 Mg
Z = 0.02 stellar model from Ritter et al. (2018b) at 110 s of ingestion and 400 mass zones.
Percent difference is calculated as the (case — At = 0.5 s)/(At = 0.5 s). The At = 0.5 s
case has a percent difference of 0%.
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Figure 1.9: Mass resolution test for the p nuclei using a post-processed model of the 15 Mg
Z = 0.02 stellar model from Ritter et al. (2018b) at 110 s of ingestion and 400 mass zones.
Percent difference is calculated as the (case — 100 zones)/(100 zones). The 100 zones case
has a percent difference of 0%.

Vad = Viaa. According to Equation 1.14, the diffusive coefficient for mixing is equal to the
convective velocities. Outside the boundary of a convective region, suddenly v,y = 0 which
would imply an unphysical infinite acceleration to stop the fluid at the edges. To treat the

boundaries of convective regions, stellar evolution codes like MESA implement a convective
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overshooting parameterization where

2
Dov = Deonv,o X €xXp <— f)\z > (1.21)
PO

where Doy o is the diffusion coefficient at the boundary, Ap is the pressure scale height at
that location, z is the position in the radiative zone, and f is a free parameter so that the
diffusion drops off exponentially rather than immediately (Paxton et al., 2010).

As described in Renzini (1987), there are some fundamental issues in using MLT to
describe a convective region. One big issue is that the mixing length is assumed to be both
the average distance a fluid element travels and its size. If the convective region is smaller
than the mixing length, then it cannot resolve the mixing since it is smaller than a single
fluid element. This applies to both convective regions and the overshooting region, which is
a fraction of the pressure scale height. Therefore, for MLT to be a valid description, ¢y
must be sufficiently small.

As recognized by Bazan and Arnett (1994), the O-burning shell cannot adequately be
described by MLT. For example, Figure 1.10 shows the 15 M Z = 0.02 model from Ritter
et al. (2018b) as it is merging. The O-burning shell has a size of 4.7 x 10° m, the merging
region 1.07 x 10° m, and the C-burning shell 9.44 x 10° m. Since the fluid element in MLT
is assumed to be the same size as the mixing length, it can be estimated that each region
can resolve 3.2, 0.3, and 2.2 fluid elements respectively by dividing the lowest mixing length
by the size of the region in Figure 1.10. Clearly, these regions are not well resolved by MLT,

especially the region where the O- and C-shells are merging.

1.4.2 3D Simulations of Convective O-Shell Burning and C-Shell Entrainment

Multidimensional hydrodynamic simulations have been done of O-shell burning and C-shell
entrainment in massive stars. Bazan and Arnett (1994) performed a 2D simulation of O-
burning where they show that the convective motions and temperature are non-radially,
spherically asymmetric and mix through radiative layers by a penetrative convection rather
than a simple overshoot.

Meakin and Arnett (2006) performed a 2D simulation of both the O- and C-burning shells
with a limited nuclear network and compared to a 3D simulation of just the O-shell. They
found that the non-convective region between the two shells had comparable velocities to the
convective shells and that the convective shells have large, round vortices and asymmetric

density perturbations. Additionally, they found that the convective motions excited waves
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Figure 1.10: O- and C-burning shells in the 15Mg, Z = 0.02 model from Ritter et al. (2018b)
at model number 9200 right before the merger with the C-shell is fully realized. The left
y-axis shows the diffusion coefficient in blue, and the right y-axis shows the mixing length in
black. The O-shell is from (2.79—7.49) x 10 m, the merger region is from (7.49—8.56) x 10° m,
and the C-burning shell is from (8.56—18) x 10° m.

in the radiative layer that allowed for C-shell entrainment into the O-shell at ~ 1074 Mys™!.
Because of this entrainment, they found there would be sudden O-flames burning in the O-
shell that would turn on and off. However, they note that their 3D O-shell simulation show
plumes rather than vortices to describe the flow and caution against using 2D simulations
to describe the convective motions in this scenario.

Meakin and Arnett (2007) also find this mixing difference between 2D and 3D simulation
of O-shells, and they also find that the 3D radial velocity decreases gradually at the top of
the shell and sharply at the bottom, which cannot be explained by a constant ayr. This is

explained by the distance to the convective boundary acting as an upper limit to the mixing
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length, as fluid elements cannot travel a full mixing length if the remaining space they have
is less than it. They also find turbulent entrainment of material from the stable layer above
the O-shell.

Jones et al. (2017) in their 3D simulation of O-shell burning find that the 3D radial veloc-
ity profile exhibits the same gradual decrease at the upper boundary and find an entrainment
from the stable layer of 1.33 x 107¢ Mgs™!.
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Figure 1.11: Taken from Jones et al. (2017): Time-averaged radial diffusion coefficient profile
calculated from the spherically averaged abundance profiles by the method described in
Section 3.5 (brown solid line; black solid line is a fit to the noisy region). The convective
velocities computing using MLT agree with the spherically averaged 3D velocities to within
about a factor of 2 inside the convection zone but are too large in the vicinity of the convective
boundary, resulting in an overestimation of the diffusion coefficient there. Limiting the
mixing length to the distance from the convective boundary reproduces the fall-off of the
diffusion coefficient inside the convection zone approaching the boundary which is seen in
the spherically averaged 3D simulation results.
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As they show in Figure 1.11, the diffusion coefficient from MLT does not match the
shape of what is estimated in 3D and underestimate velocities. However, they provide a

recommendation for 1D modelling to better match the 3D diffusion profile shape:
D = vypr X min(aHp, |r — rsc|) (1.22)

where aHp = ¢ is the mixing length, r is the radius in the convective region, rsc is the
distance to the convective boundary, and vy are the velocities predicted by MLT. This is
rooted in the same insight by Meakin and Arnett (2007) that fluid elements may be too close
to the convective boundary to move a full mixing length. In addition to this, they apply the
same insight of distance to convective boundary to convective overshooting and find good
agreement with the spherically average 3D diffusion coefficient.

Arnett et al. (2019) follows the critiques of Renzini (1987) by listing the many issues with
the assumptions made by MLT and comparing the results of 3D hydrodynamic simulations
to MLT. Among other things, they find that 3D simulations have a gradual decrease in the
radial velocity profile as it reaches the bottom of their shell, and that there is entrainment
of material from the stable layers. These are behaviours which cannot be captured by MLT.

Yadav et al. (2020) in their 3D simulation of an O-Ne shell merger find that 3D simulations
have much faster convective velocities than predicted in 1D, and as the Ne-shell merges strong
plumes carry the material to the bottom of the O-shell where burn in a convective-reactive
environment. The asymmetric plume distribution leads to local hotspots of burning causing
as difference in the Si, O, and Ne mass fractions when compared to 1D.

Andrassy et al. (2020) performed 3D simulation of C-ingestion into a convective O-shell
and found a range of possible ingestion rates from 9.5 x 1078 Mys™! to 1.18 x 107 Mgs™*
and convective velocities of 38 km s™! to 181 km s! depending on the luminosity of the
20 412 C, 180 +16 O, and 2C +! O reactions. In their simulations they find large scale
asymmetries in the luminosity and density during entrainment. The radial velocity profile
they find exhibits a gradual decline at the top of the O-shell, but also a less steep decline
at the bottom of the shell. In addition to this, they boost the energy of C-burning and find
large scale asymmetric oscillations like the Global Oscillation of Shell H-ingestion (GOSH)
as found in Herwig et al. (2014). These are events where a sudden ingestion of hydrogen
into a helium-rich convective shell. GOSHs can lead to increased entrainment of material,
but also quench convective motions due to the energy feedback from the burning.

Rizzuti et al. (2024a) performed a 3D hydrodynamic simulation of an O-C shell merger

with a limited nuclear network and find significant differences from their 1D model. In the
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1D model, the top convective boundary of the O-shell grows until it merges with the Ne/C-
shell above it, but in the 3D simulation the bottom of the C-shell grows until it merges with
the Ne and O-shells under it. Like Jones et al. (2017), they find that 1D convective velocities
are an order of magnitude lower than the 3D simulation. Because of the differences in 1D

and 3D they find that there are significant differences in the mass fraction of species like
20Ne, Mg, and 28Si.

1.4.3 1D Implementation of 3D Hydrodynamics

Despite the limitations of 1D stellar evolution, 3D hydrodynamic codes are unable to cal-
culate the nucleosynthesis for complex processes such as the y-process where thousands of
isotopes can be involved. Nucleosynthetic yields have to be calculated then in 1D, but the
limitations of 1D can be mitigated by adopting the results of 3D hydrodynamics and test-
ing a variety of mixing scenarios. Specific to O-shell burning in O-C shell mergers, the
following steps can be taken to investigate in 1D how macrophysical uncertainties impact

nucleosynthesis:

e The shape of the radially averaged 3D diffusion coefficient profile exhibits a downturn
at the boundaries of the O-shell that is not seen in 1D (Meakin and Arnett, 2007; Jones
et al., 2017).

e Convective velocities are higher in 3D hydrodynamic simulations than predicted by
mixing length theory (Jones et al., 2017; Rizzuti et al., 2024a).

e The entrainment rate of C-shell material into the O-shell could be anywhere from
1078 Mgs™ to 107* Mgs™! (Andrassy et al., 2020).

e Asymmetric non-radial instabilities are present due to energy feedback which could

lead to convective quenching (Andrassy et al., 2020).

To address the shape a gradual downturn to D,y Equation 1.14 from Jones et al. (2017)
is adopted, but at the bottom of the O-shell instead of the top. This is done because we
are simulating the nucleosynthesis during an O-C shell merger, and so the upper convective
boundary is already connected to the C-shell above. To address lower convective velocities
in 1D, a series of boost factors can be applied to the diffusion coefficient. To address the
variability of C-shell entrainment, a variety of entrainment rates can be adopted in a 1D

post-processed model. Finally, to address energy feedback such as the GOSH-like events
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seen in Andrassy et al. (2020), a simple dip in the convective profile can be adopted:

r—a)?
Dyip = Dypr — (Dyiir — €) X exp [_(w—?)] (1.23)

where c¢ is the depth of the dip, a is the centre of the dip, w is width of the dip, and r is
the radius in the region. All variables are in 10° m. Using the results of 3D hydrodynamic

simulations, we can explore the possible impact on nucleosynthesis from macrophysics.

1.5 Thesis Outline

As explained in Section 1.4.1, 1D stellar evolution models are limited during the late stages
of stellar evolution, particularly during the O-C shell merger. This poses a problem for un-
derstanding the nucleosynthesis of isotopes produced during this merger because the O-shell
is a convective-reactive environment as explored in Section 1.3.4. If the convective velocities
are higher in the O-shell, this would decrease the mixing timescale and could change how
the nucleosynthesis occurs. This is particularly important for understanding the p nuclei,
as models with O-C shell mergers strongly contribute to their production as explained in
Section 1.2.6. This thesis will explore the importance of macrophysical uncertainties dur-
ing convective-reactive nucleosynthesis in the O-shell by implementing 3D hydrodynamic

insights into 1D stellar evolution models.

Chapter 2: Impact of 3D-macrophysics and nuclear physics on p-nuclei nucle-

osynthesis in O-C shell mergers

In Chapter 2, I describe the impact of a 1D implementation of 3D hydrodynamic concerns
on the production of the p nuclei. I explore how the nature of convective-reactive affects
the nucleosynthesis of the p nuclei, how the mixing concerns mentioned in Section 1.4.3. In
addition to this, I present the results of a nuclear reaction correlation study and investigate
how the results of these correlation studies change depending on the mixing conditions in
the O-shell.

Chapter 3: Additional Work

In Chapter 3, I describe how this work can continue to be applied to the production of
the light odd-Z isotopes. In particular, I highlight how the isotopes *°K, %K, and #'K are

impacted by these macrophysical uncertainties. This has relevance to whether exoplanets
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could form habitable atmospheres, as the decay of the radionuclide “°K is a significant heating
source in early planet formation (Frank et al., 2014; O’Neill et al., 2020). I also provide some
preliminary work investigating whether advective-reactive nucleosynthesis matters for the

r-process in the post-processing of trajectories that have escaped a black hole.
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Chapter 2

Impact of 3D-macrophysics and nuclear physics on

p-nuclei nucleosynthesis in O—C shell mergers

The following work has been written and prepared for submission to peer-review (Issa et al.,
2025). This paper was written in collaboration with my supervisor Dr. Falk Herwig, Dr. Pavel
Denissenkov, and Dr. Marco Pignatari. Drs. Herwig and Pignatari provided comments on
the manuscript and editing feedback. Dr. Denissenkov supplied the initial code used to create
the post-processed models, analysis tools, and training necessary to understand how to use
the code. I have modified this code and created new tools to perform the analysis, but his
contributions were essential to the inital stages. Dr. Herwig has also provided guidance and

support throughout the project in his role as my supervisor.

