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ABSTRACT

 

We have developed a framework for simulating binary stars through all three relevant 

timescales: the dynamical merger, thermal, and nuclear evolution. The framework begins by 

simulating a dynamical merger in a 3-dimensional hydrodynamics adaptive mesh refinement 

code, Octo-Tiger , and performing a spherical averaging calculation to map the post-merger 

remnant into the 1-dimensional stellar evolution code, MESA . In this work, we primarily 

utilize this framework for simulating double white dwarf mergers, which are believed to be 

the progenitor to R Coronae Borealis (RCB) stars. We evolve the post-merger in MESA and 

compare the computed surface abundances to those observed in RCB stars. We also post- 

process these models with MPPNP for heavy metal nucleosynthesis. Although we are not 

able to perfectly match observations with this framework, we are able to perform a parameter 

study by "engineering" a post-merger to perfectly reproduce the surface abundances of an 

RCB star. These models show that the large neutron density required for neutron capture 

reactions may actually be characteristic of the i-process rather than the s-process, which 

was thought to be active in RCB stars. We further extend the framework by simulating 

the merger of a giant and main sequence star, which is a possible progenitor for Betelgeuse. 

Although we are only able to reproduce the high rotation rate of Betelgeuse by suppress- 

ing angular momentum diffusion, we note that the extension of this framework represents a 

necessary step to perform holistic studies of mergers consisting of compact, main sequence 

and/or giant stars.
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CHAPTER 1. 

INTRODUCTION

 

1.1 Binary Systems

 

Astronomers have known about the existence of binary stars for over 300 years. In fact, the 

majority of stars in the night sky are actually systems with two or more stars. These systems 

are important as we can get insight into some properties that would not be easily attainable 

by single star systems. For instance, Kepler’s laws allow us to use their orbital dynamics to 

estimate their masses, something that is not possible with a single star. In some cases, a 

binary system may lose angular momentum through stellar winds or gravitational radiation, 

causing a collision that creates phenomena that can be observed through their lightcurves 

or spectra.

 

In order to understand how these systems merge, it is important to understand some 

basic concepts involved in binary systems. The first concept to understand is the Roche 

potential shown in Equation 1.1.

  \label {eq:roche_pot} \Phi (\Vec {r}) = -\frac {GM_1}{\lvert \Vec {r} - \Vec {r_1} \rvert }-\frac {GM_2}{\lvert \Vec {r} - \Vec {r_2} \rvert } -\frac {1}{2}(\Vec {\omega } \times \Vec {r})^2 

 





 









 










 

 

(1.1)

 

This potential term is taken in the co-rotating frame which rotates at the orbital angular 

velocity ω⃗ . G is the gravitational constant, Mi 

is the mass of star i , and r⃗i 

is the position of 

star i . It is typical to refer to the accretor (the star gaining mass) as star 1 and the donor 

(the star losing mass) as star 2. In this frame, the two stars are static and thus the potential 

requires the extra centrifugal component seen in the last term of Equation 1.1.

 

An illustration of this equation is shown in Figure 1.1. In this figure, we can see the two 

sources of gravitational potential causing the potential wells in the middle. Those potential 

wells are due to the first two terms of Equation 1.1 and the downward curvature at the edges 

of the surface is due to the last term.

 

Another way to illustrate the Roche potential is with a contour plot with lines of equipo- 

tential. This is shown in Figure 1.2 with the same parameters used to create Figure 1.1.

 

Figure 1.2 more clearly shows the Roche lobe radius, RL, with the bold figure eight line 

around stars 1 and 2. The Roche lobe radius is the average radius within which material 

will be bound to its star. Therefore, if a stellar radius were to expand beyond its Roche lobe 

radius, material would then either fall into the potential of the other star or become unbound 

from the system through the centrifugal force. Once the Roche lobe radius is smaller than 

the stellar radius, that star will begin to lose mass and decrease its Roche lobe radius even 

further. Depending on the response of the stellar radius to mass loss, this may result in a 

rapid and violent process of mass transfer.

 

1.2 Double White Dwarfs

 

When on the main sequence, stars generate their energy via nuclear fusion. This process 

begins by fusing hydrogen atoms into helium and, depending on the mass of the star, can 

progress to fusing heavier elements resulting in a dense core rich with metals. However, once 
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Figure 1.1. This figure shows a surface plot of the Roche potential (Equation 1.1) of a binary 

with a mass ratio ( q = 

M2

 

M1
) of 0.25. The two dips in the surface are due to the two stars 

with the larger dip corresponding to the more massive star. The downward curvature at the 

edges of the plot is due to the centrifugal term. This means a test mass far enough away 

from the stars will experience a net outward force. Source : Frank et al. (2002) 

iron is formed in the core, nuclear fusion becomes endothermic (requiring more energy to 

fuse than is released) and nuclear fusion will cease. After nuclear fusion ceases in the core, 

the outer envelopes may be ejected via stellar winds or interaction with a companion in a 

binary system, leaving behind the dense inert core which is referred to as a white dwarf 

(WD).

 

For a binary system containing two main sequence stars, one likely outcome is the system 

comes into contact or becomes semi-detached. This happens because the more massive of the 

two stars evolves more quickly than its companion and fills its Roche-Lobe while expanding 

as a red giant, thus initiating mass transfer onto the less massive star. After losing much of 

its mass in the envelope, the original donor becomes a white dwarf leaving behind a system 

with a white dwarf and a main sequence star. Eventually, the main sequence star will also 

evolve as a red giant, fill its Roche-Lobe, and transfer mass onto the White Dwarf. This 

system is known as a cataclysmic variable (CV) and it can eventually evolve to a Double 

White Dwarf (DWD) system after the red giant sheds its envelope.
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Figure 1.2. The parameters in this plot are the same as described in Figure 1.1. In this 

figure, the Lagrangian points are identified and lines of equipotential are numbered in order 

of increasing Roche potential. The bold line indicated by number 3 illustrate the Roche 

Lobes. Source : Frank et al. (2002) 

Depending on the total mass and mass ratio, there can be a variety of different outcomes 

for the resulting DWD binary system, including explosive transient phenomena, single neu- 

tron stars, and giant stars. One specific outcome for such systems is the formation of an 

exotic class of stars called R Coronae Borealis stars.

 

1.3 RCB Stars

 

R Coronae Borealis (R CrB or RCB) is one of the first discovered and studied variable stars. 

This star is located in the constellation Coronae Borealis and was given the designation “R” 

to represent the first discovered variable star of the constellation. Pigott & Englefield (1797) 
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first started monitoring the brightness upon noticing the disappearance of RCB from the 

naked eye. This makes RCB (the namesake for the classification) one of the longest studied 

variable stars on record.

 

RCB stars are rare hydrogen-deficient, carbon-rich, yellow supergiants (Clayton, 2012, 

1996). Their variability of up to 8 magnitudes was determined to be caused by thick irregular 

clouds of carbon dust obscuring our line of sight (Loreta, 1935; O’Keefe, 1939). There are 

currently about 150 observed RCB stars with more candidates that have yet to be verified. 

The surface abundances of RCB stars are not only extremely helium-rich and hydrogen- 

deficient, but also contain an enrichment in N, Al, Na, Si, S, Ni, and several s-process 

elements (Asplund et al., 2000). Furthermore, RCB stars show extraordinarily low 

16O/18O 

(on the order of unity) and large 

12C/13C, which, along with the enrichment of s-process 

elements, are consistent with partial He-burning (Clayton et al., 2007). Finally, most RCB 

stars have a metallicity of about 0.1 Z⊙ 

(Asplund et al., 2000).

 

There have been two main evolution channels proposed for the creation of RCB stars. 

First, the final Helium-shell flash model is proposed to be a late thermal pulse in a post-AGB1 

star (Fujimoto, 1977). Second, the double white dwarf (WD) merger scenario is a merger 

event between a lower mass Helium (He) WD and a higher mass carbon-oxygen (CO) WD 

(Webbink, 1984). In the final He-shell flash model, there is no predicted mechanism for 

producing a sufficient amount of 

18O to match the level of 

16O. However, in the double WD 

merger model, partial He-burning would allow for the necessary enhancement of 

18O (Clayton 

et al., 2007). Because this is an important feature for RCB stars, the double WD merger 

model is often considered the dominant channel for the formation of RCB stars, although it 

is possible they can be formed in more than one way.

 

Figure 1.3 shows a cartoon schematic illustrating the important phases of the formation 

process for RCB evolution. The first phase is the dynamical merger when the He-WD 

experiences Roche lobe overflow (RLOF) and becomes tidally disrupted. The result of this 

phase is a toroidal shaped post-merger object with a hot He-burning shell above the CO WD. 

The shape is due to the orbital angular momentum left over from the binary. The second 

phase is a viscous phase which should take a few hours to settle the post-merger object to 

a spherical geometry with a radius around a tenth of a solar radius. The third phase is 

a thermal expansion that takes place over thousands of years as the spherical post-merger 

object begins to expand up to a few hundred solar radii due to the input energy from the 

He burning shell and synthesized material from the shell is mixed throughout the envelope 

due to convective mixing. Finally, the object enters the RCB phase in which stellar winds 

push carbon dust that obscures our line of sight and causes the irregular declines of around 

8 magnitudes.

 

RCB stars are suspected to be the result of a dynamically unstable double WD merger 

between a high mass CO WD ( M1) and a lower mass He-WD ( M2) (Webbink, 1984). Because 

the merger event must be dynamically unstable, there is a constraint on the mass ratio 

( q = 

M2

 

M1
) for DWD binaries requiring it to be greater than 2/3 (the derivation can be found 

in Appendix 5.3).

 

There are, however, many more layers of complications to consider, such as mass loss from 

the entire system (which should be minimal), spin-orbit coupling, and the effects of M2 

either

 

1Asymptotic Giant Branch 
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Figure 1.3. A simple schematic outlining the important evolutionary phases of the RCB 

progenitor. Note that the individual phases are not accurate to any length scale. 

forming a disk structure around M1 

or the stream having a direct impact on the surface of M1. 

These considerations will have dramatic effects on the change in orbital angular momentum 

and will therefore change the constraints required to make the merger dynamically unstable. 

Dan et al. (2011) resolve some of those complications with numerical models and illustrate 

which mass configurations will have a dynamically unstable mass transfer in Figure 1.4. 

When those additional considerations are made, the mass ratio can be pushed as low as 0.25 

for certain mass configurations. For q > 1 , M2 

would plunge into M1 

and would not become 

tidally disrupted before mass transfer had begun.

 

The second requirement in the formation process for RCB stars is the presence of a He- 

burning region. As mentioned in the beginning of this section, the surface abundance of RCB 

stars shows evidence of partial He-burning. Previous models have shown that increasing the 

total mass of the system and decreasing the mass ratio will increase the temperature of the 

He-burning region, which can also be referred to as the shell of fire (SoF) (Staff et al., 2012). 

This region will form after the merger event as the material from the He WD crashes onto 

the surface of the CO WD and becomes shock heated.

 

Most helium capture reactions, including the important neutron source 

13C( α , n )16O, will 

be active above 100 MK (Käppeler et al., 2011). Neutron source reactions are important 

for the enhancement in s-process elements that are observed in RCB stars. Taking into 

account these constraints as well as the requirement for a dynamically unstable merger, we 

find that total masses and mass ratios of 0.7-1.0 M⊙ 

and 0.5-0.6 are sufficient, respectively. 

Furthermore, since the nucleosynthesis happens right above the interface of the CO and He 

WD, there needs to be some mechanism for mixing to get the synthesized material from the 

burning region to the surface within the time it takes the post-merger object to get to the 

RCB phase.
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Figure 1.4. This plot shows for a space of mass configurations, M1 

and M2, which will 

commence unstable mass transfer. The hatched region specifically comes from models in 

Dan et al. (2011). Source : Zhang et al. (2014)

 

1.4 Literature Review

 

In this section, we review the literature of previous modeling attempts for RCB stars. In 

general, previous models can be put in one of three different categories: modified He star 

evolution, stellar engineering, and 3D to 1D mapping. Each of these methods has advantages 

and disadvantages that will be discussed throughout this section. The first two methods 

attempt to mimic the post-merger structure through methods that are not necessarily related 

to the merger event. The structure is guided by previous 3D hydro methods (Staff et al., 

2012) and should generally consist of a cool degenerate CO core, a hot He burning shell, and 

an envelope with a composition resulting from the He WD.

 

Some of the features of each model mentioned in this section are illustrated in Figure 

1.5. In this figure, the upper left diagram shows the density profile, the upper right diagram 

shows the Hertzsprung Russel diagram (HR diagram or HRD), the lower left shows the 

temperature profile, and the lower right shows the temperature density profile as well as 

density and temperature requirements for He-burning, C-burning, and electron degeneracy. 
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In these panels, q is the normalized interior mass coordinate 

( 

Mr

 

Mtot 

) 

which is a mass fraction 

that will be 1 at the surface (when all of the mass is interior to that coordinate) and 0 at 

the core (when all of the mass is exterior to that coordinate). Mr 

refers to the amount of 

mass interior to a shell of radius r .

 

Figure 1.5. A four panel figure comparing the different models when He shell burning begins. 

The blue line refers to the modified helium star evolution ( 0 . 53 M⊙ 

CO + 0 . 37 M⊙ 

He WD) 

(Menon et al., 2013), the orange line refers to the 3D models mapped into 1D ( 0 . 53 M⊙ 

CO 

+ 0 . 27 M⊙ 

He WD) (Munson et al., 2021), and the green line refers to the models created 

by stellar engineering ( 0 . 55 M⊙ 

CO + 0 . 33 M⊙ 

He WD) (Lauer et al., 2019). The upper left 

panel shows the density profile, the upper right shows the HR Diagram, the lower left shows 

the temperature profile, and the lower right shows the temperature-density profile. The HR 

diagram on the upper right contains a black box representing the range of observed surface 

temperatures and luminosities of RCB stars.

 

The modified He star evolution model is employed in works such as Weiss (1987) and 

Menon et al. (2013, 2019). This method is a straightforward and fast way to create an 

RCB model. This model is initialized with a helium zero-age main-sequence (ZAMS) star 
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and after the envelope has shrunk to some predetermined mass, a user-defined composition 

motivated from progenitor models is imposed on the envelope. In Menon et al. (2013, 

2019) the abundance profile is split into four separate zones. Those zones are the core, a 

buffer region to prevent dredge up from the core, the He-burning region, and the envelope. 

Initializing the He burning region separately from the envelope is a sophistication that allows 

one to consider the effects of burning during the dynamical merger. This model provides 

a CO core consistent with core He-burning underneath a He-burning shell and an envelope 

with the expected composition from the He-WD.

 

One disadvantage of this modeling approach is that the thermal state of the core is not 

in agreement with what would be realized in a WD merger scenario. This disagreement will 

have effects on the evolution and state of the envelope (Iben, 1990). In the WD merger 

scenario, one should expect the CO WD that would form the core of the RCB to be cooler 

and more degenerate than the CO core that would form from core He-burning. Instead, this 

model sees phases of H shell burning and expansion before the shell temperature can become 

high enough to begin He shell burning. Once He shell burning has begun, the envelope has 

already expanded a couple hundred times the size of the post-merger object. Therefore, the 

evolution of the RCB from that point looks significantly different than the other two methods 

as seen in the upper right panel of Figure 1.5. Also, because the star has already expanded 

by the time the shell is hot enough to commence He shell burning, the temperature gradient 

is not sufficient to cause convective mixing. Menon et al. (2013) see this in their models 

and instead require a secular mixing model be adopted to account for the required envelope 

mixing and justify that the additional mixing may be induced by rotation. However, because 

the surfaces of RCB stars show evidence of partial He-burning, this mixing profile must be 

ceased before the object reaches the RCB phase. This is done by creating a function for an 

additional diffusion coefficient dependent on the mass coordinate, density, temperature and 

stellar age.

 

Menon et al. (2013, 2019) conduct studies of solar and sub-solar metallicities, respectively. 

This is important as RCB stars are characteristically lower in metallicity and this will have 

an effect on the final surface abundances. These studies take extra care to analyze the 

nucleosynthesis responsible for the overabundance in 

18O and 

19F. They find that they are 

only able to reproduce the surface abundances with the secular mixing profile mentioned 

above. This must mix material not so fast as to destroy all of the 

18O but fast enough to 

bring 

15N to the burning region in order to form 

19F. Furthermore, this additional diffusion 

coefficient must halt before the RCB phase in order to maintain the surface 

14N abundance. 

Their study also uses post-processing with over 1000 isotopes and investigates s-process 

elements but finds only lower mass ratios ( q =0.5) have a neutron number density high 

enough to produce s-process element enhancement.

 

Stellar engineering is a general term used to describe any ad-hoc change to the numerical 

model that is not implemented through a physical process in order to construct a stellar model 

that matches some expected initial structure. Zhang et al. (2014) utilize stellar engineering 

in Modules for Experiments in Stellar Astrophysics ( MESA ) (Paxton et al., 2011, 2013, 2015, 

2018, 2019) to create an RCB by starting with a 3 . 0 M⊙ 

main-sequence star and letting it 

evolve to a CO WD. After the core reached a predetermined mass, the envelope was removed 

and a fast accretion phase was used to mimic a hot corona. Then, a slow accretion phase 

was used to mimic a cool Keplerian disc. The accreted material compositional fractions were 
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assumed to be 0.98 He and 0.02 metals where the metals distribution is obtained from a He 

WD model. However, MESA no longer supports fast and slow mass accretion so we do not 

explore this modeling procedure further.

 

Another way to use stellar engineering to create RCB stars is discussed in great detail 

in Lauer et al. (2019) and Crawford et al. (2020). In summary, first a CO and He WD 

are created from main-sequence stars in order to obtain a composition for the core and 

envelope of the RCB. Then, a post-merger object with a mass of two components combined 

is created and the core is allowed to cool until a degeneracy parameter is met. The CO WD 

composition is imposed up to a mass coordinate equal to the CO WD mass and the He WD 

composition is imposed on the remaining portion of the post-merger object. Finally, in order 

to get He shell burning temperatures, a process of entropy adjustment as described in Shen 

et al. (2012) is employed until a post-merger radius of about 0 . 1 R⊙ 

is reached. This is done 

by utilizing a MESA routine to add extra heat ( Q ) to the shells of the post-merger object 

at each timestep. The form of the added heat is the following:

  \label {eq:extra_heat_intro} Q(M_r) = \begin {cases} (S_{low}-S(M_r))\frac {T(M_r)}{t_{rel}}, & M_r\leq M_{core} \land \eta \leq \eta _{transition} \\ (T_{core} - T(M_r))\frac {S(M_r)}{t_{rel}}, & M_r\leq M_{core} \land \eta > \eta _{transition} \\ (S_{high}-S(M_r))\frac {T(M_r)}{t_{rel}}, & M_r > M_{core} \\ \end {cases} 



















  



 











  















 

(1.2)

 

In this expression, S is the entropy, T is the temperature, tr el 

is a user-defined timescale 

over which to add this heat, η is a degeneracy parameter, and Mr 

is the mass coordinate of a 

given shell. Using this function, one creates an entropy profile that looks like a step-function 

with a high entropy envelope and low entropy core while ensuring that the degenerate CO 

core remains isothermal. The result in terms of temperature can be seen in the lower two 

panels of Figure 1.5.

 

This initialization method creates a more physically motivated structure than the modi- 

fied He star evolution method. The object is compact during He shell burning which allows 

for convective mixing throughout the envelope. However, as the envelope expands from the 

input energy from the He-burning shell, the mixing region breaks into two sections separated 

by a non-mixing shell and allows for only partially burned material to rise to the surface. 

Lauer et al. (2019) and Crawford et al. (2020) see a good match to observed RCB surface 

abundances without employing additional mixing coefficients and just allowing convection 

to be the primary mixing mechanism.

 

One shortcoming of these works is the simplistic initial abundance profile. Without 

having multiple zones similar to Menon et al. (2013), these models contain no mechanism 

to include results of nuclear burning during the merger phase. Instead, these models aim 

to create the spherical post-merger object directly from the compositions of the CO and 

He WD. Furthermore, authors who have utilized this method have not done an analysis of 

s-process nucleosynthesis. Lauer et al. (2019) and Crawford et al. (2020) use the mesa_75 

nuclear network, a co-processed nuclear network that contains the most important reactions 

for energy generation and includes elements up to 

60Zn. While this network does include 

neutrons, it does not include the heavy elements involved in the s-process and there is no 

analysis of the neutron number density being high enough for s-process nucleosynthesis.

 

Lauer et al. (2019) use models with solar metallicities, which do not match RCB ob- 

servations, but they still obtain results that resemble RCB abundances. Crawford et al. 
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(2020) create models with both solar and sub-solar metallicities and see good agreement 

with RCB observations. They also perform a study of the surface abundance dependence 

on temperature by changing Shig h 

in Equation 1.2. This will change the peak temperature 

in the He burning region which changes the nucleosynthesis and thus the surface abundance 

during the RCB phase. They observe that if the He burning temperature is too high, most 

of the 

14N and 

18O is destroyed and the surface abundances do not match observed RCB 

stars. However, if the temperature is too low, then not enough 

18O or 

19F is created and 

those elements do not match RCB surface abundances. Their study finds a shell burning 

temperature around 300 MK for these models is ideal for reproducing most of the observed 

abundances in RCB stars. These results are subject to change as modeling becomes more 

sophisticated in terms of the initial abundances or entropy profiles.

 

The final model to be discussed is perhaps the most physically representative of a merger 

event; the 3D hydrodynamics model mapped into 1D. One immediate concern with this 

method is the difference in equation of state (EoS) between differing codes. The EoS will 

determine the thermal properties of the star given a density, composition, and boundary 

conditions. However, given the same density profile in two different codes that use a different 

EoS, they will compute different temperature, pressure, and energy profiles. MESA uses a 

very sophisticated EoS table that takes into account the conditions of each zone and uses the 

best suited EoS or interpolates between two that are both well-suited. However, since 3D 

hydrodynamics models are already computationally expensive, it is typically more practical 

to use just one well suited EoS or a combination of two EoS’s for the entire star.

 

Dan et al. (2011) create 3D models with a hybrid approach using the Smooth Particle 

Hydrodynamics (SPH) method for orbital evolution and the Adaptive Mesh Refinement 

(AMR) method for the evolution of the low density He material. Then, Schwab et al. (2012) 

use the models of Dan et al. (2011) to initialize a 2D model that simulates the viscous phase 

along the radial and polar directions. In their work, they find that the post-merger object 

becomes spherical on the order of a few hours with a simple prescription for shear viscosity. 

These models also include a basic five species nuclear network, a Helmholtz EoS (Timmes & 

Swesty, 2000) and a simple mechanism for mixing. Using the Helmholtz EoS provides the 

best match for the majority of regions in the post-merger object to the MESA EoS table. 

Finally, Schwab (2019) takes the spherical results from Schwab et al. (2012) and evolves the 

objects through the RCB phase in MESA and analyzes those models.

 

Schwab (2019) analyzes all three types of models, but notably sees a similar evolution to 

the 3D model we present in the HR diagram of Figure 1.5. That is, unlike the He star model, 

the post-merger object approaches the RCB phase from the bottom of the box instead of 

the left side. This is again because the post-merger object is much more compact when He 

burning is initiated and the envelope responds to this input energy with an initial thermal 

expansion and brightening phase. A strong aspect of the Schwab (2019) model is that it 

is not directly imported from 3D to 1D. Allowing the post-merger object to spherize in 2D 

using physical viscosity processes reduces any errors introduced by spherically averaging a 

non-spherical object into a 1D code like MESA .

 

Schwab (2019) does not focus on an analysis of the surface abundance or nuclear burning 

leading to the RCB phase. This is likely because of the insufficient nuclear network used in 

the 2D models, which is necessarily used to run the models in a practical amount of time. 

However, this work does stress the importance of an adjusted opacity table. The default 
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opacity tables used in MESA are not well suited for following the evolutionary tracks of 

RCB stars. This is because the default opacity table in MESA is calculated using GS98 

(Grevesse & Sauval, 1998) solar scaled abundances. As noted earlier, the surfaces of RCB 

stars are extraordinarily hydrogen poor and He rich and also contain enhancements in C, N, 

O, F, and s-process elements. Although MESA does include opacity tables for carbon and 

oxygen-rich mixtures, referred to as “Type 2" tables, the lower temperature boundary for 

those tables is log ( T /K ) = 3 . 75 . This will not be consistent with RCB stars that develop 

cooler envelopes because the outer layers are hydrogen deficient and carbon and oxygen 

enhanced. This has an effect on the effective temperature and radius during the RCB phase, 

but does not appear to have a noticeable effect on surface composition.