2.1 Abstract

O-C shell mergers in massive stars are a site for producing the p nuclei by the + process, but
1D stellar models rely on mixing length theory, which does not match the radial velocity pro-
files of 3D hydrodynamic simulations. We investigate how 3D macro physics informed mixing
impacts the nucleosynthesis of p nuclei. We post-process the O-shell of the Mzans = 15 Mg,
Z = 0.02 model from the NuGrid stellar data set. Applying a downturn to velocities at the
boundary and increasing velocities across the shell as obtained in previous results, we find
non-linear, non-monotonic increase in p-nuclei production with a spread of 0.96 dex, and find
that isotopic ratios can change. Reducing C-shell ingestion rates as found in 3D simulations
suppresses production, with spreads of 1.22—1.84 dex across MLT and downturn scenarios.
Applying dips to the diffusion profile to mimic quenching events also suppresses production,
with a 0.51 dex spread. We analyze the impact of varying all photo-disintegration rates
of unstable n-deficient isotopes from Se—Po by a factor of 10 up and down. The nuclear

physics variations for the MLT and downturn cases have a spread of 0.56—0.78 dex. We



30

also provide which reaction rates are correlated with the p nuclei, and find few correlations
shared between mixing scenarios. Our results demonstrate that uncertainties in mixing aris-
ing from uncertain 3D macro physics are as significant as nuclear physics and are crucial for

understanding p-nuclei production during O-C shell mergers quantitatively.

2.2 Introduction

The origin of the solar pattern of the 35 stable p nuclei is a long-standing problem for under-
standing nucleosynthesis. Burbidge et al. (1957) first identified these isotopes as a distinct
group, produced primarily not by the s or r process, but instead by a p process through
(p,7), (7,p), and (7y,n) reactions occurring during Type II supernovae and possibly Type I
supernovae. Based on the first generations of stellar computational models, Arnould (1976)
found that the p process could be driven by all photo-disintegration reactions (v, n), (v, «)
and (v,p) during the most advanced evolutionary stages of massive stars. Woosley and
Howard (1978) found instead that these photo-disintegrations could create the distribution
of p-process nuclei during the passage of the supernova shock over the internal progenitor
structure, which they called the v process. Following works better defined v process pro-
duction in Type II supernovae and more in general in core-collapse supernovae (CCSNe e.g.,
Prantzos et al., 1990; Rayet et al., 1995; Travaglio et al., 2018; Choplin et al., 2022; Roberti
et al., 2023, 2024).

A variety of additional processes and astrophysical sites have been discussed, and no
single mechanism produces all the p nuclei. Woosley and Hoffman (1992) found that ™Se—
92Mo could be produced during the a-rich freezeout of a supernova. Fréhlich et al. (2006)
found high neutrino fluxes during a supernova can create “Se-1%Cd by (n,p), (n,7), and
(p,7y) reactions in a vp process. Schatz et al. (1998) suggested that a hydrogen-rich accretion
disk around a neutron star could undergo a series of rapid proton captures in a rp process
to produce Se-Ru. Xiong et al. (2024) proposed that neutrino induced reactions of
r-process material in a vr process could produce ®Kr—1%8La in the winds of a proto-neutron
star. Goriely et al. (2002) proposed that a proton-poor and neutron boosted region could
undergo proton-captures could produce all p nuclei by a pn process during He-detonation of
a C-O white dwarf’s ejected envelope. Rauscher et al. (2002) found that the 7 process can
produce the p nuclei in massive stars during core-collapse supernovae, and also beforehand
if the O shell merges with the C shell, but that the ~ process underproduces Mo and
9%.98Ru. Ritter et al. (2018a) and Roberti et al. (2023) confirmed these results and studied
the p process triggered by O-C shell merger.
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The v process describes the flow of (v, n), (v, p), and (v, ) reactions on the stable isotopic
seeds that are already present in the shell at temperatures of T' = (1.5—3) x 10° K (Rauscher
et al., 2013). However, the v process in massive stars underproduces not only the Mo and
Ru, but all p nuclei with A = 90—130 (Arnould and Goriely, 2003; Woosley and Heger,
2007). Travaglio et al. (2011) showed that the v process could produce all p nuclei during a
Type Ia supernova from the s-process material synthesized during stellar evolution without
the underproduction of %2%Mo and %®Ru. Furthermore, Travaglio et al. (2015) found that
modifying the distribution of s-process material significantly influenced the production of the
p nuclei, especially the heaviest ones, and that the lightest three were strongly dependent
on the metallicity. Battino et al. (2020) additionally found that the H-flashes of rapidly
accreting white dwarfs which undergo the i process could modify the seed distribution to
produce p nuclei with 96 < A < 196 by the ~ process during the subsequent SNIa.

Since the first isotopic classification made by Burbidge et al. (1957), it has been found
that not all p nuclei in the solar abundance pattern are produced by a single process. Bisterzo
et al. (2011) state that *2Gd, 1%Er, and 8Ta have significant contributions of 70.5%, 75.5%,
and 74.5% from the s process. Dillmann et al. (2008) found that '3In and ''5Sn are made
by [-decays after the r process through isomeric states. Goriely et al. (2001) argue that
(7,m) was too weak to produce **La, and instead that it is made by v,-capture on **Ba
during the CCSN, and Arnould and Goriely (2003) similarly say that ®™Ta could also have
v-induced contributions. Sieverding et al. (2018) also found that the v-process is important
for the nucleosynthesis of '3In, 138La, and ¥%™Ta.

The O-shell where p nuclei are produced during a merger is a convective-reactive envi-
ronment where mixing and nuclear burning timescales are equal (Ritter et al., 2018a; Yadav
et al., 2020). If there is significant energy released the flow can be modified (Dimotakis,
2005), such as H-ingestion into He-burning shell (Herwig et al., 2011, 2014) or O-C shell
mergers causing violent mixing (Andrassy et al., 2020; Yadav et al., 2020). The Damkohler

number (Dimotakis, 2005) quantifies the ratio of these timescales and is defined as:

D, = mix (2.1)

Treact
where 7, is the mixing timescale and Tyeact 18 the nuclear reaction timescale. Convective
regions where the mixing timescale is much faster than the nuclear burning timescale have
D, < 1, and species are well-mixed across the region. Convective-reactive regions where
timescales are equal have D, ~ 1, and species can either react at a location or advect to

another location and react with the material there, and as a consequence are not well-mixed.
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The mixing and reaction timescales can be given by:

2 1

Tmix = 753  Treact = 77 7 _\~r 2.2
Dyirr ' pNA(ov)Y}- ( )

where £ is the mixing length, Dy 7 is the mixing diffusion coefficient, p is the local density,
Ny is Avogadro’s number, (ov) is the thermally averaged reaction rate, and Y; is the molar
abundance of the interacting species. The diffusion coefficient is Dyyr = %UMLT - £, where
uvmrr is the convective velocity and the mixing length is ¢ = « - H, where H), is the pressure
scale height and « is a free parameter (Joyce and Tayar, 2023).

Existing massive star models that calculate p-nuclei nucleosynthesis are 1D and rely
on mixing length theory (MLT) to describe convection. However, multi-dimensional hy-
drodynamic simulations of convective O-shell burning predict higher convective velocities
than MLT and show a gradual downturn in the mixing efficiency profile at shell boundaries
(Meakin and Arnett, 2007; Jones et al., 2017). 3D simulations reveal features absent in 1D,
such as asymmetric nuclear burning (Bazan and Arnett, 1994; Yadav et al., 2020), large-scale
non-radial density asymmetries, and potentially lower C-shell ingestion rates during O-Ne-
C shell mergers (Andrassy et al., 2020; Yadav et al., 2020). In 1D models like those from
Ritter et al. (2018b), O-C shell mergers occur because the upper boundary of the O-shell
entrains 2C and ?°Ne as it burns, flattening the entropy gradient. In contrast, 3D simula-
tions by Rizzuti et al. (2024a) find the lower boundary of the C-shell extending downward
and engulfing the O-shell. Similarly, Yadav et al. (2020) show that entropy generation in
nuclear burning hotspots within the Ne-shell leads to downdrafts that raise the entropy in
the O-shell. Dynamic behaviour shortly before the core collapse for these supernova progen-
itors late in their evolution are not captured in 1D (Arnett and Meakin, 2011; Miiller, 2016;
Yadav et al., 2020). While 3D hydrodynamic simulations may not be solving all relevant
equations, such as a robust nuclear network, 1D models fundamentally fail to represent the
non-radial mixing and spherically asymmetric instabilities during O-C shell mergers (Meakin
and Arnett, 2006; Andrassy et al., 2020; Yadav et al., 2020).

This has consequences for p-nuclei production. Nuclei with A > 110 are primarily synthe-
sized during the merger, not during explosive burning, regardless of the peak CCSN energy
(Roberti et al., 2023, 2024). To explore the impact of the macrophysical uncertainties in the
O-shell during a merger, we adopt a 3D hydrodynamic inspired set of modified radial mixing
profiles and ingestion rates to determine the impact of mixing on the v process. We will also
explore how varying the nuclear reaction rates impact the nucleosynthesis of the p nuclei as

the O-shell is a convective-reactive environment.
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Section 2.3 describes the post-processing of the Ritter et al. (2018b) model using 3D
hydrodynamic-inspired mixing profiles and assesses the impact of varying nuclear reaction
rates. Section 2.4.1 examines how the convective-reactive environment produces the p nuclei
and the role of C-shell ingestion. Sections 2.4.2-2.4.4 explore how 3D hydrodynamic insights
affect p nuclei production: 2.4.2 analyzes the impact of downturns and boosted velocities
in the O-shell, 2.4.3 investigates reduced C-shell ingestion, and 2.4.4 evaluates dips in the
mixing efficiency due to quenching. Section 2.4.5 presents the sensitivity to nuclear rates,
their correlation with p nuclei, and their relation to mixing profiles and velocities. Finally,

Section 2.5 summarizes our findings and their implications.

2.3 Methodology

2.3.1 Initial Model and Post-Processing Setup

We post-process the Mzays = 15 Mg, Z = 0.02 massive stellar model from the NuGrid data
set (Ritter et al., 2018b). The 1D stellar model was computed with MESA (Paxton et al., 2010)
without rotation and convective boundary mixing is treated using an exponential-diffusive
prescription (Freytag et al., 1996; Herwig, 2000) with an overshoot parameter of f = 0.022
at all boundaries except at the base of convective shells where f = 0.005 until the end of core
He burning, after which f = 0. This model has a merger of its convective O and C-burning
shells late in its evolution as shown in Figure 2.1. During this merger, the C-burning ashes
and stable isotopic material are ingested into the much hotter O-burning shell.

The detailed nucleosynthesis is calculated with the 1D multi-zone post-processing code
mppnp (Pignatari et al., 2016b). mppnp is a multi-zone post-processing code that uses stel-
lar structure calculated by stellar evolution codes to calculate the full nucleosynthesis of a
stellar model. mppnp treats mixing, nuclear burning, and ingestion separately rather than
the coupled treatment by a code like MESA (Paxton et al., 2010). A convergence test was
performed by decreasing the timesteps and increasing the number of mass zones. It found
that a timestep of At = 0.01 s and 400 equidistant mass zones with 4 additional zones at the
bottom of the O-shell were sufficient to resolve both the burning and mixing timescales with
a decreasing mixing efficiency profile. Calculations initially used a 5234 isotope network, but
many n-rich species were unnecessary. A network of only the necessary 1470 isotopes was
adopted, focusing on the n-deficient isotopes, for faster calculations. Isomeric states were not
included in this network so 8°™Ta is not calculated. A single simulation costs approximately
8 hours on 40 cores, for a total of 274 core years for this work.

The mppnp code calculates both the undecayed mass fraction as a function of mass and
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Figure 2.1: Kippenhahn diagram showing the merger of the convective O and Cburning
shells. The Oburning shell extends from 1.55 Mg to 1.95 M, and the first ingested Churning
shell from 1.96 M, to 2.11 M. A red guideline has been provided to mark the thin radiative
layer separating the O and C-shell. Other convective regions are also Cburning shells. The
merger onsets at 10gyo(t —tena)/yr &~ —3.85 and reaches full extent at ~ —4. A black triangle
marks where the initial composition is taken from and a white star marks the location where
the ingested C-shell material is taken from for this study.

the mass-averaged contribubtions from radiogenic decay at a temperature of 7' = 100 MK
without explosive contributions. The mass fraction X; of species i is defined as the ratio of
the mass of that species to the total mass of the stellar material, such that ) . X; =1 for all
isotopes.