 

Another study that directly utilized 3D hydro simulations is Longland et al. (2011). 

However, they did not actually simulate the evolution of the post-merger itself, but rather 

post-processed a 3D SPH model done in previous studies (Guerrero et al., 2004; Lorén- 

Aguilar et al., 2009, 2010) with a more sophisticated nuclear network in order to reproduce 

the unique surface abundances observed in RCB stars. The studies conducted on the 3D 

merger models had implemented a simple 14 isotope nuclear network to account for the 

energy generation; therefore, the post-processed nuclear network had only very minor dif- 

ferences in energy production. However, they do not expect to reproduce the enhanced 

s-process elements observed in RCB stars. Two different modes of mixing were explored 

in this study, shallow and deep mixing, where the former only extends partially from the 

surface into the He-rich envelope and the latter extends throughout the entire envelope. 

Each mode of mixing is analyzed with both an initial solar and sub-solar metallicity. In this 

study, they were able to reproduce an overabundance of 

19F, but not as high as observations 

suggest it should be. They were also able to produce a 

16O/18O of 19, which is significantly 

lower than solar values, but not quite as low as is observed in RCBs. Overall, this study 

reproduces the surface abundance of most low to intermediate mass range elements on an 

order of magnitude. However, it is limited to a post-processing study of the nucleosynthesis 

after the post-merger event and does not actually evolve the post-merger object. Therefore, 

details such as the evolution of the mixing profile, rotation, and expansion of the envelope 

are not analyzed over the thermal or nuclear timescales.

 

1.5 This Work

 

The difficulty in simulating RCB stars is mostly due to the important processes spanning 

all of the relevant stellar timescales. The merger event happens on the dynamical timescale 

(minutes to hours) and must be simulated in a 3D hydrodynamics code (Zhang et al., 2014). 

This work has been done in the past either with Smooth Particle Hydrodynamics (SPH) 

codes (Staff et al., 2012, 2018) or AMR codes (Dan et al., 2011). The expansion of the 

He envelope happens on the thermal timescale (thousands of years). Finally, the steady 

He-burning shell and remaining evolution of the RCB star happens on the stellar nuclear 

timescale (100,000-1,000,000 years). Because the thermal and nuclear timescales are much 

longer than the dynamical timescale, they need to be simulated in a separate 1D stellar 

evolution code such as MESA . Doing 1D evolution allows us to simulate over much longer 

timescales and utilize important reactions on a larger nucleosynthesis grid. Finally, after the 

evolution of the RCB star, we are also utilizing the NuGrid post-processing code, MPPNP 
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(Herwig et al., 2008). MPPNP uses a more complete nuclear network with 1093 species and 

over 14,000 reactions to post-process nucleosynthesis calculations for every zone at every 

timestep. The post-processing is important as the MESA nuclear network is inefficient and 

becomes too slow with a larger number of isotopes while MPPNP can efficiently compute 

the nucleosynthesis of a much larger grid while following the stellar computations done by 

MESA .

 

In the following chapters, we simulate RCB stars two ways. First, we use the 3D to 1D 

mapping method to simulate the dynamical merger in Octo-Tiger , a 3D AMR hydrodynamics 

code used in this work to simulate merger events (Marcello et al., 2016), and simulate the 

post-merger evolution in MESA . The second method we use is stellar engineering, which does 

not contain direct information about the dynamical merger, but allows for more freedom in 

exploring the parameter space of the SOF, mass distribution, and entropy profile. This larger 

freedom will allow us to constrain the requirements of a dynamical merger with the knowledge 

of what combination of parameters produce abundances in agreement with observations. 

Finally, in order to extend the 3D to 1D mapping framework beyond white dwarf mergers, 

we also attempt to model a merger and post-merger evolution of a giant and main sequence 

star which is thought to be a possible progenitor for Betelgeuse (Wheeler et al., 2017).
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CHAPTER 2. 

METHODS: MAKING AN RCB PROGENITOR

 

2.1 Creating the RCB Progenitor

 

Our post-merger simulations build on previous work done using "stellar engineering" in 

MESA (Lauer et al., 2019). In the previous approach, a post-merger structure was con- 

structed in order to mimic a thermal and chemical structure consistent with that found in 

past 3D hydrodynamics merger simulations. The effects of rotation were included by as- 

suming solid body rotation with 20% break-up velocity. Then, the post-merger evolution is 

followed to the RCB phase using the MESA 75-isotope nuclear network, mesa_75 . The sur- 

face abundances, surface rotation rates, and the time spent in different phases were computed 

for several models with differing mass parameters.

 

In this chapter, we present two methods to create an RCB model. The first is using 

Octo-Tiger to simulate the dynamical merger and then map the post-merger object into 

MESA . This procedure involved taking a weighted spherical average of the density and 

internal energy and cylindrical average of the angular momentum from the 3D Octo-Tiger 

grid and importing it into the 1D spherical grid of MESA . This has the obvious advantage 

of using the thermal structure directly computed as a result of a merger event. The second 

method is an improved stellar engineering procedure from that presented in Crawford et al. 

(2020) and Lauer et al. (2019). The advantage of this method is more freedom in changing 

thermodynamic variables in order to perform a more extensive parameter study.

 

2.1.1 Mapping 3D to 1D

 

The method presented here uses one 3D hydrodynamics model that has either a solar or 

sub-solar metallicity composition imposed onto the post-merger object. In each choice of 

metallicity, the evolution of the post-merger object is followed through the RCB phase and 

back to the WD state. The initial conditions of each model are summarized in Table 2.1.

 

The first step in RCB evolution is a CO+He WD merger event. There are two impor- 

tant constraints on the close-binary WD system. Those constraints are that the merger be 

dynamically unstable and that the post-merger object has a hot enough shell to commence 

He-burning. The necessity for a He-burning shell and an unstable dynamical merger con- 

strain the total mass and mass ratio to 0.7- 1 . 0 M⊙ 

and 0.5-0.7, respectively. More details on 

these contraints can be found in Section 1.3 and Appendix 5.3.

 

Our 3D hydrodynamics simulation, Octo-tiger , is initialized with a 0 . 53 M⊙ 

CO WD and 

a 0 . 32 M⊙ 

He WD. Octo-tiger uses a simple zero-temperature WD (ZTWD) and ideal gas 

EoS. The ZTWD EoS assumes a zero temperature electron gas with a mean molecular weight 

per free electron of 2 atomic units. The mean molecular weight for ions and electrons used

 

Sections 2.1.1 and 2.2 were previously published as R Coronae Borealis Star Evolution: Simulating 3D 

Merger Events to 1D Stellar Evolution Including Large-scale Nucleosynthesis by Bradley Munson, Emmanouil 

Chatzopoulos, Juhan Frank, Geoffrey C. Clayton, Courtney L. Crawford, Pavel A. Denissenkov, and Falk 

Herwig in The Astrophysical Journal, 911:103 (DOI: 10.3847/1538-4357/abeb6c). Sections 2.1.2 and 2.3 were 

previously published as Improved Models of R Coronae Borealis Stars by Bradley Munson, Emmanouil Chat- 

zopoulos, and Pavel A. Denissenkov in The Astrophysical Journal, 939:45 (DOI: 10.3847/1538-4357/ac9476). 
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Table 2.1. Initial conditions of all 32 3D to 1D mapped models. " overshoot_f " is the 

extension beyond the convective zone boundary in fractional scale heights. Initial 

1H refers 

to the initial mass fraction of 

1H present in the helium envelope. The asterisk denotes models 

that were post-processed with the MPPNP code.

 

Model Mtot( M⊙) MC O( M⊙) Metallicity overshoot_f Initial 

1H

 

1 0.8 0.53 Solar 0 2 . 86 × 10− 5 

2 0.8 0.53 Solar 0 10− 99 

3 0.8 0.53 Solar 0 10− 20 

4 0.8 0.53 Solar 0 10− 10 

5 0.8 0.53 Solar 0 10− 6 

6 0.8 0.53 Solar 0 10− 4 

7 0.8 0.53 Solar 0 10− 3 

8 0.8 0.53 Solar 0.014 2 . 86 × 10− 5 

9 0.8 0.53 Solar 0.02 2 . 86 × 10− 5 

10 0.8 0.53 Solar 0.03 2 . 86 × 10− 5 

11 0.8 0.53 Solar 0.05 2 . 86 × 10− 5 

12 0.8 0.53 Solar 0.055 2 . 86 × 10− 5 

13 0.8 0.53 Solar 0.06 2 . 86 × 10− 5 

14 0.8 0.53 Solar 0.065 2 . 86 × 10− 5 

15 0.8 0.53 Solar 0.068 2 . 86 × 10− 5 

16 0.8 0.53 Solar 0.07 2 . 86 × 10− 5 

17 0.8 0.53 Solar 0.073 2 . 86 × 10− 5 

18 0.8 0.53 Solar 0.075 2 . 86 × 10− 5 

19 0.8 0.53 Solar 0.1 2 . 86 × 10− 5 

20 0.8 0.53 Solar 0.14 2 . 86 × 10− 5 

21* 0.8 0.53 Solar 0.073 2 . 86 × 10− 5 

22 0.8 0.53 Sub-Solar 0 7 . 20 × 10− 5 

23 0.8 0.53 Sub-Solar 0 10− 99 

24 0.8 0.53 Sub-Solar 0 10− 20 

25 0.8 0.53 Sub-Solar 0 10− 10 

26 0.8 0.53 Sub-Solar 0.06 10− 99 

27 0.8 0.53 Sub-Solar 0.065 10− 99 

28 0.8 0.53 Sub-Solar 0.068 10− 99 

29 0.8 0.53 Sub-Solar 0.07 10− 99 

30 0.8 0.53 Sub-Solar 0.073 10− 99 

31 0.8 0.53 Sub-Solar 0.068 10− 10 

32* 0.8 0.53 Sub-Solar 0.068 10− 10 

in the ideal gas EoS is calculated for fully ionized He for the secondary (4/3 atomic units) 

and an equal mixture of fully ionized C and O by mass for the primary (1.75 atomic units). 
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The pressure and energy equations used for the ZTWD EoS are shown in Benz et al. (1990) 

and are shown below in a slightly different form.

  P_{deg} = A\biggl [\left (x(2x^2-3)(x^2+1)^\frac {1}{2}+3\sinh ^{-1}{x}\right )\biggr ] 







   





   



 

(2.3)

  E_{deg} = A\biggl [8x^3\left ((x^2+1)^\frac {1}{2}-1\right )-\left (x(2x^2-3)(x^2+1)^\frac {1}{2}+3\sinh ^{-1}{x}\right )\biggr ] 











 





 







   





   



 

(2.4)

 

Where

  x = \left (\frac {\rho }{B}\right )^{\frac {1}{3}} 















 

(2.5)

  \begin {aligned} A &= \frac {\pi m_e^4c^5}{3h^3}, \\ B &= \frac {8\pi m_p \mu _e}{3}\left (\frac {m_ec}{h}\right )^3 \end {aligned} 



































 

(2.6)

 

While the primary and secondary stars are tracked as fluids, Octo-tiger does not trace 

abundances and therefore we cannot directly obtain a composition profile from this simula- 

tion. More details of the composition initialization are discussed later in this Section. The 

initial orbital period of the binary is 149 seconds and the initial grid is 24,000 sub-grids with 

up to seven levels of refinement. The refinement criterion is based solely on the density. 

Because Octo-tiger does not handle gravitational radiation nor magnetic fields, angular mo- 

mentum is removed from the system at a user-defined rate. For this system, the dynamically 

unstable merger event initiates after about an hour. After 3.3 hours of evolution in Octo- 

tiger , we spherically average the grid to be mapped into MESA . Equatorial and polar slices 

of the density and temperature are shown in Figures 2.1, 2.2, 2.3, and 2.4. In Figures 2.3 

and 2.4, a hot shell is clearly visible and has a peak temperature of about 285 MK, which 

is notably lower than the models in Lauer et al. (2019), but still high enough to initiate 

He-burning as seen in Figure 2.5.

 

In order to compute the spherically averaged parameters, the following procedure was 

implemented. First, the center of mass was found by finding the 3D grid cell with maximum 

density; then, all positions are translated so that the center of mass is at the origin. Next, we 

create roughly 350 spherical shells (or cylindrical shells for angular momentum averaging) 

centered on the origin with radius r and thickness dr such that log 

dr

 

r 

is constant. This 

binning in log-space and resolution helps to ensure that we get good resolution near the 

He-burning region and in the outer layers of the star. For each shell, we sum the product of 

a parameter Xi 

and cell volume dVi 

for all cells in between a radius r and r + dr and divide 

by the volume of the shell to get the spherically averaged parameter Xr 

at radius r (shown 

in Equation 2.7). Additionally, we compute the total energy of each shell as the sum of the 

spherically averaged bulk kinetic energy and a calculated potential energy (Equation 2.8). 

The radius of the spherical post-merger object is then taken to be the outer radius where the 

material is bound. For this system, we obtain a radius of 0 . 50 R⊙ 

and a total bound mass of 

0 . 80 M⊙. We note that the difference between the bound mass and the initial masses of the 
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progenitors indicates a mass loss of 0 . 05 M⊙, which is likely overestimated by the spherical 

averaging procedure.

  \label {eq:average} X_r = \frac {\sum X_idV_i}{\sum dV_i} 

















 

(2.7)

  \label {eq:pot_energy} \Phi (r) = -\frac {GM_r}{r} - 4\pi G \int _{r}^{\infty } r' \rho (r') dr' 

 





















 

(2.8)

 

One concern with taking the spherical average at this point in the hydrodynamics simu- 

lation is that the post-merger object is clearly not spherical in Figure 2.2. However, Schwab 

et al. (2012) find that these systems tend towards spherical states on the time-scale of a 

few hours. We attribute the toroidal shape of our system to the fact that Octo-tiger does 

not have a prescription for viscosity and thus, other than numerical diffusion, there is no 

physical mechanism to diffuse angular momentum. We find that spherically averaging this 

system reduces the He-burning region temperature by a factor of two, which is likely due 

to the non-spherical state of the system "smearing" the peak temperature over the polar 

angle. It is important to note here that due to the high sensitivity that nuclear reactions 

have on temperature, these small factors could result in large changes in composition during 

post-merger evolution.

 

After evolving the WD binary system to a merger event and spherically averaging the 

post-merger object, the post-merger must be evolved on a nuclear timescale. This evolution is 

done by mapping our spherically averaged post-merger object into MESA using the MESA 

built-in relaxation algorithms. A discussion of how MESA relaxes models can be found 

in Section B of the Appendix in Paxton et al. (2018). In order to map this object into 

MESA , three profiles are required: composition, specific angular momentum, and entropy. 

Assumptions and methods used to obtain those profiles are outlined in the remainder of this 

subsection.

 

Assuming both components of the post-merger object are well mixed, we impose two 

different uniform compositions for the CO- and He-WD. The composition is obtained by 

running the MESA test suite problems make_co_wd and make_he_wd for the solar and sub- 

solar metallicities. The metallicity fractions used in these models were the MESA default 

options from Grevesse & Sauval (1998). We then impose the CO WD composition on the 

post-merger object up to the mass coordinate corresponding to the original mass of the CO 

WD ( 0 . 53 M⊙ 

in our system). Next, we impose the He WD composition from the mass 

coordinate of CO WD to the surface. An illustration of this composition can be found 

for some key elements in Figure 2.6. This assumes that any mass lost in the system is 

only lost by the He WD, which is a good assumption since the He WD experienced a tidal 

disruption while the CO WD remained mostly inert and intact. Because Octo-tiger does 

track the components as fluids, one could in principle use the component fractions in each 

cell to calculate an abundance, assuming the WDs were well mixed and had a homogeneous 

composition. However, these AMR simulations tend to overestimate the amount of material 

dredged up from the primary compared to other hydro simulations (Staff et al., 2012, 2018). 

Staff et al. (2018) claim that mixing during the dynamical merger phase has important 

effects on the surface abundance. In particular, it is important to avoid dredging up too 

much material from the primary as it could create an overabundance of 

16O and make it 
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Figure 2.1. Pseudocolor plot of the density in a slice of the equatorial plane after 3.3 hours 

of evolution time. This is from the simulation of a 0 . 53 M⊙ 

CO + 0 . 32 M⊙ 

He WD merger. 

difficult to produce a sufficient amount of 

18O in order to obtain the isotopic ratio of order 

unity. Therefore, we find the method of imposing a composition based on mass coordinate 

to be more reliable.

 

The angular momentum comes directly from the 3D hydrodynamics grid by computing 

the axially symmetric angular momentum from the linear momentum and the radius as seen 

in Equation 2.9. After computing the specific angular momentum for each cell, it is averaged 

using Equation 2.7 with cylindrical shells.

  \label {eq:am} \Vec {j} = \Vec {r} \times \Vec {p} = x p_y - y p_x 

     



 

(2.9)

 

The immediate problem with obtaining the entropy profile from Octo-tiger is that the 

entropy is not an evolved variable and uses a much simpler EoS than MESA . The zero 

temperature WD and ideal gas EoS of Octo-tiger will not match the EoS tables used by 

MESA , especially in extreme regions of high density and high temperature. Figure 50 of 
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Figure 2.2. Pseudocolor plot of the density in a slice of the polar plane after 3.3 hours of 

evolution time. Details of the merger are described in Figure 2.1. 

Paxton et al. (2019) shows the density-temperature coverage of the EoS used in MESA . 

Rather than directly relax an entropy profile, MESA can compute an entropy profile by 

relaxing a density and temperature profile. This is the method we implement because it 

allows us to compare density and temperature profiles to the previous work in Lauer et al. 

(2019) and we can produce an informed temperature structure of the CO core. The density 

profile is simply spherically averaged from Octo-tiger , but the temperature profile needs to 

be computed using the evolved internal energy density. Using the Octo-tiger internal energy 

density and the composition profile we imposed on the post-merger object, we compute a 

temperature profile using the Helmholtz EoS (Timmes & Swesty, 2000). Because Octo-tiger 

assumes a zero temperature WD EoS in the highly dense CO core, we floor this temperature 

to a constant value of 10 MK. The density and temperature profiles are then combined for 

relaxation in MESA .
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Figure 2.3. Pseudocolor plot of the temperature in a slice of the equatorial plane after 3.3 

hours of evolution time. The He-burning region is apparent around the CO core. Since 

temperature is not an evolved variable in Octo-tiger , a simple calculation using the internal 

energy density, mass density, and the mean molecular weight of fully ionized helium (4/3) 

is done for the purposes of this illustration. A more rigorous calculation is done for the 

spherically averaged model. Details of the merger are described in Figure 2.1. 

After computing the necessary three profiles, the MESA relaxation routine is imple- 

mented. Figure 2.5 shows some of the profiles of the spherically averaged Octo-tiger output 

and the relaxed MESA model for comparison. Figure 2.5 also shows a density-temperature 

profile for the Octo-tiger output and the MESA relaxed model with the He-burning and 

C-burning regions illustrated. Of these profiles, the only parameter that has a significant 

difference between the Octo-tiger value and MESA relaxed value is the temperature (in 

which the peak relaxed temperature is a factor of 1.5 higher than the peak Octo-tiger tem- 

perature). We attribute this to the conversion of the Octo-tiger internal energy not being 
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Figure 2.4. Pseudocolor plot of the temperature in a slice of the polar plane after 3.3 hours 

of evolution time. The He-burning region is apparent around the CO core. Details of the 

merger are described in Figure 2.1. 

hydrodynamically stable with the density profile in MESA . However, the peak temperature 

is still high enough to commence He-burning, a necessary ingredient to obtain the surface 

abundances observed in RCB stars. It should be noted, however, that even a small range 

of peak temperature values may significantly change the outcome of the surface abundances 

during the RCB phase. Crawford et al. (2020) analyze the effect of peak temperature on 

surface abundance during the RCB phase.

 

2.1.2 Stellar Engineering

 

The other approach we implement to create a post-merger object in MESA is stellar engi- 

neering. We use a method similar to Lauer et al. (2019) and Crawford et al. (2020) with 
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Figure 2.5. A comparison of the spherically averaged final Octo-tiger output (dashed) to the 

MESA relaxed output (solid). q is the normalized exterior mass coordinate ( q = 1 − 

Mr

 

Mtot
) 

some slight improvements on the composition initialization. The two properties of the post- 

merger we must reproduce in our initial model are the thermal profile and the composition. 

In order to recreate a structure representative of the 3D hydrodynamics results, we first 

create a ZAMS model with a mass of the progenitor CO- and He-WDs, but the effects of 

burning and mixing are turned off. The model is then cooled until the core becomes electron 

degenerate (defined as when the electron chemical potential reaches 5 kB 

T ).

 

When the core has reached a degenerate state, a new composition of a CO core and He 

envelope can be imposed on the model. For this procedure, we attempt a similar approach 

to the work presented in Menon et al. (2013). The three zones we produce are the core, 

SOF, and envelope. We find that including a buffer zone in our models is unnecessary as 

our thermal structure is different from those in Menon et al. (2013) and our mixing does 

not require it. The core and the envelope of the post-merger are both initialized from CO- 

and He-WD models evolved separately in MESA . After those WD models are complete, 

we take the composition from the CO- and He- WDs and mass average each isotope for a 

uniform composition. The results for the CO- and He-WD are then imposed on the core and 

envelope, respectively.

 

The SOF region of the post-merger is the result of any nucleosynthesis that occurs during 

the dynamical merger. As such, we must first process this zone with a short timescale single 

zone nucleosynthesis simulation. We utilize the one_zone_burn module included in MESA in 

order to synthesize a composition calculated by combining a fraction of the CO core and He 

envelope compositions. The fraction of the CO core material used for each model’s SOF can 
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Figure 2.6. Abundance profiles for key species in Model 1 from Table 2.1. The effects of 

nuclear burning in the hot He shell (or SOF) that has taken place up to that phase can be 

seen around q ∼ 0.7-0.8. 

be found in Table 2.2. We process this initial composition for one hour at a constant density 

(roughly 4200 

g

 

cm3 ) and initial temperature ( 125 M K − 250 M K ), which is informed by the 

3D merger model discussed in the previous subsection. The constant density was taken from 

the average SOF shell density at the end of the 3D simulation. We note that the density in 

the SOF ranges from 1700 

g

 

cm3 

to 5100 

g

 

cm3 

and the resulting abundance pattern can vary by 

an order of magnitude within that range for some key species. However, because most of the 

SOF has a density on the higher end of that range, our average value is reasonably close to 

the density of most of the zones in the SOF. A more accurate study could be performed here 

by implementing a small nuclear network into the 3D merger model in order to retrieve an 

initial abundance pattern. The temperature is given a range of values to explore due to the 

uncertainty from the simple EoS used in the 3D model. We utilize a custom nuclear network 

that includes 40 isotopes ranging from 

1H to 

26Mg including neutrons. The core fraction 

included in the SOF is not informed from the 3D model because the effects of dredge up are 

likely overestimated due to the effects of resolution and instantaneous diffusion in the AMR 

grid. Staff et al. (2018) suggest that AMR studies may overestimate the material dredged 

up while SPH based codes may underestimate the dredge up. Further studies of dredge 

up at the CO/He interface are required to limit this variable. The three zones and their 

compositions for some key isotopes can be seen in Figure 2.7. We note that while we do not 
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Figure 2.7. An example of the initial composition before mass averaging. This illustrates 

the core, SOF, and envelope regions individually. The core ends at a mass coordinate of 

≃ 0 . 53 M⊙, the SOF ends at a mass coordinate of ≃ 0 . 56 M⊙, and the envelope extends 

through the remainder of the star. This specific composition is from Model A2 of Table 2.2. 

change the abundance pattern of the core and envelope resulting from the progenitor CO- 

and He-WD, respectively, the change in the CO core fraction in the SOF has a significant 

impact on the resulting envelope abundance and therefore the final results.

 

A 2-dimensional viscous simulation performed in Schwab et al. (2012) shows that after the 

merger occurs, the region above the CO-core is fully convective. Because of this convection, 

we combine the composition of the SOF and envelope by mass averaging the two compositions 

assuming the SOF is roughly 10% of the envelope mass as is the case in the Octo-Tiger 

model. We now have a two zone composition similar to the models of Lauer et al. (2019) 

and Crawford et al. (2020); however, the envelope includes a slight enhancement of elements 

due to the nucleosynthesis during the merger in the SOF. Once this composition is imposed 

on our model, the core is then allowed to cool to a nearly isothermal state with a temperature 

of 8MK.