To analyze the impact of macrophysical uncertainties and varying the nuclear reaction
rates during the merger, isotopic mass fractions are taken just before the onset of merger at
log,o(t — tena)/yr = —3.845 from m = 1.8 Mg, and the ingested C-shell material is taken
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from m = 2.0 Mg, at the same time, as shown in Figures 2.1 and 2.2. Earlier in the model,
there is some p-nuclei production in the first convective O-shell, which extends from 1.55 Mg
to 1.95 Mg during logo(t — tena)/yr = —1.76 to —2.16. These nuclei are not processed by

any further burning before the merger.

3 74Se 84Sr 94Mo 98Ru 106cd 113|n 114Sn 120-|'e 126xe 1328a 136Ce 144Sm 156Dy 162Er 168Yb 180-|-a 184OS 196Hg
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Figure 2.2: Logarithmic ratio to solar value for the p nuclei from log,o(t — tena)/yr = —3.856
used for initial O-shell composition and ingested C-shell material. The solar values are taken
from Lodders et al. (2009) and the grey line at zero is equal to the solar value. Markers are
the same as Figure 2.1.

The results are presented in terms of an overproduction OP compared to the initial

composition:

X
OP = logm( Xf ) (2.3)

where Xy is the final mass-averaged decayed mass fraction of a species in the O-shell and X;;
is the inital mass fraction. The average overproduction factor is calculated as the arithmetic

mean of OP:

(OP) = + fj OP, (2.4)

where N is the number of p nuclei.
The stellar structure used is from the onset of the merger at log,o(t — tena)/yr = —3.856
and to clearly analyze the impact of mixing alone, the stellar structure is kept constant.

Although the structure is not static in the model, the change to the temperature, density,
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and entropy between the initial composition and where we take the structure from is less
than 5% during those 110 s. The merger at log;o(t —tenq)/yr = —3.856 is not fully developed,
but MLT cannot accurately describe this region as the mixing length ¢ is too large (Renzini,
1987; Arnett et al., 2019). Because of this, the mixing efficiency profile is smoothed at the

top as shown in Figure 2.3 to simulate a full merger.
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Figure 2.3: The diffusion coefficient profile and mixing length at model number 9200 for the
Myzams = 15 Mg, Z = 0.02 model. The light blue line is D from MESA, the orange line the
smoothed D used for the MLT mixing scenario in this paper, and the grey line is the mixing
length. Black dashed lines mark the shell boundaries for this paper.

2.3.2 1D implementation of 3D macrophysics

MLT predictions of the radial mixing efficiency profile deviate from the more realistic pre-
dictions from 3D simulations. 3D convective O-burning simulations show that the radial
convective velocity profile gradually decreases near the shell boundary, in contrast to MLT
predictions of a stiff boundary (Meakin and Arnett, 2007; Jones et al., 2017). This downturn
is seen at both the bottom and top of convective shells (Herwig et al., 2006; Meakin and
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Arnett, 2007; Jones et al., 2017). The decrease occurs because mixing is driven by convec-
tive plumes in these simulations, rather than the idealized convective blobs in MLT. Plumes
exhibit strong radial velocities in the interior of the convective region but lose their radial
component as they reach the boundary, while non-radial velocity components increase. This
behavior contrasts with MLT, which predicts a sharp drop to zero velocity at the boundary.
Using Equation 4 from Jones et al. (2017), the downturn to the mixing efficiency profile can
be implemented in 1D:

Dspinsp. = %UMLT X min (¢,7 — 1) (2.5)
where ¢ is the mixing length, 7y is the Schwarzschild boundary at the bottom of the O-shell,
and an additional factor of 1/3 is applied to match the MLT diffusion coefficient at the top
of the shell.

MLT also underpredicts the strength of the convective velocities in the O-shell. Jones
et al. (2017) found that convective velocities are stronger by a factor of ~ 30 compared to
MLT. Andrassy et al. (2020) in their 3D C-shell entrainment simulations show that their
velocities could be up to ~ 5 times stronger than Jones et al. (2017) depending on the
luminosity of C- and O-burning. It is possible the velocities could be even higher as these
simulations do not include feedback from a nuclear network or treatment of radiation pressure
(Jones et al., 2017; Andrassy et al., 2020). Rizzuti et al. (2024a) finds that velocities are
boosted by a factor of ~ 10 due to the feedback from new reactions with the ingested material
in their 3D O-C shell mergers. We implement this by applying a boost factor of 3x, 10x,
and 50X to the convective velocities as shown in Figure 2.4.

The entrainment rate of C-shell material could be lower during the merger depending on
the strength of burning (Jones et al., 2017; Andrassy et al., 2020). To investigate the impact
of this, a range of rates are considered: 4 x 107> Mgs™!, 4 x 107* Mgs™!, 4 x 1073 Mgs™1,
and a scenario with no entrainment. The maximum mass of the convective C-shell in our
model is 0.8 Mg, so for 110 s of merging the maximum possible entrainment rate would be
7 x 1073 Mgs™! similar to Ritter et al. (2018a).

1D and 3D simulations show that the convective profile can be quenched as material is
ingested as entropy changes due to entrainment and burning (Iben, 1975; Sackmann et al.,
1974; Herwig et al., 1999; Miller Bertolami et al., 2006; Herwig et al., 2011, 2014). As an
example, during H-ingestion into a He-shell, the energy feedback from the ingested material
could cause a split in the convective profile with very small amount of entrainment (Herwig
et al., 2011). Herwig et al. (2014) found this effect could decrease the radial velocity profile

and reduce the entrainment of species and labelled the event Global Oscillation of Shell
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Figure 2.4: The diffusion coefficient profiles for the MLT and 3D-inspired gradual downturn
scenarios. The dashed orange line is Dy and the dashed light grey line, dotted light blue
line, solid grey line, and dashed dark blue line are the downturn profiles with boost factors
of 1, 3, 10, and 50 respectively.

Hydrogen-Ingestion (GOSH). Similar effects during C-shell entrainment could be possible,
as Andrassy et al. (2020) found that strong oscillatory modes like GOSHs were present in
their 3D simulations. Energy feedback events like this could explain supernova observations
(Smith and Arnett, 2014). There is no clear prescription for how to implement this effect
into 1D models, but it is clear that there would be decreased mixing because of a split. To
investigate a possible convective quenching, we consider a GOSH-like event and a partial

merger, where a Gaussian dip (but not full split) occurs in the MLT diffusion profile:

(r — a)2]

(2.6)

Dguench = Dyt — (DMLT - C) X €xXp [— w2

where c is the maximum extent of the dip, w is the width, and a is the center of the dip. The

GOSH-like convective splitting could occur at the location where D, = 1 for a significant
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burning event (Herwig et al., 2011). We centre this event at a = 4.95 Mm at a location
of probable energetic feedback could occur. The O-shell could partially merge with the
C-shell due to feedback effects, so we consider a partial merger at a = 7.5 Mm where the
unmerged MLT profile has a dip as seen in Figure 2.3. A width of w = 0.25 Mm is used
for both scenarios, which is approximately the distance between the top of the O-shell and
the convective bump above it in Figure 2.3. For both scenarios we consider a weaker dip

to ¢ = 10" cm?2s~!

and a stronger dip to ¢ = 10" cm?s™! to investigate the impact on
nucleosynthesis. The profiles for the GOSH-like and partial merger scenarios are shown in

Figure 2.5.
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Figure 2.5: The quenched mixing scenario convective profiles. The dashed light orange line
and dotted light grey line are the GOSH-like profiles with a dip centred at r = 4.95 Mm.
The solid red line and dashed dark grey line are the partial merger profiles with a dip centred
r=7.5 Mm.
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2.3.3 Determining impact of varying nuclear reactions

Many of the reactions involving the unstable n-deficient isotopes from Se to Po have not been
measured experimentally and are determined by theoretical models, and the uncertainties
of unmeasured reactions for unstable isotopes are much greater than for stable isotopes. To
determine the impact of nuclear physics for the v process, we vary our (v, ), (7, p), and (7, n)
photo-disintegration rates used by the NuGrid code (Pignatari et al., 2016b) for all unstable
n-deficient isotopes from Se to Po by a random factor uniformly selected between 0.1 to 10
by a Monte Carlo method for 1000 cases. This applies the same approach used for (n, ) rates
during the i process developed by Denissenkov et al. (2018) and Denissenkov et al. (2021).
This was done for the MLT and downturn mixing scenarios in Figure 2.4 with an ingestion
rate of 4 x 1073 Mgs~!. This approach also allows for the identification of reaction rates
that are relevant for the production of an isotope using correlations. The Pearson coefficient
describes correlations between X /X, variation and the variation factors where X is the final
mass-averaged and decayed mass fraction for a Monte Carlo case and X, variation 1S the same
for the default case where all variation factors are 1. All correlations with |rp| > 0.15 are
reported in this study. In addition to the Pearson coefficient, a logarithmic slope ( is also
reported to determine the importance of a reaction on the final mass fraction of an isotope,

which is discussed along with caveats about correlation rates in Appendix 2.6.1.

2.4 Results

An overview of our results in terms of overproduction factors and average spreads of over-

production factors is presented in Table 2.1.

Table 2.1: (OP) for each mixing scenario and the average spread (OPax — OPpin) for the
Monte Carlo simulations for the p nuclei. All Monte Carlo simulations are calculated with
an ingestion rate of 4 x 1073 Mys™!.

Scenario No Ingestion 4 x 107> Mgs™! 4 x 10~* Mes™! 4 x 1073 Mgs~! MC Spread
MLT —0.11 1.06 1.92 2.24 0.56

1x Downturn 0.05 1.12 1.98 2.58 0.59
3x Downturn —0.23 1.28 2.18 2.83 0.69
10x Downturn —1.23 1.18 2.10 2.89 0.76
50x Downturn —5.47 0.88 1.81 2.72 0.79
GOSH-like - - - 2.06 -
Stronger GOSH-like - - - 1.78 -
Partial Merger - - - 2.13 -

Stronger Partial Merger - — — 1.91 -
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2.4.1 Convective-reactive production of the p nuclei

Convective-reactive nucleosynthesis is characterized by a region where the timescales for
advection and nuclear reactions are similar. In the + process, heavier species are produced
at cooler temperatures of 1.5-2 GK and are destroyed at higher temperatures, and lighter
species are produced in temperatures up to 3.5 GK (Rauscher et al., 2013). Whether an
isotope undergoes (v,n) and (n,7y) reactions or contributes to the production of lighter
p nuclei by (v,p) and (v, ) reactions depends on the temperature at that position. The
convective-reactive environment of the O-shell allows for the production of both light and
heavy p nuclei because the shell is not well-mixed, and therefore isotopes can be produced
at their ideal temperatures while still contributing to lighter species. Figure 2.6 shows how

different mass ranges of p nuclei can be produced and peak at different positions in the
O-shell.
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Figure 2.6: Mass fractions without radiogenic contributions at ¢ = 110 sec for the MLT
mixing scenario without C-shell ingestion.

Locations of peak destruction can be identified by a sudden drop in mass fraction as seen

for %Dy, ¥SHg, and to a lesser extent 1*4Sm. This is the location where D, = 1, which is
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different for each isotope (Herwig et al., 2011). This is contrary to the normal assumption of
a well-mixed convective environment where D, < 1 or radiative burning where little to no
mixing occurs, and is a key reason why the v process in the O-shell produces the whole range
of p nuclei. Figure 2.7 shows the dominant reactions that *Dy is produced and destroyed
by in the simulation without C-shell ingestion. These reactions are shown as reaction fluxes

fi; which are defined as the net flux of a reaction between species 7 and j:

Xin
fij = AZAJ pNA <<O'U>ij - <O'U>ji) (27)

where X is the mass fraction, A is the atomic mass, p is the density, Ny is Avogadro’s

number, and (ov);; is the reaction rate between species ¢ and j.
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Figure 2.7: Reaction fluxes f;; for '*Dy and mass fractions X; for %%15¥Dy and '*"Dy
(t 2 =381 h) without radiogenic contributions for the MLT scenario with no ingestion after
t = 110 s. The direction of a reaction is written left to right in the legend.

The reactions that *Dy undergoes in the O-shell depend on the location in the shell,

however Figure 2.7 shows that the dominant destruction channel *¢Dy(v,n)'°Dy net de-
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stroys %Dy, as Figure 2.11 will show. It is also evident that the mass fraction is not
well-mixed as the gradient of the mass fraction is steep at the location of peak destruction.
Entraining C-shell material is important for this process, as heavier species can be grad-
ually depleted by (7, «) and (v, p) reactions. Figure 2.8 shows the same as Figure 2.7, but
with a C-shell ingestion rate of 4 x 1072 Mgs™ !, the maximum considered in this study. Since
the initial amount of **Dy in the ingested C-shell is negligible as shown in Figure 2.2, the
role of the merger is to provide the species that produce Dy like the stable Dy isotopes.
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Figure 2.8: Reaction fluxes f;; for "Dy and mass fractions X; for *~'%Dy without ra-
diogenic contributions for the MLT scenario with an ingestion rate of 4 x 1072 Mgs™! after
= 110 s. The direction of a reaction is written left to right in the legend.

There are several differences between Figures 2.7 and 2.8. First, f;; and X; are larger
by several orders of magnitude and *°Dy has a net production in the shell, as Figure 2.11
will show in Section 2.4.3. Second, the mass fraction of Dy has a tilt up where it is net
produced and then drops off sharply at the location of peak destruction instead of the decline
seen in Figure 2.7.

%Dy is produced because the ingestion of C-shell material allows for Dy to be
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Figure 2.9: Chart of reactions between isotopes at m = 1.64 Mg, [T' = 2.28 GK] for the same
conditions as Figure 2.8. Both arrow colour and size indicate log,,( fi;), and arrows point in
the direction of the reaction. The range of log,,(fi;) is the same as Figure 2.8.

replenished as it advects into the shell. With a continual supply of %Dy, the chain
18Dy (v, n) B Dy (v, n) ¥ Dy can occur and significantly contribute to the production of Dy
equal to Er(v, a)'*Dy.

Figure 2.8 also shows another feature of this convective-reactive environment: **Dy and
157Dy co-produce each other. '°°Dy is advected from its location of peak production at
~ 1.63 My both deeper into the shell where it is fully destroyed, and toward the top where it
undergoes %Dy (n,~)"Dy, which mildly contributes to the production of "Dy and peaks
at ~ 1.73 M.

Figures 2.7 and 2.8 demonstrate that in a convective-reactive environment isotopes are
not well-mixed, and that the relevance of a reaction rate depends on their location in the
shell. Figure 2.8 also show how isotopes can contribute to the production of each other
at different locations in the shell. Finally, comparing Figure 2.8 to Figure 2.7 shows the

importance of ingesting C-shell material for significant production of the p nuclei in the
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O-shell.

2.4.2 Impact from a downturn and a boost to the mixing speeds

Here we present the impact of a 3D-inspired gradual downturn at the lower boundary and
boosting mixing speeds as explained in Section 2.3.2 with the diffusion coefficients in Figure
2.4. These cases are calculated with an ingestion rate of 4 x 1073 Mys~! and the results are

shown in Figure 2.10.
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Figure 2.10: The overproduction compared to initial of the p nuclei for the MLT and 3D-
inspired mixing scenarios. The average spread in production OP . — OPi, = 0.96 dex.
OP = 0 is the initial amount.

The MLT simulation has an (OP) of 2.24 dex, and the downturn scenarios have (OP) of
2.58 dex, 2.83 dex, 2.89 dex, and 2.72 dex for the 1x, 3x, 10X, and 50 x3D-inspired mixing
scenarios respectively. The average spread in production for each isotope OP.x — OPpin =
0.96 dex, which shows that mixing speeds are important for the production of the p nuclei.
This O-shell during the merger significantly produces all p nuclei except "*Se, Kz, and %*Sr.

The 3D-inspired 1x scenario favours the production of the heavier p nuclei compared
to the MLT scenario because T decreases as the temperature. Because of this, more
reactions occur at the cooler temperatures where the (n,v) and (v,n) reactions are more
favoured than the (v, ) and (7, p) reactions. All isotopes are comparably produced to MLT
or more produced except “Se, ®Kr, and ®*Sr who require the hottest temperatures for their
production.

As mixing speeds increase, the production increases in a non-linear and non-monotonic

way. For the 50x case, the average production of all p nuclei is lower than the 3x and 10x
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scenarios. This is because the mixing speeds are high enough that material is advected to
the bottom of the O-shell fast enough despite the downturn, and correspondingly the lighter
p nuclei are generally more favoured including "Se, "®Kr, and #Sr. Production for individual
isotopes also can be non-linear and non-monotonic. For example, 1*°Sn, 32Ba, and 3®La all
increase for the 1x and 3x scenarios, but then their production is not as strong for the 10x
and 50x scenarios.

Another result is that isotopic pairs of the same element are not affected the same way
by the downturn compared to MLT, nor by the increase in mixing speed and we find that
the ratio between these isotopes is dependent on the mixing scenario. Since these isotopes
are connected by (y,n) and (n, ) reactions, if the location of D, = 1 for a reaction changes
because of a change to the mixing speed or the presence of the decreasing diffusion profile,
then the production of these isotopes will change. ?*Mo is produced more for all mixing
scenarios except for the 50x scenario, where Mo has a larger OP, and likewise ''°Sn exhibits
this behaviour when compared to '2Sn and '4Sn. We find that it is possible that the ratio
can tend to unity as mixing speeds increase as seen for %%Ru, 061%Cd, and "'*!*Sn. For
136,138Ce the lighter isotope is always favoured as mixing speed increases and for 658Dy
the opposite is true. This demonstrates the importance of the decreasing diffusion profile

and increasing mixing speed is for the production of the p nuclei.

2.4.3 Impact from varying the ingestion rate

Here we present the impact of entraining C-shell material with 4x1075 Mgs™!, 4x107% Mos™!,

4 x 1073 Mgs™! as well as no entrainment as explained in Section 2.3.2. Figure 2.11 shows
the results for the MLT mixing scenario and Figures 2.16-2.19 in Appendix 2.6.2 show the
results for all downturn scenarios.

The results show that the production of the p nuclei is monotonically increased by the
ingestion of C-shell material for all isotopes except ™Se, ™Kr, and #Sr who exhibit the
opposite behaviour for all mixing scenarios. The only exception is that “Se production
increases for the 10x and 50x3D-inspired scenarios with ingestion rate. This is because
with higher ingestion rates, the more stable isotopes enter the shell as demonstrated in
Section 2.4.1. The lightest three have the opposite behaviour because without ingestion
they are destroyed less by (n,7) reactions. The difference in OP between two ingestion
rates is largely uniformly for 2Mo—1Hg. The average spread OP .x — OP i, between the
different ingestion rates for the MLT and 3D-inspired scenarios is 1.22, 1.58, 1.64, 1.78, and

1.84 dex. This shows that the non-linear and non-monotonic behaviour in Section 2.4.2 is
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Figure 2.11: The overproduction compared to initial of the p nuclei for the MLT mixing
scenario for no ingestion, 4 x 107™° Mus™t, 4 x 1074 Mgs™, and 4 x 1073 Mys~!. The average
spread in production OP,x — OP;, = 1.22 dex excluding the no ingestion case. OP = 0 is
the initial amount.

because of the changing location of peak burning in the convective-reactive environment and
not just more material being present.

Without ingestion of C-shell material, the MLT, 1x, and 3x scenarios see little to no
production, but for the 10x and 50x scenarios there is a significant underproduction of the
heavier p nuclei. This is because in the fastest cases the species are advected to the bottom
of the shell where the temperatures are purely destructive and there is no replenishment
from the C-shell. This shows that entrainment of C-shell material is necessary for significant
contributions from pre-explosive v process.

The sign of the ratio of isotopic pairs is largely preserved across the ingestion rates for
the MLT, 1x, 3x, and 50x scenarios, but the magnitude of the ratio does change. The few
exceptions are %164 Er in the 1x and 3x scenarios who become roughly equal for the fastest
ingestion rate, 1'Sn which becomes more abundant than *214Sn in the 3x scenario. In the
10x scenario production of isotopic pairs is largely equal for the slower ingestion rates, but
at the fastest ingestion rate the ratio can become unequal. This shows that the the ingestion
rate matters for the magnitude of the ratio between isotopic pairs, but that the sign of the

ratio depends on which diffusion profile is used.
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2.4.4 TImpact from dips from convective quenching

Here we present the impact of dips from convective quenching using the profiles shown in
Figure 2.5 from Section 2.3.2 which represent GOSH-like feedback and a partial merger. The

results are shown in Figure 2.12.
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Figure 2.12: The overproduction compared to initial of the p nuclei for the MLT, GOSH-
like, and partial merger scenarios with ingestion rate 4 x 1073 Mys~—!. The average spread
in production OP,x — OP i = 0.51 dex. OP = 0 is the initial amount.

The MLT simulation has (OP) of 2.24 dex, the GOSH-like scenarios have OP = 2.06 dex
and 1.78 dex, and the partial merger scenarios have OP = 2.13 dex and 1.91 dex. We
find that the GOSH-like scenarios suppresses the production more than the partial merger
scenarios of equal dip depths, and that the deeper dips are suppress production more than
the shallow with an average spread OP ., — OP;, = 0.51.

The dip functions as a barrier for the convective-reactive flow, and can section off parts
of the O-shell. The partial merger scenario both limits the ingested C-shell material and
slows down the material from deeper in the O-shell from advecting up to the top of the shell
where very few reactions occur. The GOSH-like dip slows down the material from reaching
their preferential temperatures, and also prevents material at the deepest part of the O-shell
from mixing up to the top of the shell which keeps it at hotter temperatures where it can be
destroyed. This is also why the deeper dips suppress production more, as the velocities are
slower by an additional factor of 10 at the deepest point of the dip.

The suppression of production is largely uniform for all isotopes except for ™Se, ™K,
84Sr, and '8Ta. Additionally, it appears that isotopes A > 138 are more strongly affected by

the stronger GOSH-like dip. The isotopes ™Se, ™Kr, and 8Sr have a minor increase from
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these dips because the location of their production is at the bottom of the O-shell where
the dips are not present. The boost in production of ¥Ta is because the peak production
and destruction locations happen to be centered at the exact same location as the GOSH
dip, which lowers its destruction and slightly boosts its production. Isotopic ratios are not
significantly affected by the dips, although the magnitude of the ratios can increase slightly.
This demonstrates the importance of both the location and magnitude of the convective dips

in the O-shell for convective-reactive v process.

2.4.5 Nuclear physics impact and mixing dependencies

Here we present the impact of varying our adopted nuclear physics rates for the MLT and
3D-inspired mixing scenarios for an ingestion rate of 4 x 1073 Mys~!. The result for the MLT
mixing scenario is shown in Figure 2.13 and Table 2.4, and the 3D-inspired mixing scenarios
are shown in Figures 2.20-2.23 and Tables 2.4-2.8 which can be found in Appendix 2.6.3.
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Figure 2.13: Histogram showing the spread due to varying (v, p), (v,n), (7, «) and corre-
sponding capture rates for unstable n-deficient isotopes from Se-Po for the MLT mixing
scenario. Colour and size both correspond to the logarthimic binning of Monte Carlo runs.
The average spread OP,,.x — OP i, = 0.56 dex. OP = 0 is the initial amount.

The MLT mixing scenario has an average spread in production of OP . — OPy, =
0.56 dex, and the 3D-inspired scenarios have an average spread of 0.59 dex, 0.69 dex,
0.76 dex, and 0.79 dex for the 1x, 3x, 10x, and 50x scenarios respectively. We find that
the spread in production increases with mixing speed because the material is able to reach

hotter temperatures and the number of possible nucleosynthetic pathways changes.
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In the MLT mixing scenario about a third of the isotopes are not affected in any significant
way, but in the 3D-inspired scenarios only 5 are not affected although the specific isotopes
vary. The isotopes that appear the least affected across mixing scenario are 38Ce, °2Gd,
158Dy, and #Ta.

The spread of an individual isotope is dependent on the mixing scenario. Species like
106Cd, %Dy, and ¥'W have a different spread in production for each mixing scenario. While
the change can be monotonic for species like 8°W, ¥40s, and %°Pt, for °Cd and !'2Sn,
and ¥°Ba they decrease for the 50x 3D-inspired scenario.

This mixing scenario dependence for the spread is also seen for the distribution of OP as
no isotope is double peaked across all mixing scenarios. As examples, "4Se, 1*3In, and *8La
in some mixing scenarios clearly are double peaked, indicating that there are distinctive
branches in the nucleosynthetic pathways, but do not have it in others. Additionally, the
magnitude of which peak is favoured is also dependent on the mixing scenario as seen for
Kr and #Sr.