 

The final step in reproducing the post-merger object is to heat the base of the envelope 

to He-burning temperatures. Similar to Lauer et al. (2019) and Crawford et al. (2020), we 

do this by adding heat to the model such that we have a low entropy isothermal core and a 
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Table 2.2. The results of the parameter study performed on engineered models. Mtr ansition 

represents the mass coordinate of the outer surface of the entropy transition region, Tpeak 

represents the maximum temperature in the SOF, overshoot_f is the overshooting param- 

eter used in the Mixing Length Theory (MLT) prescription during the MESA evolution, 

and MC O ,S O F 

/MS O F 

is the fraction of the accretor material included in the SOF for nucle- 

osynthesis during the merger. All models are based on the hydrodynamics result from the 

Octo-Tiger model in Section 2.1.1 and have an initial total mass of 0.8 M⊙ 

and a CO core 

mass of ≃ 0.53 M⊙.

 

Model Mtr ansition 

( M⊙) Tpeak 

(MK) overshoot_f MC O ,S O F 

/MS O F

 

A1 0.53 253 0 0.04 

A2 0.55 253 0 0.04 

A2 MPPNP 0.55 253 0 0.04 

A3 0.57 253 0 0.04 

A4 0.6 253 0 0.04

 

B1 0.55 181 0 0.04 

B2 0.55 213 0 0.04 

B3 0.55 305 0 0.04

 

C1 0.55 253 0.04 0.04 

C2 0.55 253 0.07 0.04 

C3 0.55 253 0.1 0.04

 

D1 0.55 262 0 0.08 

D1 MPPNP 0.55 262 0 0.08 

high entropy envelope. However, rather than having an immediate transition at the chemical 

interface, we use a smoother linear transition with a user-adjusted width. The target profile 

for entropy looks like the following:

  \label {eq:extra_heat} S(M_r) = \begin {cases} S_{low}, & M_r < M_{core} \\ S_{transition}, & M_{core}\leq M_r \leq M_{transition} \\ S_{high}, & M_r > M_{transition} \\ \end {cases} 

























 

(2.10)

 

Where Str ansition 

is:

  S_{low} + \frac {S_{high}-S_{low}}{M_{transition}-M_{core}}[M_r-M_{core}] 



















 

(2.11)

 

In this equation, Sl ow 

and Shig h 

are the low and high entropy values of the core and enve- 

lope, respectively. Sl ow 

is not a constant value, but rather a function of the mass coordinate 

such that the core has a constant temperature of about 30MK. Mcor e 

and Mtr ansition 

are the 

outer edge mass coordinates of the core (where the mass fraction of He drops 1% of the 

constant envelope value) and entropy transition region (user defined parameter). Using a 

smoother entropy transition creates a smooth and wide peak temperature rather than the 

sharp and narrow peak observed in the engineered models of Lauer et al. (2019) and Craw- 

ford et al. (2020). This transition is also more representative of a post-merger object seen 

in 3D hydrodynamics models (Schwab, 2021). The effects of varying Mtr ansition 

are shown in 
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Figure 2.8. Initial structure for models with varying Mtr ansition 

coordinates. The 0.53 M⊙ 

model has an instantaneous change from low to high entropy at the CO/He interface similar 

to the models of Lauer et al. (2019) or Crawford et al. (2020). 

Figure 2.8. Similarly, while holding Mtr ansition 

constant and varying Shig h, one can change 

the peak temperature in the He-burning region as shown in Figure 2.9.

 

2.2 RCB Evolution

 

After creating a post-merger object either by averaging and mapping the 3D post-merger 

object or stellar engineering, we allow the star to evolve with nuclear burning and mixing 

turned on. The analysis of surface composition is done at the RCB phase, which is the 

point at which the star ceases thermal expansion in the envelope. This occurs when the star 

reaches peak surface brightness and minimum effective temperature on the HRD. We report 

surface composition of our model using the usual Equation 2.12. In this equation, X is the 

average mass fraction of the zones with an optical depth less than 1 for a given element, 

µX 

is the mean atomic mass of the element, and log ϵ ( X )⊙ 

is the solar surface value of the 

element which is taken from Lodders (2003).

  \label {eq:surf} [X] = \log {X} - \log {\mu _X} + 12.15 - \log {\epsilon (X)_\odot } 

     

   

 

(2.12)

 

The stellar evolution done in MESA uses co-processed nucleosynthesis to track the iso- 

topes through the steady He-burning phase of evolution. The 3D to 1D mapped models 

utilize the MESA built-in mesa_75 nuclear network, containing a range of isotopes from 

1H 
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Figure 2.9. Initial structure for models with varying Sl ow 

which is utilized for control of the 

He-burning temperature. 

to 

60Zn including neutrons. This network was used by previous studies that used stellar 

engineered models to evolve RCB stars (Crawford et al., 2020; Lauer et al., 2019). However, 

it is not necessary to track many of these higher mass elements with co-processing as their 

energy generation will be minimal at these He-burning temperatures and their changes can 

be tracked in post-processing. Therefore, for our stellar engineered models, we create a cus- 

tom nuclear network that includes 40 isotopes including neutrons. This has the advantage 

of faster run time and includes important intermediate mass isotopes such as 

11B and 

14C 

that mesa_75 does not include.

 

2.3 Nucleosynthesis Post-Processing

 

The last step in the RCB simulation is to post-process the data with a much larger scale 

nuclear network using the NuGrid MPPNP code (Herwig et al., 2008). Since MPPNP 

is a post-processing code, it does not change the evolution of the star, but it performs 

nucleosynthesis for every zone at every timestep given the parameters calculated in the 

MESA simulation. The MPPNP nuclear network we utilize contains 1093 isotopes and 

over 14,000 relevant reactions - including those involved in the s-process. This builds in the 

assumption that the energy produced from the high mass nucleosynthesis does not contribute 

to the stellar structure and the co-processed nuclear networks account for almost all of the 
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nuclear energy generation. The post-processing code also mixes the species after each time 

step in accordance with the MESA simulation.

 

Because it would take a significant time to post-process all of the RCB models we have 

presented, we compute the neutron exposure in order to determine which models are most 

likely to have enhanced s-process nucleosynthesis. This is done by using Equation 2.13 where 

nn 

is the neutron number density and νT 

is the thermal velocity and their product is the 

neutron flux.

  \label {eq:neut_exp} \tau = \int _0^{t} n_n \nu _T dt' 













 

(2.13)

 

Since we are only interested in the abundances on the surface during the RCB phase, we 

only integrate during the time that there is continuous convective mixing from the burning 

region to the surface before the RCB phase. After that time, material synthesized in the He- 

burning shell would no longer be mixed to the surface where we could observe it. According 

to Herwig et al. (2003), observations of enhanced s-process elements in solar metallicity AGB 

stars are reproduced at τ ≃ 0.4 mbarn-1.

 

Any models that reasonably match to the surface abundances of observations and have 

sufficiently high neutron exposures are post-processed in MPPNP .
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CHAPTER 3. 

RESULTS: ANALYSIS OF RCB EVOLUTION

 

The following Chapter describes the results of the two methods used to model the evolu- 

tion of an RCB progenitor. Section 3.1 describes the results of the model that was initialized 

from the 3D Octo-Tiger merger model and then mapped into MESA . Using a single Octo- 

Tiger model, we explore a parameter space of overshooting, initial hydrogen abundance, 

and the robustness of the mapping procedure. Section 3.2 describes the results of the stellar 

engineered model. This type of model allows us to explore a parameter space that changes 

the initial thermal profile.

 

3.1 3D to 1D Mapping

 

In this section, we discuss the results from our evolutionary models mapped from Octo- 

Tiger . We start by discussing our initial models for solar and sub-solar metallicities. Next, 

we discuss variations of those cases as we implement varying degrees of overshooting and 

change the initial abundance of hydrogen in the RCB envelope. Finally, we use the models 

that best match observations from the solar and sub-solar cases and post-process them with 

the NuGrid MPPNP code for analysis of s-process elements. 

3.1.1 Initial 3D to 1D MESA models 

This section discusses the results from our base solar and sub-solar models that contain no 

overshooting and no initial hydrogen adjustment (Model 1 and Model 22 from Tables 2.1 

and 3.1) for comparison against the engineered models of Lauer et al. (2019). Specifically, 

we focus on the early stages of evolution following the merger and the mixing that takes 

place. Then, we discuss how changes in overshooting or initial hydrogen abundance affect 

the results. 

3.1.1.1 Early Stage Evolution 

The primary goal of this study is to obtain results similar to observations and compare to 

those obtained by the stellar engineering procedure of Lauer et al. (2019). In their study, 

they explore a parameter space consisting of initial radius, total mass, mass ratio, rotation, 

and initial hydrogen abundance. Of those initial parameters, their model A7 is most similar 

to our initial conditions in terms of total mass, mass ratio, and initial hydrogen ratio. The 

major differences in our model are that the initial rotational profile, thermal profile, and 

radius of the post-merger object are calculated based on the Octo-tiger grid. This is also 

markedly different from other models discussed in Section 1.4 such as those described in

 

Section 3.1 was previously published as R Coronae Borealis Star Evolution: Simulating 3D Merger Events 

to 1D Stellar Evolution Including Large-scale Nucleosynthesis by Bradley Munson, Emmanouil Chatzopoulos, 

Juhan Frank, Geoffrey C. Clayton, Courtney L. Crawford, Pavel A. Denissenkov, and Falk Herwig in The 

Astrophysical Journal, 911:103 (DOI: 10.3847/1538-4357/abeb6c). Section 3.2 was previously published as 

Improved Models of R Coronae Borealis Stars by Bradley Munson, Emmanouil Chatzopoulos, and Pavel A. 

Denissenkov in The Astrophysical Journal, 939:45 (DOI: 10.3847/1538-4357/ac9476). 
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Zhang et al. (2014) or Menon et al. (2013). After mapping the 3D merger object from Octo- 

tiger into MESA using the procedure outlined in Section 2.1.1, we let it evolve and obtain 

an HRD track shown in Figure 3.1. 

The HRD tracks in this study are similar to those of Lauer et al. (2019) and Schwab (2019) 

with an early brightening phase leading the model into the RCB box (the observed range 

of effective temperatures and luminosities of RCB stars) from the bottom. This is different 

than the models of Weiss (1987) or Menon et al. (2013, 2019) which see a small brightening 

and cooling phase causing the models to enter the box from the left. This is the result 

of the 3D merger and engineered models starting off with more compact and cooler cores. 

The envelope then expands as a result of the energy released from the steady He-burning 

shell. There is a short period of thermal adjustment in the envelope as the He-burning shell 

reaches a steady state, after which the solar and sub-solar models have identical tracks in 

the HRD. This thermal adjustment lasts around 500 years and expands the envelope until 

log( L/L⊙) reaches 2.5-2.7. Schwab (2019) also sees this thermal readjustment phase in their 

multidimensional model (ZP4) mapped into MESA with similar lifetimes (though that model 

starts off much brighter than ours). The time it takes for the solar and sub-solar models 

to enter the RCB phase (minimum effective temperature) are 1600 years and 1300 years, 

respectively. This is in agreement with the lifetimes reported in Lauer et al. (2019) and the 

higher He-burning temperature models of Crawford et al. (2020). 

3.1.1.2 Surface Abundance and Mixing 

While Lauer et al. (2019) do not report surface abundances from model A7, they do report 

surface 

16O/18O of about 35 and C/O of about 4.6. This differs from our values of 3.05 

and 75.56 significantly. Our 

16O/18O ratio is in better agreement with observations (Clay- 

ton et al., 2007), but our C/O is significantly higher than the observed values ( ∼ 1). The 

reason for this is predominantly due to the difference in early evolution. In our models, the 

temperature profile of the He envelope evolves rapidly during the thermal adjustment phase, 

causing differences in the early mixing of elements by convection and the peak temperature 

getting as high as 400 MK for a brief time, which is illustrated in Figure 3.2. Within the first 

year of evolution, two distinct convective regions form in the He envelope of the star sepa- 

rated by a temperature inversion. The inner convective region reaches from the He-burning 

region to the temperature inversion and the outer reaches from the top of the temperature 

inversion to the surface. This temperature inversion appears to evolve from bumps in the 

temperature profile which are likely caused by the initial spiral structure of the merger seen 

in Figure 2.3. This temperature inversion is present and evolves similarly across all models 

presented in this section. We also note that because this first convective gap is eventually 

bridged in all of our models, its importance to the surface abundance during the RCB phase 

is minimal. Lauer et al. (2019) and Schwab (2019) show temperature-density profile plots 

for engineered models which are much smoother and do not have this temperature inversion 

present. However, Schwab (2019) does not focus on nucleosynthesis and hence mixing is not 

as important in their study, and Lauer et al. (2019) do not perform a detailed analysis of 

their mixing profile. 