Whether a particular reaction rate is correlated with an isotope’s final mass fraction along
with the strength of the correlation is dependent on the mixing scenario. Table 2.2 lists the
rates unique to single mixing scenario.

It is clearly important to consider the mixing conditions if an experiment is to be proposed
to measure a reaction rate. As Table 2.2 shows for the 50x3D-inspired scenario, there are
many reactions even for a single isotope that can be correlated uniquely in that mixing
scenario. This clearly shows that a decreasing radial velocity profile and the exact magnitude
of the mixing speeds are crucial for understanding the nuclear reactions in this convective-
reactive environment.

There are also correlated reactions that all mixing scenarios share as shown in Table 2.3.
Additionally, all downturn cases share correlations not found in the MLT scenario: X (*'°Sn)
with 119Sn(v, ) and X (*3¥Ce) with **Nd(~,p). However, the shared correlations are not of
equal strength across all mixing scenarios. As an example the final mass fraction of %Dy is
correlated with 1%Er(v, ), but in the 50x3D-inspired the correlation is much weaker. This
underscores the possible difficulties in using 1D astrophysical sites to identify important
reactions for nuclear physics experiments.

The spread in production for varying our adopted nuclear physics rates for each of the
mixing scenarios is comparable to the spread seen from varying the mixing conditions. The
results in Section 2.4.4 have a spread of 0.51 dex, in Section 2.4.2 they are 0.96 dex, and
the maximum spread in Section 2.4.3 is 1.84 dex. The average spread in production from

varying the nuclear physics rates ranges from 0.56-0.79 dex.
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Table 2.2: Reactions correlated with the production/destruction of an isotope unique to an
individual mixing scenario.

Isotope Unique Correlated Reaction Rates

MLT Mixing Case

13SCe 139P1"(")/,p)
168Yb 17ﬁw(,y Oé)
174Hf 178w(77 n)
*0s  Pi(y,n), "Pt(y,n)

3D-inspired Mixing Scenario
113111 114111('7, n)

152Gd 150Gd(7, Oz), 196Pb(’y, n)
180Ty 19T (y, )
3x3D-inspired Mixing Scenario
180y 181 OS(’}/, n)
10x3D-inspired Mixing Scenario

84Sy 81Rb(~,n)

120, 19T (y, )

126 122X e (y, 1)

130, 126Ba(v, p), 2Ba(y, @), 12Ba(v, p)
1323, 128Ba(y, )

168Yb 169Hf<"y, n)
174Hf 176w(,y, Oz)

1840S 185Pt(’y, a)

50x3D-inspired Mixing Scenario

“Mo  'Pd(y,a), 'Pd(y,p), ''°Sn(y,n), "Sn(y,p)
“Ru TTRu(y, @), "'°Sn(y, @), '%Sn(y, n), '°Sn(~, p)
102Pd 104Cd(’7, a), 104Cd(’y,p)

Cd - MCd(y, p), MOSn(y,p)

108 HOSH(’Y, Oé)

112811 llﬂsn(,y’p)

115SH 122X€(77 n)

120Te IQOXe(,y’ O[)

126Xe 127]321(,)/7 n)

0Ba 1Ce(y,a), 1Ce(y,n), *2Ce(y,p), *'Ce(y, a), *'Ce(y,n)
P2Ba 12Ce(y,a), ¥Ce(y,n), *Ce(y,p), " Ce(y,n), *Ce(v,a)
13806 139Nd(’}/, n)

156Dy 156Er (v, o)
184()q 184Pg(~, n)

Rauscher et al. (2016) studied the impact of nuclear uncertainties for the explosive

~v-process for a 15 Mg and two 25 Mg models with solar metallicity using a Monte Carlo
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Table 2.3: Reactions correlated with the production/destruction of an isotope shared across

all mixing scenarios.

Isotope Shared Correlated Reaction Rates
"Se Se(v,n)

SKr Kr(v,n)

84Sy 8Sr(vy,n)

92Mo 9BMo(y,n)

%Mo 9BMo(y,n)

%Ru 9Ru(v,n)

*Ru YOPd(y, a), *°Pd(v, p)

12Pd M9Pd(y, @), 'OPd(y, p), 'PPd(y,n)
1OGCd 107Cd(’y, n)7 1108n(,y’ Oé)

1OSCd 107Cd(7, n)

131y, 138 (v, )

112g, 11381 (v, n)

MSn M98n(y, @), "¥Sn(y,n), **Xe(y, a)
115Gy, 138 (v, n)

120 122X (~, ), 122Xe(7, p)

124y, 122X 6 (~, ), 122Xe(y, p)

13814, 137La(’y, ’I”L)

6Ce  Nd(y,n), "¥Nd(v, p), “Nd(y, @)
WGy 199Ph(y, n), 192Sm(y,n), 42Sm(y, p), HSm(y,n)
15203 192Dy (v, a)

156y 160Fr(~, o)

164E1" 164Yb(’7 a), 164Yb(7,n)

17411f AW (y, )

180, 19Ta (v, n)

180V 18005(y, a), 890s(7, n), “Ph(y, n)
1840S 196Pb(’7, n), 184Pt(’7, Oé)

190 pt 199Hg(v, a), *'Hg (7, n), %Ph(y, n)
196Hg l%Pb(’y, n)’ 202Pb(’y, n)

method. The spread in their 90% probability interval for the 15 M model was 0.61 dex,
0.63 dex for the 25 M, KEPLER model, and 0.99 dex for the model from Hashimoto et al.

(1989). This is comparable to the maximum spread found in this work, although we are

considering pre-explosive 7 process. Rauscher et al. (2016) also provide tables of correlated

rates, but only a handful of these rates appear in our Tables 2.4-2.8 including those they find

with rp > ]0.65|. This is because the convective-reactive environment we consider allows for

different reaction pathways to be favoured depending on the mixing conditions.
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2.5 Discussions and Conclusion

In this paper, we have shown that understanding the mixing details in the O-burning shell
during an O-C shell merger is crucial for accurately modelling the nucleosynthesis of the
p nuclei. This work raises the importance of 3D hydrodynamic simulations for understanding
the nucleosynthesis in O-C shell mergers (Bazan and Arnett, 1994; Yadav et al., 2020; Rizzuti
et al., 2024a). We have demonstrated the convective-reactive nature of the nucleosynthesis in
the O-shell, where the timescales for advection and reaction are comparable and our results
show that:

e A gradual downturn motivated by 3D simulations increases production of the p nuclei,
but increasing mixing speeds impacts the production in a non-linear and non-monotonic

way.
e The ratio of isotopic pairs is sensitive to the mixing scenario.

e Increasing the entrainment rate of C-shell material increases the production of the

p nuclei.
e Without entrainment, the p nuclei are negligibly produced or net destroyed.
e A dip in the convective profile can suppress the production of the p nuclei.

e The location and magnitude of the convective dip impacts the nucleosynthesis of the

p nuclei.

e Varying the adopted reactions rates have a comparable spread in production to chang-

ing mixing conditions.
e The spread due to varying the reaction rates is dependent on the mixing scenario.

e Whether a reaction rate is correlated with an isotope is dependent on the mixing

scenario, and some are unique to a single mixing scenario.

Figure 2.14 shows the maximum spread for the p nuclei across all mixing scenarios con-
sidered in this paper, excluding the case of no merger, with an average spread of 2.45 dex.
This shows the significant impact of the macrophysical uncertainties in 1D stellar models on
nucleosynthesis, and this highlights the importance of understanding hydrodynamic models

better as the shell merger dominates production of the p nuclei (Roberti et al., 2023, 2024).
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Figure 2.14: Bars representing the maximum and minimum OP across all mixing scenarios,
excluding those without C-shell ingestion. The average spread OP,.x — OP i = 2.45 dex.
OP = 0 is the initial amount.

Although we find that the mixing conditions significantly impact the results of Section
2.4.5, not all scenarios are equally likely to represent the conditions in a merger. The MLT
mixing scenario, 1x, and 50X case may not be representative of the conditions for realistic
O-C shell mergers. 3D hydrodynamic simulations show the O-shell has a downturn to radial
convective velocities and mixing speeds roughly 3 — 10 times larger than what MLT predicts
(Jones et al., 2017; Andrassy et al., 2020; Rizzuti et al., 2024a). This suggests that the
3x and 10x downturn mixing scenarios are likely more representative of the conditions in
a merger. The exploration done in this paper shows the importance of understanding the
mixing conditions.

The results in this work are important for the interpretation of presolar grains. Fok et al.
(2024) argue that the nucleosynthesis in O-C shell mergers matter when interpreting the
2951 /28Si ratio seen in grains. As shown in this work, the ratio of isotopic pairs is sensitive
to the mixing conditions in the O-shell. This means that comparing the grains data to the
results of this work can be used as a diagnostic tool to constrain the mixing details of O-C
shell mergers and connect measured isotopic ratios to 3D hydrodynamics.

There are limitations to the results provided in this work and further extensions that could
be done. We have focused on the impact of mixing conditions and varying reaction rates,
but do not investigate how different stellar conditions are relevant to the nucleosynthesis or
if changing the stable seeds from the C-shell impact these results. The distribution of stable

seeds and the metallicity of the star are of significant importance for the nucleosynthesis of
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the p nuclei (Travaglio et al., 2015; Battino et al., 2020). It is possible that earlier in stellar
evolution that weak s process in the C-shell could modify the stable seeds (Pignatari et al.,
2010), which could be relevant for the lighter p nuclei.

Other stellar models could have different O-shell sizes and temperature profiles due to
different mixing prescriptions, initial mass, and rotations, which would directly affect loca-
tions of peak burning and how the mixing conditions impact the nucleosynthesis. However,
if the shell is convective-reactive, a spread in production comparing mixing scenarios would
still be expected.

Finally, O-C shell mergers are crucial to the nucleosynthesis of a massive star prior to
the CCSN regardless of explosive energy (Roberti et al., 2024). Even if the results in Figure
2.14 do not represent the whole of the nucleosynthesis of the p nuclei, they are still crucial
for understanding the nucleosynthesis in the O-shell prior to the CCSN.

The results of this work have implications beyond the p nuclei. The light odd-Z elements
P, Cl, K, and Sc are also produced during O-C shell mergers and based on our preliminary
results are likewise impacted by varying the mixing conditions (Ritter et al., 2018a; Roberti
et al., 2025). The long-lived radioactive isotope *°K (t1/2 = 1.25 x 10? yr), which is relevant
to the heating of planets early in their formation (Frank et al., 2014; O’Neill et al., 2020),
is also affected along with the stable K isotopes *?K and “'K. Finally, observations have
found P-enhanced stars (Masseron et al., 2020; Brauner et al., 2023, 2024) which could be
explained by a O-C shell merger from a previous massive star.

O-C shell mergers have a potentially huge impact on galactic chemical evolution models
(Ritter et al., 2018a), and massive star models show this feature regardless of metallicity
and stellar evolution model (Roberti et al., 2025). Further work is needed to understand
the impact of the macrophysical uncertainties in 1D stellar models on the nucleosynthesis of
these light odd-Z elements.

2.6 Appendix

2.6.1 Correlations of nuclear reaction rates

The Pearson correlation coefficient, rp, is insufficient to assess the importance of a correlated
rate. As shown in Figure 2.15, a strong correlation does not necessarily imply a significant
impact on the final mass fraction of a species. To better quantify this impact, we use
¢, which is defined as the slope of the linear regression between log,,(X /Xy variation) and
log,o(variation factor), where X is the final, mass-averaged, and decayed mass fraction for a

variation, and X, variation 1S the corresponding default case with no rate variation.
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Figure 2.15: Examples of strong correlations between mass fractions and reaction rates
for four species under the MLT scenario. Orange dots indicate mass fractions for each
variation factor, and the black line shows the linear fit to log;;(X/Xuo variation) Versus
log,,(variation factor). Top left and bottom right: strong correlation and significant mass
fraction changes for #Se and ®Hg. Top right: strong correlation for *Ru with large scatter.
Bottom left: correlation for **Os with a weak slope and asymmetric impact.

Figure 2.15 demonstrates that strong correlations do not always imply significance, nor
does a strong ¢ guarantee it. For instance, the bottom right panel shows '?Hg with both a
strong correlation and slope, while the bottom left shows a strong correlation for %*Os but
a weak slope. Only rates with both high rp and ( substantially affect final abundances.