A clearer presentation of how this affects the mixing is shown in the context of a Kip- 

penhahn diagram in Figure 3.3. The first convective gap caused by the spiral structure can 
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Figure 3.1. The HRD track for solar and sub-solar metallicity RCB stars (Models 1 and 22 

from Table 2.1, respectively). The black box represents the range of effective temperatures 

and luminosities of observed RCB stars. 

be seen around 0 . 77 M⊙ 

for the first 40-50 years of evolution. Furthermore, we note that the 

mixing region between the surface and He-burning shell becomes disconnected after about 

30 years, which explains why we see evidence of partial He-burning in RCB stars. The 

second convective gap is also a feature of the stellar engineered models of Crawford et al. 

(2020). Because this second convective gap disconnects the surface from the burning region, 

the surface abundances become set and remain static after that point. This means that the 
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Figure 3.2. This figure demonstrates the first year of evolution of the Temperature-Density 

profile. 

surface abundances are solely dependent on the burning that happens in the first 30 years 

in our models. 

3.1.1.3 Robustness of Convective Solution 

Convection is an important feature which brings the partially synthesized material from the 

burning region to the surface. In order to ensure that convection is a robust feature in our 

models, we made three test cases with different initial conditions in order to test whether 

or not convection persists in the envelope. Two of these test cases use a different averaging 

procedure described in Endal & Sofia (1976), which averages cells on equipotentials (including 

the effects of rotation) instead of radial shells. One of the equipotential averaged models 

uses mass weights during the averaging procedure (replacing dVi 

with dmi 

in Equation 2.7) 

and the other uses volume weights. The third model uses the density profile obtained by the 

equipotential averaging procedure with volume weights in order to find a temperature profile 

in Hydrostatic Equilibrium (HSE). This is done by using the equation for HSE (Equation 
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Figure 3.3. Kippenhahn diagram for Model 1. The vertical axis is the mass coordinate and 

the horizontal axis is the logarithm of the star age. The blue regions indicate mixing and the 

red regions indicate nuclear energy generation (darker red being more energy generation). 

The lighter red region at the top of the envelope and behind the blue region is due to beta 

decay. The RCB phase occurs at 1600 years. 

3.14, where Ψ is the effective potential) and the calculated density profile in order to calculate 

a pressure profile.

  \label {eq:HSE} \frac {dP}{dr} = -\rho \nabla \Psi 









 

(3.14) 

Then, we use the Helmholtz EoS to calculate a temperature given a pressure and density 

and apply the same procedure outlined in Section 2.1.1 in order to insert the degenerate CO 

core. Figures 3.5 and 3.6 show the profiles of Model 1 and the HSE model at key phases 

during their evolution, respectively. 

The purpose of these models is simply to demonstrate that the convective instability 

persists in the envelope independent of the initial averaging procedure we used. Therefore, 

it is important to note here that these test models are simplistic in terms of the nuclear 

network and initial composition. The nucleosynthesis in these models may be unreliable and 

we therefore choose not to analyze the surface abundances during the RCB phase. 

These test cases show that despite starting with a different averaging procedure and 

therefore a different initial thermal profile, these models converge to similar solutions on 

the order of 10-100 years. All three test models show the same behavior of two distinct 

convective regions separated by an initial convective gap that eventually merge and a second 

convective gap forming around the same time causing only partially synthesized material to 
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mix at the surface of the star. We illustrate this in Figures 3.5 and 3.6 for Model 1 and 

the HSE test model, respectively. In the top panels, we see the initial convective (left) and 

temperature (right) profiles as well as the initial composition (labeled in the legend). The 

middle panels show the profiles right after two distinct convective regions form separated by 

the temperature inversion discussed earlier. The bottom panels show the moment right after 

the convective gap closes and synthesized material is allowed to mix to the surface. At this 

time, the convective region has already receded from the burning region as the star expands 

and material at the surface will not be synthesized further. This behavior is observed in 

all of our models regardless of the averaging procedure and demonstrates the robustness of 

our convective solution. There are, however, fairly large differences in the age of the star 

at which the first convective gap closes (bottom panel) which would result in differences in 

nucleosynthesis and therefore surface abundances.

 

Figure 3.4. A temperature-density profile comparing the three test cases and Model 1 from 

Table 2.1. The solid black line is Model 1, the blue dotted and dashed lines are mass and 

volume averaged equipotential models, respectively, and the red dashed line is the model 

that demands HSE for the averaged density profile. 
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Figure 3.5. The three panels in this image show the profile of Model 1 at three important 

phases: the initial relaxed phase, after the two distinct convective regions form, and after 

the first convective gap closes and the synthesized material is brought to the surface. The 

surface abundances do not change significantly between that last panel and the RCB phase. 

The wide red line in the right panels indicates temperature and the wide blue line in the left 

panels indicates the mixing coefficient.

 

Figure 3.6. The three panels in this image show the profile of a test model which demands 

HSE be satisfied for our given density profile. The three phases are described in Figure 3.5, 

but they occur at different times in this model. 
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3.1.2 Overshooting 

In this section, we vary the strength of overshooting, which refers to the ability to diffuse 

material beyond a convective boundary, and analyze its effects on the surface composition. 

MESA version r12115 contains many parameters for overshooting which change the depth 

into the convective region ( overshoot_f0 ) and the decay length scale outside of the con- 

vective region ( overshoot_f ) in fractional pressure scale heights. For both overshooting 

options, there are 12 parameters associated with different regions of the star (non-burning 

core, non-burning shell (above and below), H-burning core, H-burning shell (above and be- 

low), etc). In this study, we vary all overshoot_f parameters and maintain a constant 

overshoot_f0 parameter of 0.004. Previous RCB studies have not considered overshooting, 

but it is an expected physical phenomenon that should be included as one considers more 

physically motivated models. We maintain overshooting parameters within a reasonable 

range as discussed in Stancliffe et al. (2015). The results of this study can be found in 

Figures 3.7 and 3.8 as well as Table 3.1. 

In these results, we see a monotonic decrease in the surface abundance of N with increasing 

overshooting parameter as seen in Figure 3.8. Crawford et al. (2020) varied the He-burning 

shell temperature and observe a decreasing N abundance with an increasing He-burning 

region temperature. In both cases, 

14N( α , γ )18F( β+)18O is being enhanced, thus decreasing 

the amount of N at the surface. This is consistent with the increase in O seen in Figure 3.8 

while 

16O/18O remains constant up to an overshooting parameter of 0.07, meaning there is 

an enhancement in the production of 

18O at the same rate as 

16O. Beyond an overshooting 

parameter of 0.07, 

16O is dramatically enhanced by dredging up material from the CO core. 

The 

14N( α , γ )18F( β+)18O reaction is paramount in the creation of 

18O at the levels seen in 

observations and is discussed in great detail by Clayton et al. (2007) and Menon et al. (2013). 

Lastly, as the overshooting parameter increases, we also see a slight increase in Ne. This 

happens as 

18O undergoes α -capture and 

22Ne is created, thus increasing 

16O/18O even more. 

Crawford et al. (2020) also note these key reactions and show that the sum of N, 

18O, and 

Ne is effectively constant as a function of He-burning temperature. This indicates that these 

isotopes are almost exclusively affected by just the 

14N( α , γ )18F( β+)18O( α , γ )22Ne reaction 

chain. 

In this study, we cannot change the He-burning temperature of different models due to the 

fact that it is self-consistently calculated within the 3D hydrodynamics merger simulation. 

However, by introducing stronger amounts of overshooting, we are more efficiently bridging 

the second mixing gap seen in Figure 3.3. This allows for more time for isotopes to synthesize 

in the He-burning region and mix to the surface before the convective region breaks from 

the stellar surface. As the strength of overshooting increases beyond a overshoot_f value 

of 0.1, the overshooting beneath the He-burning shell begins to bring up material from the 

CO core at an overwhelming rate. Since the primary isotopes in the core are 

12C and 

16O at 

a 1:2 ratio, 

16O/18O increases dramatically while C/O decreases to the order of unity. 

The same study is done with sub-solar models for a subset of the overshooting parameters 

in this study. The results are shown in Table 3.1, Models 26-30, and we see similar results 

in the trend of C/O and 

16O/18O. 
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Figure 3.7. The change in ratios C/O and 

16O/18O with changing overshooting parameter 

" overshoot_f ". The model with overshoot_f of 0.14 is not shown here in order to maintain 

the scale, but the results can be found in Table 2.1 Model 20. 

3.1.3 Initial Hydrogen Abundance 

Zhang et al. (2014) point out the important role of the thin hydrogen envelope in the He 

WD component of the progenitor binary. They point out that if more of this hydrogen 

envelope were to survive, more 

3He would also survive. In our models, however, there is 

also a significant abundance of 

7Li that survives in the thin hydrogen envelope, which later 

affects the surface abundances during the RCB phase. 

Because we mass average the entire He WD, these abundances in the thin hydrogen 

envelope have a noticeable effect on the initial uniform abundance of the post-merger He 

envelope. This is especially true for light elements that are otherwise uncommon in the He 

WD (1H, 

3He and 

7Li, specifically). In order to study the effects of this process, we vary the 

initial hydrogen abundance in the He envelope while maintaining an overshoot_f value of 

0. The results are shown in Figures 3.9 and 3.10. There are studies such as Staff et al. (2012) 

that show a relationship between He WD mass and the mass of the thin hydrogen envelope 

and would then set the mass fraction of hydrogen in the envelope of the RCB progenitor. 

However, we justify varying the initial hydrogen mass fraction because any hydrogen burning 

during the dynamical merger phase is not included in our simulations since Octo-tiger does 
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Figure 3.8. Change in some key surface elemental abundances with changing overshooting 

parameter " overshoot_f ". The red stars are RCB majority observations (homogeneous 

in terms of chemical composition), the blue stars are RCB minority observations (diverse 

in terms of chemical composition), and the green stars are Extreme Helium star (EHe) 

observations. The units of composition are calculated using Equation 2.12. 

not include nucleosynthesis. By varying this parameter, we are analyzing the effects of more 

or less hydrogen burning during the dynamical phase of the merger, assuming the energy 

generation does not significantly alter the structure of the star. 

As expected, the surface abundance of 

7Li goes down with an increasing hydrogen abun- 

dance via 

7Li( p, α )4He. Also, there is a large increase in 

16O accompanied by a significant 

decrease in 

18O between the models with initial H mass fractions of 10-4 and 10-3. The 

decrease in 

18O can be attributed to the enhancement of proton capture reactions on both 

14N (slightly starving the α -capture reaction) and 

18O. The increase in 

16O is also due 

to the enhancement of the proton capture rate on 

14N. This is clear by the enhancement 

in 

15N in the burning region of the higher hydrogen abundance model, which indicates 

14N( p, γ )15O( β+)15N is active. From there, the CNO cycle can branch into 

15N( p, γ )16O or 

15N( p, α )12C (which can then α -capture or start another CNO cycle). The increase in 

16O 

and the decrease in 

18O explain the sudden decrease in 

22Ne, seen in Figure 3.10, as they 

starve the 

14N( α , γ )18F( β+)18O( α , γ )22Ne reaction chain of the initial 

14N α -capture. 

3.1.4 NuGrid Post-Processing 

Finally, this section discusses post-processed nucleosynthesis on a much larger nuclear net- 

work containing 1093 isotopes and over 14,000 reactions. We chose two models, one with 
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Figure 3.9. The change in isotopic ratios C/O and 

16O/18O with changing initial hydrogen 

abundance in the He envelope. 10-99 and 10-20 are not shown here to maintain the scale on 

the x-axis. The results of those models are shown in Table 2.1. 

solar and one with sub-solar metallicity, that are most consistent with previous stellar en- 

gineering attempts and observations (Models 17 and 31, respectively). Figure 3.11 shows 

the results of these models and the MPPNP post-processed results. Below we explain some 

of the differences between the MESA and MPPNP models, including surface Li, N, and 

s-process elements. 