A caveat of rp for this method of varying the reaction rates is that it not distin-
guish between the photo-disintegration and corresponding capture rate because the same
variation factor is applied to both. All correlated rates are reported according to their
photo-disintegration rates, but as shown by the upper left plot of Figure 2.15 for ™Se
and "Se(vy,n)™Se this results in a production term having a negative correlation because
™Se(n,v)™Se is also modified in the same way. As explained in Section 2.4.1, the reactions
in this shell are not balanced and both a destruction and production term could be rele-
vant at different locations, although as Figure 2.8 shows for heavier species the (v, n) rate is

typically much stronger.



2.6.2 Results of varying ingestion rate
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Here we provide the results for varying the ingestion rates for the scenarios with a downturn

in the mixing efficiency profile as shown in Figure 2.4.
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OPin = 1.64 dex excluding the no ingestion case.
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Figure 2.19: The overproduction compared to initial of the p nuclei for the 50x3D-inspired
mixing scenario for no ingestion, 4 x 107> Mgs™!, 4 x 107* Mgs™!, and 4 x 1073 Mgs™L.
Arrows denote OP out of bounds and the true OP is written above. The average spread in
production OP . — OP i, = 1.84 dex excluding the no ingestion case. OP = 0 is the initial
amount.

2.6.3 Results of varying the input nuclear reactions

Here we provide the results for varying the input nuclear reactions for the scenarios with

a downturn in the mixing efficiency profile as shown in Figure 2.4 and the reaction rate
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correlation tables for the MLT and downturn scenarios.
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Figure 2.20: Histogram showing the spread due to varying (v,p), (v,n), (v,«) and cor-
responding capture rates for unstable n-deficient isotopes from Se—Po for the 3D-inspired
mixing scenario. Colour and size both correspond to the logarthimic binning of Monte Carlo
runs. The average spread OP,.x — OP i = 0.59 dex. OP = 0 is the initial amount.
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sponding capture rates for unstable n-deficient isotopes from Se—Po for the 3x3D-inspired
mixing scenario. Colour and size both correspond to the logarthimic binning of Monte Carlo
runs. The average spread OP . — OP i = 0.69 dex. OP = 0 is the initial amount.
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Figure 2.22: Histogram showing the spread due to varying (v, p), (v,n), (7, «) and corre-
sponding capture rates for unstable n-deficient isotopes from Se—Po for the 10x3D-inspired
mixing scenario. Colour and size both correspond to the logarthimic binning of Monte Carlo
runs. The average spread OP . — OP i = 0.76 dex. OP = 0 is the initial amount.
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Figure 2.23: Histogram showing the spread due to varying (v, p), (v,n), (7,«) and corre-
sponding capture rates for unstable n-deficient isotopes from Se—Po for the 50x3D-inspired
mixing scenario. Colour and size both correspond to the logarthimic binning of Monte Carlo
runs. The average spread OP . — OP i = 0.79 dex. OP = 0 is the initial amount.
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Table 2.4: Correlations and ( slopes between mass fraction and reaction rates for the MLT

mixing scenario.

Isotope Reaction rp ¢ Isotope Reaction rp ¢
"Se Se(y,n) —0.93 —0.18 #4Sm 428m(y,n) —0.19 —0.02
Ky PKr(y,n) —0.88 —0.28 428m(y,p) —0.17 —0.02
84Gr 8Sr(y,n)  —0.88 —0.28 43Sm(y,n) —0.25 —0.03
2Mo BMo(y,n) —0.94 —0.07 146Sm(y,n)  0.20  0.03
HoSn(y,a)  0.16  0.01 130Gd(y,n) 017  0.02
%Mo SBMo(y,n) 097  0.06 10Gd(y,a) —0.15 —0.02
%Ru YRu(y,n) —0.88 —0.12 96ph(y,n) 047  0.06
100pPd(y, )  0.20  0.03 202pb(vy,n) 021  0.03
%BRu YRu(y,n) 036  0.02 152Gd 152Dy (y,a) —0.40 —0.01
100pd(y,p)  0.62  0.04 B4Dy(y,a) —0.15 —0.00
100Pd(y,a) —0.51 —0.03 0Er(y,) 039 0.00
102pq 100pd(y,p)  —0.29 —0.05 Dy 159Er(y,n) —0.18 —0.06
100Pd(y,a) —0.30 —0.05 60Er(y,) 074  0.26
103pd(y,n) —0.66 —0.12 202pb(v,n)  0.18  0.05
106Cq 07Cd(y,n) -0.86 —0.16 *Dy 158Er(y,a) —0.23 —0.01
H08n(y,a)  0.23  0.05 160Er(y,a) 056  0.01
108Cd 07Cd(y,n) 0.72  0.10 196pPh(y,n)  0.16  0.00
199Cd(y,n) —0.46 —0.06 202ph(v,n)  0.18  0.00
Ho8n(y,p)  0.16  0.02 162Er 159Er(y,n) —0.18 —0.06
H31n 138n(y,n) 091  0.37 160Er(y,n) —0.18 —0.06
1128 198n(y,a) —0.17 —0.03 60Er(y, )  —0.26 —0.07
138n(y,n) —0.83 —0.15 6lEr(y,n) 021 0.06
H4gn HoSn(y,a) —0.15 —0.01 166Ybh(y,a) 053 0.14
U38n(y,n)  0.74  0.06 96ph(y,n) 025  0.07
122Xe(y,n) —0.18 —0.01 202pb(v,n)  0.17  0.05
122Xe(vy,p)  0.20  0.02 1¢Er 164Yh(y,n) —0.24 —0.09
12Xe(y,)  0.41  0.04 64Yb(y,) —0.58 —0.32
H58n U3Sn(y,n)  0.80  0.05 96ph(y,n)  0.17  0.05
122Xe(y,p)  0.17  0.01 '68YDb 168Hf(y,a) —0.28 —0.14
122Xe(y,a)  0.35  0.02 12Hf(y,)  0.60  0.24
120Te 21Te(y,n) —0.71 —0.09 6W(y,a) 020  0.07
122Xe(y,p)  0.45  0.05 196ph(y,n) 021  0.07

Continued on next page



Table 2.4 — continued from previous page

Isotope Reaction rp ¢ Isotope Reaction rp ¢
122Xe(y,a) —0.32 —0.04 'T4Hf 4W(y,n) —0.21 —0.03
124X e 122Xe(y,n) —0.17 —0.04 4W(y, )  —0.40 —0.08
122Xe(y,p)  —0.24 —0.06 ®W(y,n) —0.15 —0.03
12Xe(y,a) —0.45 —0.15 1®W(y,a) 042  0.07
12Xe(y,n) 0.16  0.03 18Ta ®Ta(y,n) —0.91 —0.02
125Xe(y,n) —0.46 —0.16 BOW 1800s(y,n) —0.28 —0.07
126X e 122Xe(y,a) —0.34 —0.09 1800s(y,a) —0.52 —0.21
125Xe(y,n)  0.49  0.13 96ph(y,n) 021  0.05
12TXe(y,n) —0.25 —0.07 1#0s 1850s(y,n) 033 0.02
126Ba(y,p) —0.18 —0.04 184pt(y, ) —0.44 —0.03
126Ba(y,a) —0.32 —0.09 186pt(y,n)  0.17  0.01
13084 126Ba(y,a) —0.17 —0.01 186pt(y,a) —0.16 —0.01
128Ba(y,n) —0.19 —0.01 188pt(y,n) —0.17 —0.01
129Ba(y,n) 0.23  0.01 Y6ph(y,n)  0.16  0.01
B1Ba(y,n) —0.79 —0.05 9Pt 99Hg(y,n) —0.28 —0.03
13284 B31Ba(y,n)  0.66  0.09 YHg(v,a) —0.51 —0.06
133Ba(y,n) —0.61 —0.08 96ph(y,n) 020  0.02
1381 BTLa(y,n) -0.71 —0.37 19Hg 96ph(y,n) —0.71 —0.41
136Ce 13¥Nd(vy,n) -0.38 —0.05 YTPb(y,n) —0.16 —0.06
13¥Nd(vy,p) 0.65  0.08 200ph(y,n)  0.19  0.10
138Nd(y,a) —0.16 —0.02 202pb(vy,n)  0.30  0.14
MONd(y,)  0.34  0.04
138Ce 137Ce(y,n)  0.51  0.02
139Ce(y,n) —0.43 —0.01
139pr(y,p)  0.29  0.01
138Nd(y,n) —0.30 —0.01
I38Nd(y,) —0.22 —0.01
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Table 2.5: Correlations and ( slopes between mass fraction and reaction rates for the 3D-
inspired mixing scenario.

Isotope Reaction rp ¢ Isotope Reaction rp ¢
"Se Se(y,n)  —0.83 —0.22 1%2Gd 150Gd(y, ) —0.18 —0.00
BKr Kr(y,n)  —0.79 —0.24 151Gd(y,n) —0.20 —0.00
84Gr 8Sr(y,n)  —0.80 —0.34 152Dy (vy,a) —0.31 —0.01
2Mo BMo(y,n) —0.91 —0.14 4Dy (y,a) —0.17 —0.00
%Mo BMo(y,n)  0.93  0.10 160Er(y,a)  0.39  0.01
%Ru Ru(y,n) —0.82 —0.14 196pPh(y,n)  0.16  0.00
00pd(y, )  0.21  0.04 5Dy B57Dy(y,n) —0.28 —0.12
%Ru YRu(y,n)  0.50  0.02 9Er(y,n) —0.17 —0.05
100pd(y,p)  0.58  0.03 160Er(y,)  0.68  0.26
00pPd(y, ) —0.31 —0.01 96ph(y,n)  0.16  0.05
10Sn(vy,) 022  0.01 %Dy BTDy(y,n) 024  0.03
102pq 100pd(y,p) —0.18 —0.04 159Dy(y,n) —0.21 —0.03
10Pq(y,a) —0.21 —0.04 9Er(y,n)  —0.17 —0.02
103pd(y,n) —0.72 —0.16 160Er(y,a)  0.66  0.07
106¢q 07¢d(y,n) —0.75 —0.16 96ph(y,n)  0.16  0.02
"0Sn(y,a)  0.31  0.07 202ph(vy,n) 020  0.02
108Cd 07Cd(y,n) 020 0.05 '62Er 59Er(y,n) —0.25 —0.10
19Cd(y,n) —0.83 —0.20 159Er(y,a) —0.16 —0.05
U3In Win(y,n)  —0.32 —0.05 160Er(y,n) —0.23 —0.09
HOSn(y,p) —0.16 —0.02 60Er(y,a) —0.44 —0.15
HOSn(y, )  —0.27 —0.04 61Er(y,n)  0.16  0.06
H3Sn(y,n)  0.60  0.10 166Yb(y,a) 033 0.11
Y9u(y,n) 015  0.02 96ph(y,n) 027  0.10
H28n 38n(y,n) —0.80 —0.18 202ph(y,n)  0.16  0.06
Hdgn HoSn(y,a) —0.17 —0.01 !04Er 164Yh(y,n) —0.26 —0.07
U3Sn(y,n)  0.65  0.05 64Yh(y,) —0.56 —0.18
122Xe(vy,p)  0.21  0.02 96ph(y,n) 021  0.06
122Xe(y,a)  0.44  0.03 202pb(v,n)  0.18  0.05
1580 10Sn(vy,) —0.16 —0.01 168YDH 4Yh(y,) —0.19 —0.09
U3Sn(y,n)  0.74  0.06 166yh(y,n) —0.22 —0.08
122Xe(y,p)  0.16  0.01 166Yb(y,a) —0.38 —0.13
122Xe(y,a)  0.33  0.03 67Yb(y,n)  0.20  0.07

Continued on next page
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Isotope Reaction rp ¢ Isotope Reaction rp ¢
120Te 21Te(y,n) —0.76 —0.19 2Hf(y,a) 043  0.16
122Xe(y,p)  0.26  0.05 96ph(y,n) 028  0.09
12Xe(y,a) —0.23 —0.05 202ph(y,n)  0.19  0.06
124X e 122Xe(y,p)  —0.19 —0.05 1THf 2Hf(y,) —0.40 —0.07
122Xe(y,a) —0.39 —0.15 "MW(y,a)  —0.19 —0.04
125Xe(y,n) —0.54 —0.23 ®W(y,a) 051 0.09
126Xe 12Xe(y,) —0.35 —0.14 18208(y,a)  0.18  0.03
125Xe(y,n)  0.22  0.09 96ph(y,n) 019  0.03
12TXe(y,n) —0.63 —0.27 89Ty 1 Ta(y,n) —0.91 —0.07
130Ba, B1Ba(y,n) —0.82 —0.13 1 Ta(y,a) —0.15 —0.01
132Ba BlBa(y,n) 036 014 180w 1800s(y,n) —0.27 —0.05
133Ba(y,n) —0.76 —0.30 1800s(y,a) —0.51 —0.13
138 133La(y,p) —020 —0.07 196ph(y,n) 023  0.04
135La(y,n) —0.35 —0.12 '®40s 18205(y,a) —0.38 —0.02
B36La(y,n)  0.26  0.08 184pt(y,a) —0.33 —0.02
BTLa(y,n) —0.34 —0.14 186pt(y, )  —0.15 —0.01
136Ce 137Ce(y,n) —0.49 —0.07 188pt(y,a)  0.23  0.01
138Nd(y,n) —0.27 —0.03 96ph(y,n)  0.19  0.01
I38Nd(y,p) 048  0.06 9Pt YOHg(y,n) —0.30 —0.02
MONd(y,a)  0.38  0.04 YHg(v,a) —0.50 —0.05
138Ce 137Ce(y,n)  0.65  0.07 96ph(y,n) 020  0.02
139Ce(y,n) —0.52 —0.05 ¥Hg 196ph(y,n) —0.68 —0.35
138Nd(y,p)  0.16  0.01 Y7Pb(y,n) —0.26 —0.10
144G “28m(y,n) —0.15 —0.02 200Pb(vy,n)  0.17  0.07
“28m(y,p) —0.16 —0.02 202pb(y,n) 024  0.10
43Sm(y,n) —0.19 —0.03
46Sm(y,n) 0.19  0.03
46Sm(y,a) —0.22 —0.03
150Gd(y,n) 0.21  0.03
150Gd(y,a) —0.20 —0.03
96ph(y,n)  0.46  0.06
202ph(y,n)  0.20  0.03
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Table 2.6: Correlations and ( slopes between mass fraction and reaction rates for the 3x3D-
inspired mixing scenario.