3.1.4.1 Lithium 

The biggest difference between MPPNP and MESA surface abundances in Figure 3.11 is the 

surface abundance of 

7Li. This is observed in both the solar and sub-solar models. MPPNP 

burns about 6 orders of magnitude more 

7Li because it includes the 

7Li( α , γ )11B reaction 

while mesa_75 does not. Typically, 

7Li would be burned immediately by proton capture 

reactions, but in both the solar and sub-solar models, there is very little initial hydrogen in 

the He envelope. This low amount of initial hydrogen causes other problems, specifically, in 

the sub-solar case where the initial hydrogen is 10-10 which is further discussed later. 

It is important to note that in MESA version r12115, the default 

7Li( p, α )4He reaction 

has a sudden cutoff at a temperature of 10 MK. When simulating the He WD progenitor, 

this cutoff results in a fairly large amount of 

7Li in the hydrogen envelope which produces 

an unusually high initial abundance in the He envelope of the post-merger. In reality, the 

7Li should have likely been burned away during the evolution of the He WD or during the 

tidal disruption phase of the merger event. However, since Octo-tiger does not perform 
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Figure 3.10. Change in some key surface elemental abundances with changing initial hydro- 

gen abundance in the He envelope. The colored stars are explained in Figure 3.8. 

nucleosynthesis or trace the species from each progenitor, the nuclear burning in the merger 

phase is not considered. 

Given that the post-merger object in MESA is not burning 

7Li via α -capture and the 

initial 

7Li abundance should be much lower for the above reasons, we do not expect to see any 

measurable amount of 

7Li on the surface of our models. This is demonstrated by the results of 

the MPPNP post-processing and is in agreement with all but four RCB observations (Jeffery 

et al., 2011). It is still difficult to explain why 

7Li is abundant in these four observations 

given the expectation that it all be burned during the merger process (Clayton et al., 2007). 

This lithium problem is not discussed any further in this work as it is outside of our scope; 

however, it would be interesting for future studies to explore mechanisms that would result 

in a measurable abundance of 

7Li. 

3.1.4.2 Nitrogen 

The surface N abundances in MPPNP are consistently higher than in MESA and we at- 

tribute this to the burning of 

7Li via α -capture. 

14N can be created in MPPNP via the 

7Li( α , γ )11B( α , n )14N reaction chain, while the mesa_75 network does not contain 

11B. This 

is consistent with the fact that we see a larger enhancement of 

14N in the sub-solar case 

where there is more 

7Li to be burned. 

It is worth mentioning that although all four models have lower surface N abundances 

than observations, this result is still consistent with the engineered models of Crawford 
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Figure 3.11. Surface Abundances calculated by MESA (filled in lime (solar metallicity) and 

cyan (sub-solar metallicity)) compared with the result post-processed by MPPNP (empty 

black (solar metallicity) and magenta (sub-solar metallicity)). The model numbers in the 

legend refer to the models presented in Table 2.1. The dashed black line represents scaled 

solar metallicities. The colored stars are explained in Figure 3.8. 

et al. (2020). Their hot models ( > 320 MK) also show diminished 

14N and attribute that 

to enhanced α -capture. Our models reach a maximum temperature around 400 MK during 

the thermal adjustment of the envelope which coincides with the time where most of the 

nucleosynthesis takes place. This decrease in 

14N is also associated with a sudden burst 

of neutrons from the 

22Ne source, which becomes active above 250 MK (Käppeler et al., 

2011). Following the neutron burst, 

14N then acts as a neutron poison and is rapidly burned 

by neutron capture reactions. Both enhancements in α -capture and n-capture reactions 

would then result in the observed enhancements of 

18O and 

19F via 

14N( α , γ )18F( β+)18O 

and 

14N( n, p )14C( p, γ )15N( α , γ )19F, respectively. 

14N can be replenished to observed levels 

by adding a higher initial hydrogen abundance to the He envelope, but as seen in Figure 3.9, 

this increases the oxygen isotopic ratio beyond the acceptable range. 
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Table 3.1. Isotopic results of all 32 models. The asterisk denotes models that were post- 

processed with the MPPNP code. Initial conditions can be found in Table 2.1.

 

Model 

16O/18O C/O

 

1 3.05 75.56 

2 1.96 64.87 

3 1.17 52.36 

4 1.62 59.81 

5 2.38 69.33 

6 3.79 68.56 

7 158.63 11.71 

8 1.37 58.67 

9 0.91 45.97 

10 0.73 39.75 

11 0.72 37.68 

12 0.81 40.09 

13 0.84 40.67 

14 1.18 36.89 

15 2.50 25.16 

16 4.17 17.39 

17 8.79 10.04 

18 11.85 5.96 

19 155.09 1.33 

20 1444.50 4.00 

21* 8.91 6.95 

22 33.77 282.61 

23 4.28 330.88 

24 5.07 331.87 

25 5.45 347.88 

26 1.23 184.19 

27 4.46 81.36 

28 14.37 30.72 

29 15.20 31.79 

30 55.50 9.69 

31 10.60 39.79 

32* 12 26.91 

3.1.4.3 s-process Elements 

One characteristic of RCB stars is their enhancement in s-process elements on the surface 

(Jeffery et al., 2011). Previous studies in stellar engineering and our MESA models do not 

include s-process nucleosynthesis, but MPPNP does. Figure 3.11 shows that the solar case 

has a slight enhancement of s-process elements (Sc, Y, Zr, Ba, and La), but the sub-solar 

case does not see this enhancement. The reason we are not seeing s-process enhancement is 

because in both cases we have very little 

13C neutron source, which would be active above 
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a temperature of 100 MK (Käppeler et al., 2011). This is a direct result of having a lower 

initial hydrogen abundance as the 

12C being brought up from the core cannot proton capture 

to create 

13C via 

12C( p, γ )13N( β+)13C. With a higher hydrogen abundance, we would expect 

to see more enhancement of s-process elements, but would also push the oxygen ratio outside 

the observed range (see Figure 3.9). 

3.2 Stellar Engineering 

The following section presents the resulting evolution and surface abundances of the models 

initialized by the stellar engineering method described in Section 2.1.2. The effects of varying 

the entropy transition, peak temperature, and overshooting are studied as well as post- 

processing models with good agreement with observations. A summary of these model 

parameters and results is shown in Tables 2.2 and 3.2. 

3.2.1 Entropy Transition 

In this parameter study, we adjust Mtr ansition 

(defined in Section 2.1.2) and observe the 

effects it has on surface abundances through nuclear burning or mixing efficiency. This is 

done by adjusting Mtr ansition 

and Shig h 

such that Tpeak 

remains constant and maintaining a 

constant initial composition. These models are labeled A1-A4 in Tables 2.2 and 3.2. 

The thermal structure of these models also results in differently sized post-merger objects. 

Model A1 starts at a radius of about 1.02 R⊙ 

while Model A4 starts off much more compact 

at a radius of about 0.22 R⊙. Having both the Shig h 

and Mtr ansition 

parameters allows us 

to effectively change either the initial radius or peak temperature while keeping the other 

constant. This differs from the procedure used in Lauer et al. (2019) or Crawford et al. 

(2020) where they only have the Shig h 

parameter forcing the peak temperature and initial 

radius to remain coupled. 

By increasing Mtr ansition, the entropy transition happens over a larger shell as seen in the 

upper left panel in Figure 2.8. Furthermore, this has the effect of increasing the density of 

the He-burning region which results in more mass available for nuclear burning. Figure 3.12 

shows the more massive He-burning region results in more nuclear energy being deposited 

into the envelope. This higher energy deposition results in a larger peak radius as inferred in 

Figure 3.13 by the virtually constant peak luminosity but decreasing effective temperatures. 

The more massive SOF region also results in more nucleosynthesis processing before the 

material is dredged to the surface. Figure 3.14 shows the surface abundances for key elements 

during the RCB phase. It is clear from Figure 3.12 that in the case of Mtr ansition 

= 0 . 53 M⊙ 

there is much less α -capture and thus the 

14N( α , γ )18F( β+)18O( α , γ )22Ne reaction chain is 

suppressed. By allowing for higher density material in the He-burning regime, we can enhance 

α -capture reactions at lower temperatures compared to what is observed in the temperature 

study done in Crawford et al. (2020). 

The results from this study show that it is appropriate to have a steady transition from 

the low entropy core to the high entropy envelope. The denser He-burning region allows 

for more nucleosynthesis without increasing the initial temperature. This suggests that the 

SOF should be relatively thin while not causing too harsh of a temperature gradient as seen 
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Figure 3.12. The total power output from different categories of nuclear burning for Models 

A1 and A4. 

in Model A1. For the following parameter studies, we use Mtr ansition 

= 0 . 55 M⊙ 

as it has the 

best agreement to observations of these four models. 

3.2.2 Shell Temperature 

Similar to the study done in Crawford et al. (2020), we also perform a temperature study 

by varying the peak temperature of Model A2 (shown in Models B1-B3). The results shown 

here are different from the results of Crawford et al. (2020) because of the smoother entropy 

transition and inclusion of material synthesized in the SOF. 

The results of this study are similar to those of the entropy transition study. As the 

peak temperature is increased, there is a larger mass of material in the He-burning regime. 

However, the higher burning temperature will also cause much more rapid α -capture as 

well as a larger mass of burning material. This results in a much larger range of surface 

abundances seen in Figure 3.15. In the case of Tpeak 

= 181 M K (Model B1), there are two 

contributing factors to the much higher oxygen isotopic ratio as seen in Table 2.2. First, the 

lower temperature makes the 

14N( α , γ )18F reaction roughly two orders of magnitude slower 

than in Model B2. Secondly, this lower peak temperature and the larger initial radius seen in 

Figure 2.9 causes a temperature gradient that is not quite sufficient near the shell to induce 
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Figure 3.13. HRD for models with varying Mtr ansition. The black box represents the range of 

surface luminosity and temperature measurements for observed RCB stars (Tisserand et al., 

2009, 2011). 

convective mixing to the surface as in the other models. Thus, the surface abundances 

remain relatively unchanged from that of the He-WD progenitor and there is no measurable 

presence of 

18O. This also allows for the initial abundance of 

7Li to remain at the level of the 

few observed outliers, but ultimately does not match the observations of most other heavier 

elements. Furthermore, the models with higher temperature have more nuclear energy input 

in the envelope and expand to larger radii during the RCB phase as inferred by Figure 3.16. 

The results of this study show that a temperature of Tpeak 

= 253 M K yields the best 

results for this method. This is lower than the subsolar metallicity model of Crawford et al. 

(2020), which has a best temperature of Tpeak 

= 302 M K . The reason for this is likely due 

to the higher density in our SOF. As shown in Figure 3.15, higher temperatures result in 

more α -capture from 

14N and 

15N. This is necessary for the synthesizing of 

18O and 

19F, 

which are both enhanced in RCB stars. However, if the shell temperature is too large, N 

begins to drop below observations. Thus, there is a balance between synthesizing enough N 

to enhance F and 

18O while not burning away too much N via α -capture. The models of 

Crawford et al. (2020) were not able to achieve this balance as their optimal model burns too 

much N. Although that balance was not achieved in this parameter study, we notice a higher 
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Figure 3.14. Surface abundances for models with varying Mtr ansition 

(Models A1-A4 in Table 

2.2). The red stars are observed RCB majority stars (homogeneous chemical compositions), 

the blue stars are observed RCB minority stars (diverse chemical compositions), and the 

green stars are Extreme Helium star (EHe) observations. The units of composition are 

calculated using Equation 2.12.

 

Figure 3.15. Surface abundances for models with varying Tpeak 

(Models B1-B3 in Table 2.2). 

The data plotted with star symbols are explained in Figure 3.14. 

amount of N on the surface during the RCB phase compared to the model of Crawford et al. 

(2020). 
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Figure 3.16. HRD for models with varying Tpeak. The initial transient for the higher tem- 

perature cases is due to the reaction of the surface to the sudden input of nuclear energy 

when evolution begins and only lasts around 100 days. 

3.2.3 Overshooting 

Previous works have suggested that overshooting may need to be included in order to obtain 

results that match the s-process observed in AGB stellar evolution (Herwig et al., 2003). 

Although RCB evolution is slightly different, it still includes a He-burning shell above a region 

rich in 

12C. Overshooting and rotationally induced mixing become necessary components 

in order to bring free protons and 

12C together in the burning region, thus igniting the 

12C( p, γ )13N( β+)13C reaction chain. This will create the 

13C neutron source required for 

s-process in the burning region. 