Isotope Reaction rp ¢ Isotope Reaction rp ¢
"Se Se(y,n) —0.81 —0.24 '#Sm 428m(y,n) —0.23 —0.02
Ky PKr(y,n) —0.76 —0.20 428m(y,p) —0.23 —0.03
84Gr 8Sr(y,n)  —0.75 —0.26 43Sm(y,n) —0.30 —0.04
92Mo BMo(y,n) —0.91 —0.23 46Sm(y,a) —0.17 —0.02
%Mo BMo(y,n) 092  0.17 10Gd(y,n) 0.17  0.02
%Ru 9Ru(y,n) —0.84 —0.25 150Gd(y,a) —0.16 —0.02
%BRu 9Ru(y,n)  0.65  0.05 196Ph(y,n)  0.44  0.05
00pd(y,p)  0.47  0.03 202ph(y,n)  0.17  0.02
00Pd(y,a) —0.23 —0.02 1%2Gd B1Gd(y,n) —0.17 —0.00
HoSn(y,a)  0.21  0.01 152Dy (v,) —0.39 —0.01
102pq 100pd(y,p)  —0.20 —0.06 B4Dy(y,a) —0.19 —0.00
100pPd(y, ) —0.22 —0.06 160Er(y,a)  0.33  0.01
103pd(y,n) —0.71 —0.26 5Dy BTDy(y,n) —0.21 —0.08
1060q 07Cd(y,n) —0.78 —0.27 19Er(y,n) —0.18 —0.06
HoSn(y,a)  0.21  0.08 60Er(y,)  0.69  0.25
108Cd 07Cd(y,n) 0.24  0.08 96ph(y,n)  0.15  0.05
199Cd(y,n) —0.80 —0.24 202ph(y,n)  0.15  0.05
131 HoSn(y,p) —0.22 —0.04 BDy BTDy(y,n)  0.20 0.02
198n(y,a) —0.33 —0.06 9Er(y,n)  —0.19 —0.02
138n(y,n) 0.62  0.15 60Er(y, ) 0.67  0.07
Y9Lu(y,n) 016  0.03 96ph(y,n)  0.16  0.02
H28p 138n(y,n) —0.78 —0.31 202ph(y,n)  0.20  0.02
4Gy HoSn(y,p) —0.17 —0.02 192Er B9Er(y,n) —029 —0.12
HoSn(y,a) —0.26 —0.03 Y9Er(y,)  —0.17 —0.05
HSn(y,n)  0.70  0.08 60Er(y,n) —0.22 —0.09
122Xe(y,p)  0.16  0.02 160Er(y,a) —040 —0.13
122Xe(y,)  0.27  0.03 61Er(y,n)  0.18  0.08
9 u(y,n)  0.15  0.01 166yh(y,)  0.32  0.11
H58n HoSn(y,p) —0.17 —0.02 96ph(y,n) 027  0.10
HoSn(y,a) —0.25 —0.03 202pb(y,n)  0.15  0.06
U3Sn(y,n)  0.73  0.08 04Er 164y h(y,n) —0.24 —0.08
122Xe(y,a)  0.24  0.03 164Yb(y,a) —0.56 —0.24
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Isotope Reaction rp ¢ Isotope Reaction rp ¢
Y9Lu(y,n) 015  0.01 165Yb(y,n) —0.17 —0.06
120 21Te(y,n) —0.78 —0.24 Y6ph(y,n)  0.19  0.06
122Xe(y,p)  0.24  0.06 202pb(y,n)  0.15  0.06
12Xe(y,) —0.22 —0.06 !08Yb 4Yh(y,) —0.22 —0.10
124Xe 122Xe(y,p) —0.20 —0.07 166y h(y,n) —0.18 —0.07
12Xe(y,a) —0.36 —0.18 166y h(y,) —0.34 —0.12
125Xe(y,n) —0.54 —0.33 67yb(y,n)  0.19  0.07
126X e 122Xe(y,p) —0.19 —0.07 2Hf(y,a) 043  0.16
122Xe(y,a)  —0.39 —0.18 96ph(y,n)  0.29  0.10
125Xe(y,n)  0.22  0.11 202pb(y,n)  0.19  0.06
12TXe(y,n) —0.57 —0.29 1T4Hf 12Hf(y,a) —0.31 —0.06
13084 126Ba(y,a) —0.16 —0.02 4W(y,n) —0.19 —0.03
131Ba(y,n) —0.81 —0.15 4W(y,a)  —0.30 —0.07
13234 B1Ba(y,n) 0.41  0.15 8W(y,a) 046  0.08
133Ba(y,n) —0.74 —0.27 1820s(y,)  0.17  0.03
138La 133La(y,p) —0.19 —0.08 96ph(y,n)  0.20  0.04
13La(y,n) —0.31 —0.12 18Ta 1 Ta(y,n) —0.89 —0.07
B6La(y,n) 0.25 0.08 W 1800s(y,n) —0.26 —0.08
Ba(y,n) -0.35 —0.16 1800s(y, )  —0.50 —0.21
136Ce 137Ce(y,n) —0.47 —0.07 810s(y,n) —0.16 —0.04
138Nd(y,n) —0.31 —0.04 96ph(y,n)  0.22  0.06
13¥Nd(vy,p) 0.52  0.07 1¥0s 18208(y,a) —0.19 —0.02
MONd(y,a) 0.32  0.04 1850s(y,n)  0.17  0.01
138Ce 137Ce(y,n)  0.66  0.08 184pt(y, )  —0.45 —0.04
139Ce(y,n) —0.37 —0.04 186pt(y,a) —0.16 —0.01
138Nd(vy,n) -0.16 —0.02 188pt(y,)  0.16  0.01
138Nd(y,p) 0.28  0.03 96ph(y,n)  0.20  0.01
H4ONd(y,a) 0.18  0.02 9Pt Hg(y,n) —0.30 —0.04
Hg(y,a) —0.51 —0.07
96ph(y,n)  0.19  0.02
196Hg 196ph(y,n) —0.68 —0.42
YTPb(y,n) —0.28 —0.13
202ph(y,n)  0.20  0.10
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Table 2.7: Correlations and ( slopes between mass fraction and reaction rates for the 10x3D-
inspired mixing scenario.

Isotope Reaction rp ¢ Isotope Reaction rp ¢
"Se »Se(y,n)  —0.87 —0.30 '38Ce 137Ce(y,n)  0.58  0.05
Ky PKr(y,n) —0.81 —0.35 139Ce(y,n) —0.19 —0.01
84Gr 84Rb(y,n)  0.16  0.06 138Nd(y,n) —0.31 —0.02
8Sr(y,n)  —0.81 —0.33 138Nd(y,p) 037  0.03
92Mo BMo(y,n) —0.93 —0.17 138Nd(y,a) —0.17 —0.01
%Mo BMo(y,n) 094  0.21 MONd(y,) 020  0.01
%Ru YRu(y,n) —0.88 —0.25 4Sm 428m(y,n) —0.31 —0.04
%Ru YRu(y,n)  0.68  0.07 428m(y,p) —0.29 —0.03
00pd(y,p) 045  0.05 4Sm(y,n) —0.41 —0.05
00Pd(y,a) —0.29 —0.03 Y6pPh(y,n) 035  0.04
HoSn(y,a) 0.18  0.02 1%2Gd 152Dy (vy,) —0.50 —0.02
102pq 100pd(y,p) —0.29 —0.08 B4Dy(y,a) —0.16 —0.00
100Pd(y,a) —0.30 —0.08 158Er(y,n)  0.15  0.00
103pd(y,n) —0.65 —0.21 160Er(y,a)  0.19  0.00
106Cq 07Cd(y,n) —0.83 —0.30 %Dy 59Er(y,n) —0.19 —0.06
Ho8n(y,a)  0.19  0.07 160Er(y,a)  0.70  0.26
108Cd 07Cd(y,n) 0.63  0.15 202ph(v,n)  0.16  0.05
199¢Cd(y,n) —0.50 —0.10 Dy 159Dy(y,n) 019  0.01
131n 108n(y,p) —0.17 —0.05 158Er(y,n) —0.16 —0.01
HoSn(y,a) —0.24 —0.08 158Er(y,a) —0.28 —0.01
U3Sn(y,n) 0.82  0.34 59Er(y,n) —0.18 —0.01
129 198n(y,a) —0.17 —0.05 60Er(y,)  0.56  0.02
HU3Sn(y,n) —-0.78 —0.33 96ph(y,n) 017  0.01
Hign H08n(y,p) —0.18 —0.02 202ph(y,n)  0.17  0.01
HoSn(y,a) —0.27 —0.04 102Er 9Er(y,n)  —0.28 —0.10
USn(y,n)  0.76  0.12 9Er(y,)  —0.16 —0.05
122Xe(y,)  0.15  0.03 60Er(y,n) —0.19 —0.07
9Lu(y,n) 0.16  0.02 160Er(y,a) —0.29 —0.09
H58n HoSn(y,p) —0.18 —0.02 61Er(y,n)  0.18  0.06
HoSn(y,a) —0.27 —0.04 166yh(y,) 040  0.12
USn(y,n) 077  0.12 96ph(y,n)  0.26  0.09
9Lu(y,n) 0.16  0.02 202ph(v,n)  0.15  0.05
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Isotope Reaction rp ¢ Isotope Reaction rp ¢
120Te 9Te(y,n) —0.20 —0.04 64Er 164Yb(y,n) —0.23 —0.10
21Te(y,n) —0.66 —0.13 164Yb(y,a) —0.59 —0.43
122Xe(y,p) 042 0.07 65Yb(y,n) —0.17 —0.09
12Xe(y,a) —0.35 —0.06 96ph(y,n)  0.16  0.07
124Xe 122Xe(y,n) —0.22 —0.08 !08YDb 168Hf(y,n) —0.16 —0.05
122Xe(vy,p) —0.27 —0.10 168Hf(y,a) —0.40 —0.21
122Xe(y,) —0.44 —0.23 169Hf(y,n) —0.17 —0.05
125Xe(y,n) —0.40 —0.22 2Hf(y,a) 041  0.19
126Xe 122Xe(y,n) —0.21 —0.06 96ph(y,n) 022  0.08
122Xe(y,p) —0.26 —0.08 ITHf 14W(y,n) —0.23 —0.06
122Xe(y,a) —0.46 —0.19 MW(y,a)  —0.52 —0.19
125Xe(y,n)  0.38  0.16 6W(y, ) —0.15 —0.05
12TXe(y,n) —0.26 —0.11 180Ta 1 Ta(y,n) —0.88 —0.03
130Ba, 126Ba(y,p) —0.18 —0.02 80W 1890s(y,n) —0.30 —0.12
126Ba(y,a) —0.31 —0.03 1890s(y, )  —0.54 —0.39
128Ba(y,n) —0.26 —0.03 9ph(y,n) 021  0.08
128Ba(y,p) —0.16 —0.01 1'30s 184pt(y,a) —0.49 —0.10
12Ba(y,a) —0.27 —0.02 185Pt(y,)  —0.16 —0.02
129Ba(y,n) 0.21  0.02 96ph(y,n)  0.16  0.02
1381Ba(y,n) —0.51 —0.05 9Pt YOHg(y,n) —0.27 —0.06
13284 128Ba(y,a) —0.18 —0.02 YHg(v,a) —0.52 —0.15
31Ba(y,n)  0.63  0.12 196ph(y,n)  0.18  0.04
133Ba(y,n) —0.56 —0.10 '%Hg 96ph(y,n) —0.75 —0.53
138La Ba(y,n) -0.65 —0.35 202ph(y,n) 020  0.12
136Ce 138Nd(vy,n) -0.39 —0.06
13¥Nd(v,p) 0.65  0.10
138Nd(vy,) —0.16 —0.03
H“ONd(y,a) 0.31  0.05
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Table 2.8: Correlations and ( slopes between mass fraction and reaction rates for the 50x3D-
inspired mixing scenario.

Isotope Reaction rp ¢ Isotope Reaction rp ¢
™Se ®Se(y,n) —0.95 —0.10 '3°Ba 126Ba(y,a) —0.19 —0.01
Ky PKr(y,n) —0.91 —0.28 132Ce(y,n) —0.23 —0.01
848y 8Sr(y,n)  —0.92 —0.26 132Ce(y,p) 032 0.01
92Mo BMo(y,n) —0.57 —0.03 132Ce(y,a) —0.20 —0.01
100pd(y,p)  0.19  0.01 134Ce(y,n) —0.20 —0.01
10Pd(y,a) 020  0.01 134Ce(y,) 041  0.02
HoSn(y,n)  0.16  0.01 '*2Ba 132Ce(y,n) —0.28 —0.04
HoSn(y,p)  0.23  0.01 132Ce(y,p) —0.25 —0.03
HoSn(y,a)  0.37  0.02 132Ce(y,) —0.31 —0.04
%Mo BMo(y,n)  0.89  0.08 133Ce(y,n) —0.19 —0.03
%Ru Ru(y,n) —0.62 —0.05 134Ce(y,a) —0.18 —0.02
Ru(y,a) —0.18 —0.01 138La BTLa(y,n) —0.75 —0.45
100pd(y, )  0.33  0.03 '35Ce 138Nd(y,n) —0.42 —0.09
HoSn(y,n)  0.16  0.01 13¥Nd(y,p) 0.66  0.14
HoSn(vy,p)  0.16  0.01 MONd(y,) 0.25  0.06
H0Sn(y,a) 0.23  0.02 138Ce 138Nd(y,n) —0.33 —0.04
9%BRu 100pd(y,p)  0.70  0.13 138Nd(y,p) —0.31 —0.04
100pd(y, ) —0.53 —0.10 38Nd(y,a) —0.24 —0.02
102pq 100Pd(y,p) —0.39 —0.06 139Nd(y,n) —0.31 —0.04
100pd(y,a) —0.38 —0.05 4Sm 428m(y,n) —0.36 —0.06
13Pd(y,n) —0.23 —0.04 428m(y,p) —0.29 —0.04
1%4¢d(y,p) 017  0.03 43Sm(y,n) —0.50 —0.09
104Cd(y,a) —0.27 —0.04 96ph(y,n)  0.19  0.03
106¢q 104Cd(y,p) —0.23 —0.03 '52Gd 152Dy (y,) —0.50 —0.05
07¢d(y,n) —0.62 —0.07 158Er(y,n)  0.18  0.01
HoSn(y,p) 020 0.02 156Dy 156Er(y,) —0.44 —0.27
HoSn(y,a)  0.40  0.05 158Er(y,n) 019  0.09
1080d 07¢d(y,n)  0.61  0.11 158Er(y,)  —0.18 —0.07
HoSn(y,p) 049  0.08 60Er(y,0) 025  0.15
HoSn(y,a) —0.33 —0.06 58Dy 18Er(y,n)  —0.28 —0.02
U3 U3Sn(y,n) 094 044 18Er(y,a)  —0.53 —0.05
H2gn HoSn(y,p) —0.25 —0.03 '62Er 162Yh(y,a) —0.49 —0.30

Continued on next page



Table 2.8 — continued from previous page

Isotope Reaction rp ¢ Isotope Reaction rp ¢
HoSn(y,a) —0.34 —0.04 164yh(v,a) —0.16 —0.07
U3Sn(y,n) —0.65 —0.08 68Hf(y,n) 017  0.07

1148n Hogn(y,a) —0.21 —0.02 '64Er 164y h(y,n) —0.31 —0.17
U3Sn(y,n)  0.78  0.08 64y b(y,) —0.56 —0.51
12Xe(y,n) —0.28 —0.03 202ph(y,n)  0.16  0.09
12Xe(y,p)  0.16  0.02 168yp 168Hf(y,n) —0.28 —0.12
12Xe(y,) 023 0.03 168Hf(y,a) —0.55 —0.57
9T u(y,n) 0.15 001 '™Hf 4\W(y,n)  —0.30 —0.13

H58n HoSn(y,a) —0.21 —0.02 "MW(y,a) -0.53 —0.37
U3Sn(y,n)  0.80  0.08 '¥9Ta 1 Ta(y,n) —0.87 —0.00
122Xe(y,n) —0.27 —0.03 BOW 1800s(y,n) —0.38 —0.21
122Xe(y,p)  0.15  0.02 1800s(y,a) —0.52 —0.46
122Xe(y,a)  0.22  0.03 96ph(y,n) 019  0.11
69 u(y,n) 0.15 0.01 '®40s 184pt(y,n) —0.16 —0.05

120Te 120Xe(y,a) —0.22 —0.05 84pt(y,a) —0.55 —0.29
122Xe(y,p)  0.58  0.11 96ph(y,n)  0.16  0.04
122Xe(y,a) —0.49 —0.10 9Pt 99Hg(y,n) —0.30 —0.13

124X 122Xe(y,n) —0.28 —0.10 9Hg(y,a) —0.49 —0.30
122Xe(y,p) —0.31 —0.11 196ph(y,n) 020  0.08
122Xe(y,a) —043 -0.21 ¥Hg 96ph(y,n) —0.76 —0.60
128Xe(y,n)  0.18  0.06 202ph(y,n)  0.18  0.11

126X e 126Ba(y,p) —0.35 —0.17
126Ba(y,a) —0.48 —0.32
12TBa(y,n) —0.22 —0.12
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Chapter 3

Investigations Beyond the p Nuclei

The work presented in Section 3.1 presents the preliminary results of exploratory research
done on the light odd-Z elements produced in O-C shell mergers solely by myself. The work
presented in Section 3.2 presents the preliminary results of collaborative research done with

Dr. Falk Herwig on the advective-reactive r-process around a black hole.

3.1 Light Odd-Z Isotope Production

The p-nuclei are not the sole unique nucleosynthetic feature of O-C shell mergers. The
light odd-Z elements P, CI, K, and Sc have also been noted as products during the merger
(Ritter et al., 2018a; Roberti et al., 2025). These elements are of interest because they
are underproduced in galactic chemical evolution calculations (Ritter et al., 2018a), there
are observations of P-enhanced stars (Masseron et al., 2020; Brauner et al., 2023, 2024),
and K in particular is relevant for the habitability of exoplanets. This is because “°K is
a radionuclide that contributes significantly to the heating of an exoplanet’s mantle and
impacts the tectonics of the planet and its atmosphere composition Frank et al. (2014);
O’Neill et al. (2020).

Using the same models described in Chapter 2, I present the preliminary results of how
the light odd-Z elements are produced in O-C shell mergers.

As Figure 3.1 shows, the light odd-Z elements are all clearly affected by the presence of
a convective downturn. Similar to the p-nuclei, the impact is non-monotonic and non-linear,
as 3P, 35Cl, 1°K, and #°Sc all decrease in production at the fastest mixing speeds. K and Sc
show the most significant impact from the convective downturn with a spread in production
of 1.5 — 2 orders of magnitude.

Further, comparing the total elemental production of the light odd-Z elements shows

that there can be a monotonic relationship between the final production, mixing speeds,
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Figure 3.1: Impact on the production of the light odd-Z stable isotopes of P, Cl, K, and Sc
comparing MLT and convective dowturn models.

and ingestion rate. Figures 3.2 and 3.3 show the MLT and convective mixing downturn
scenarios in square bracket notation and the MLT mixing scenario with different ingestion
rates, respectively. As it can be seen, as mixing speeds increase, the total production of
|[K/Ar] and [Ne/O| decrease, but as ingestion rate of C-shell material increases, the total
production of [K/Ar| and [Ne/O] increases. This behaviour is not shared across all elements,
but points to further need to research the impact of mixing conditions on nucleosynthesis in

O-C shell mergers.

3.2 Advective-Reactive r process

Advective-reactive nucleosynthesis is the generalization of the convective-reactive framework
to include transport of material beyond convection. In this work, Dr. Herwig and I took
SkyNet post-processed trajectories that escaped a black hole formed by neutron star mergers
from Dr. Rodrigo Fernandez (priv. com.) to determine whether the advective-reactive
framework is relevant to r-process nucleosynthesis.

Over time, the distance between any two trajectories increases as they move away from
the black hole. That means there is a time limit on how long the trajectories are able to

exchange material. We define a distance L,,;, analogously to ¢,,;x and if any two trajectories
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Figure 3.2: The MLT and convective mixing downturn scenarios in square bracket notation.

are within this distance can exchange material.

Lmix =V Dtnuc (31)

where D = 3 x 10'® cm?/s is the diffusion coefficient and t,,. was given an analytic form
based on a linear fitting of 7 = X/(dX/dt) vs t plots for some n-heavy In isotopes. From
this, we get L as a function of time. Not only do trajectories need to be within a mixing
distance, they also need to be within this distance for a sufficient amount of time to exchange
material. We define that if two trajectories are within Ly, (t) of each other for ¢t = ty,
then they have exchanged material. Since there is some ambiguity in the definition of ¢y,
we consider five cases of 0.25, 0.5, 0.75, 1, and 1.5 times Ly, (t). The results of this analysis

are shown in Figure 3.4 which shows that 7.5-15% of trajectories could be able to exchange
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Figure 3.3: The MLT mixing scenario with different ingestion rates in square bracket nota-

tion.

material for the optimistic cases.

Much more work needs to be done to understand whether this analysis reveals anything

impactful for r-process nucleosynthesis. If all nearby trajectories are in nuclear static equi-

librium, then it is likely that there is no significnat difference in the final production.
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Chapter 4

Summary and Conclusion

4.1 Mixing, Nuclear Physics, and the p Nuclei

In this work, I have explored how changing the mixing assumptions made in 1D stellar
evolution models can have a significant impact on the final nucleosynthesis of the p nuclei in
O-C shell mergers. I have shown that the convective mixing downturn, which is a feature of
3D hydrodynamic simulations, can have a significant impact on the nucleosynthesis of the
p nuclei. The convective mixing downturn leads to a non-monotonic and non-linear impact
on the production of the p nuclei, with isotopes of the same element being effected differently,
which has direct implications for grains analysis. I have also shown that the impact of the
C-shell entrainment rate is also significant. While most species are uniformly boosted by
the entrainment, the large variation depending on the true entrainment rate means that
there exists large uncertainties there. Potential convective quenching in the profile either
GOSH-like at peak Ne-burning or at the top of the shell due to hydrodynamic feedback only
partially merging the O- and C-shells decrease the production of the p nuclei also was shown.
Finally, I have shown that while the impact from varying the input nuclear physics has a
comparable impact to any individual mixing scenario, different scenearios result in different
nuclear physics impacts. Addtionally, whether a species and reaction rate are correlated is
largely dependent on the mixing scenario with few shared correlated rates. This demonstrates
the importance of understanding the mixing conditions in the O-C shell merger environment

to accurately model the nucleosynthesis of the p nuclei.

4.2 Light Odd-Z Isotopes and Macrophysics

Although the work is preliminary, current results show that the light odd-Z elements are also

significantly impacted by the 1D mixing asssumptions showing all the same features as the



7

p nuclei. This shows the importance of understanding the mixing conditions in O-C shell
mergers for nucleosynthesis generically, and not just the p nuclei. The convective-reactive
environment is a complex scenario for nucleosynthesis, and this emphasizes the importance

of understanding and connecting 3D hydrodynamic simulations to nucleosynthesis.
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