The mapped models in the previous section utilize overshooting as a means to change 

the surface abundances during the RCB phase. In those models, the change in the overshoot 

parameter in all regions causes a slightly lower level of N and 

18O as overshooting becomes 

more efficient. This is likely due to the bridging of the convective gap for longer periods of 

time causing more nucleosynthesis to occur before disconnecting the He-burning shell from 

the surface. 

In this parameter study, we include overshooting beneath the He-burning shell and vary 

the strength of overshooting via the overshoot_f parameter included in MESA (values we 
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use can be found in Models C1-C3 in Table 2.2). We only consider overshooting beneath the 

He-burning region in the hopes of enhancing the s-process by bringing more 

12C and protons 

together in the burning region. As noted in the previous section, overshooting within a 

reasonable range does not appear to affect the nucleosynthesis of other elements to a large 

degree. We use the exponential overshoot scheme where overshoot_f is a parameter that 

controls the extent beyond the convective zone that overshooting will reach (Paxton et al., 

2011). 

The results in Figure 3.17 show that overshooting does not have a big impact on the 

surface abundances. However, when the overshooting begins to extend into the CO core, 

it will rapidly dredge up material rich in 

12C and 

16O. This has the effect of increasing the 

16O/18O ratio to levels outside the range observed in RCB stars. Furthermore, Figure 3.18 

shows that when the 

12C and 

16O rich material is dredged to the envelope, the star suddenly 

expands to a much larger radius than it would otherwise. This is due to the increased opacity 

in the envelope during the expansion phase. 

Because we get sufficient 

12C and 

13C included in the envelope by inclusion of nucleosyn- 

thesis from the dynamical merger phase, overshooting is not required to enhance the surface 

abundances to be in agreement with observed levels. This happens because there is some 

fraction of material from the accretor in the SOF which is then fully mixed in the envelope 

after nuclear processing (More discussion on this later).

 

Figure 3.17. Surface abundances for models with varying overshoot_f (Models C1-C3 in 

Table 2.2). The data plotted with star symbols are explained in Figure 3.14. 

3.2.4 MPPNP 

After performing a range of studies on the free parameters available in these models, we 

follow up by choosing which models to post-process in MPPNP. A model is chosen based on 

how well the surface abundances match RCB observations and the neutron exposure in the 

SOF calculated using Equation 2.13 (See Section 2.3). Based on those criteria, Model A2 is 
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Figure 3.18. HRD for models with varying overshoot_f . 

the best model to post-process in MPPNP because it agrees well with surface abundances 

(Figure 3.14), isotopic ratios (Table 2.2), and has a sufficiently high neutron exposure in the 

burning region (Figure 3.19). 

After post-processing model A2, we get the surface abundances shown in Figure 3.20 and 

isotopic ratios shown in Table 2.2. We see good agreement in most surface abundances and 

isotopic ratios, but no enhancement in s-process elements. A closer look at the composition 

of Model A2 shows that the initial 

13C/14N ratio is 0.001 after combining the SOF zone 

with the envelope. Most of the 

13C neutron source had been burned during the single zone 

nucleosynthesis, which resulted in a large initial density of neutrons in the MESA model. 

Those neutrons were then immediately absorbed by 

14N( n, p )14C as well as any further 

neutrons generated during the post-merger evolution. 

Staff et al. (2018) finds that for SPH simulations, the amount of accretor material dredged 

up during the merger is not as exaggerated as the grid based simulations. For their model 

with a mass ratio of 0.7, they calculate there is about 0.01-0.02 M⊙ 

of accretor material 

in the envelope. Furthermore, their earlier paper calculates the SOF has a total mass of 

roughly 0.1 M⊙ 

for a mass ratio of 0.7 (Staff et al., 2012). Therefore, we estimate that in 

the SPH calculations, there is roughly 10% accretor material in the SOF of a 0.7 mass ratio 

post-merger object. As shown in Table 2.2, Model A2 only had 4% accretor material in the 
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Figure 3.19. Neutron exposure (calculated using Equation 2.13) for the A2 and D1 models. 

The time integration is done from the start of the MESA simulation until the split of the 

convection zone. 

envelope. In order to better match this rough estimate from the SPH simulation, we double 

the amount of accretor material in the SOF to 8% which is labeled Model D1 in Table 2.2. 

Including this larger source of 

12C in the SOF means the 

12C( p, γ )13N( β+)13C reaction will 

absorb all of the protons before 

13C has a chance to capture the remaining protons during 

the single zone burner phase. This has the effect of raising the initial 

13C/14N ratio in the 

envelope ( ≃ 0.82) and should allow for more s-process nucleosynthesis to take place. 

The neutron exposure for Model D1 is shown in Figure 3.19. This neutron exposure is 

much higher than what is seen for Model A2 and appears much more representative of what 

one would expect from the i-process (Denissenkov et al., 2018). Furthermore, the initial 

neutron densities peak between 1014 and 1015 cm-3 which is also consistent with i-process 

nucleosynthesis. As expected, Figure 3.20 shows Model D1 has a large enhancement in s- 

process elements and agrees with observations in most other surface abundances and isotopic 

ratios. The level of s-process enhancement in this model seems higher than observations, 

but this can be reduced slightly by decreasing the amount of accretor material in the SOF. 

We note that the 

14N surface abundance is a bit lower than observations suggest. However, 

a closer look at the surface abundances as a function of star age reveals an important feature 
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Figure 3.20. The surface abundances of Models A2 and D1 during the RCB phase along 

with the results from the MPPNP post-processing. The data plotted with star symbols are 

explained in Figure 3.14. 

(Figure 3.21). Most 

14N that is burned via neutron capture will undergo the 

14N( n, p )14C 

reaction. However, 

14C is unstable with a half-life of 5730 ± 40 years and will beta decay back 

to 

14N (Godwin, 1962). Because the RCB phase at which we analyze the surface abundances 

of our models occurs after roughly 1000 years, most of the 

14C had not had sufficient time to 

decay. Given sufficient time, the 

14N grows by roughly one dex before leaving the RCB box 

after roughly 100,000 years. This increase in surface 

14N brings the model into agreement 

with observed values. Furthermore, we note that during this time the other isotopes remain 

virtually unchanged due to the gap in convective mixing between the He-burning region and 

the surface.
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Figure 3.21. The mass fraction of 

14C and 

14N in the photosphere as a function of star age 

for Model D1. The vertical black lines represent when the star enters and then leaves the 

RCB box (seen in Figures 3.13, 3.16 and 3.18). 

Table 3.2. The results of the parameter study performed on engineered models. Initial 

conditions can be found in Table 2.2.

 

Model 

16O/18O C/O

 

A1 1.17 0.78 

A2 1.71 4.54 

A2 MPPNP 1.22 2.95 

A3 3.9 9.46 

A4 8.89 17.92

 

B1 > 1000 1.12 

B2 1.09 1.73 

B3 9.05 23.23

 

C1 2.57 5.05 

C2 9.2 2.83 

C3 185.35 1.03

 

D1 8.82 1.9 

D1 MPPNP 6.32 1.64 
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CHAPTER 4. 

EXTENDING THE FRAMEWORK: ANALYSIS OF 

BETELGEUSE

 

Chapter 2.1.1 introduces a framework for mapping the post-merger object of a 3D hydrody- 

namics code into a spherical stellar evolution code. This method is applied in the context 

of RCB stars and their surface properties are compared to observations as a test of validity 

of the proposed evolutionary channel. For RCB stars, the progenitor merger is between two 

white dwarf stars. However, Octo-Tiger is also capable of simulating mergers between main 

sequence and giant stars using (Marcello et al., 2016). Therefore, this 3D to 1D mapping 

method can be used to simulate the post-merger evolution of a wider variety of binary stars. 

In this chapter, we describe the use of this method in an attempt to reproduce the observed 

properties of the red supergiant, α Orionis (popularly known as Betelgeuse). 

4.1 Background 

Betelgeuse has been discussed as a star that has suffered a past merger, mainly due to its 

abnormally high surface rotation velocity. The surface rotation of Betelgeuse is measured 

to be between 5-15 km s-1 (Gilliland & Dupree, 1996; Uitenbroek et al., 1998), which is 

much higher than what would be reasonably expected from single star evolution on the 

red supergiant branch (RSB) (Wheeler et al., 2017). Wheeler et al. (2017) propose that 

this enhanced surface rotation may be a consequence of a merged binary system, which is 

supported by the estimate that roughly 19 percent of apparently single massive stars are 

actually the product of a merger event (de Mink et al., 2014). Chatzopoulos et al. (2020) 

further explore this possibility by using analytical expressions to perturb the envelope of a 

giant star within a parameter space and analyze the resulting evolution with MESA . Their 

grid of models explores the initial masses of the primary and secondary, the initial rotation 

rate of the primary, and the Roche-Lobe overflow radius of the primary. They find that 

within the parameter space they explored, most of their models reasonably match the surface 

rotation on the RSB observed for Betelgeuse. They also make note of another scenario in 

which the spin-up occurs due to an accretion phase of a more massive star onto a less massive 

star. Though they cannot rule this possibility out, we do not consider it here as it cannot 

be modeled with our current framework. 

On top of an enhanced surface rotation, Betelgeuse also exhibits an enhancement in 

14N 

and a slight deficiency in 

12C compared to that of an unevolved star (Lambert et al., 1984). 

The specific values of ϵC , ϵN , and ϵO 

are 8.4, 8.6, and 8.8, respectively, with reported errors 

of about 0.15 dex (Lambert et al., 1984). These values are calculated by the typical formula:

  \label {eq:surf_abund} \epsilon _i = \log (X_i/X_H\mu _i) + 12 







 

 

(4.15) 

Xi 

is the mass fraction of element i , and µi 

is the mean molecular mass of element i . This 

is typically indicative of CN-processed material being dredged up to the surface through some 

enhanced interior mixing. Since Chatzopoulos et al. (2020) focus on the surface rotation, they 

do not analyze the surface abundances. However, they do make a comparison of composition 

to observations in a later conference (Chatzopoulos, 2020). Dolan et al. (2016) run models 
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constrained by the surface temperature, luminosity, and abundance as well as mass loss 

and analyze the surface abundaces, but do not focus on the rotation. Their nonrotating 

models see a good match to observations for a progenitor mass of around 20 M⊙. Luo et al. 

(2022) explore models with varying initial masses, overshoot coefficients, and rotation rates. 

They focus on the surface composition and see a good match to observations for masses 

above 15 M⊙ 

and relatively small overshooting. However, they find that their faster rotating 

models begin to have surface abundances that do not match observations and none of their 

models are able to sustain such a high rotation rate on the RSB. These findings further 

support the idea that Betelgeuse is unlikely to have evolved from a single star, but had some 

kind of binary interaction that spun up the surface as the primary was leaving the main 

sequence. 

Following up on the models of Chatzopoulos et al. (2020), we present a model that starts 

with a binary system in Octo-Tiger and is then mapped into MESA using similar methods 

to those described in Chapter 2.1.1. In this study, we attempt to match the observed surface 

rotation as well as the surface abundances observed in Betelgeuse. 

4.2 The Initial Model 

4.2.1 The Binary 

Since this work directly follows up on the work done in Chatzopoulos et al. (2020), we 

make use of the initial parameters in one of their models. This model is a 16+4 M⊙ 

system 

containing a lower mass main sequence star and a higher mass star that is evolving off of 

the main sequence. The initial thermal structure of the primary in Octo-Tiger is initialized 

by evolving a 16 M⊙ 

star in MESA and using a bipolytropic EoS in order to obtain a best fit 

of the temperature and density by varying the polytropic indices of the core and envelope. 

The comparison of the primary in MESA and Octo-Tiger can be seen in Figure 4.1. 

The comparison in Figure 4.1 is made with a 16 M⊙ 

MESA model that has left the main 

sequence and expanded to a radius of 50 R⊙. This is the radius we are using for the primary 

Roche-Lobe when Roche-Lobe overflow is initiated. The majority of the envelope has a 

relatively good match despite the two codes using a differing EoS. However, because the 

core has very little resolution in Octo-Tiger , we see that both the density and temperature 

are about an order of magnitude lower than the central (core) regions in the original MESA 

model. Unfortunately, the differing scales of the size of the core compared to the envelope of 

the giant star makes it unfeasible to adequately resolve the core and run the binary merger 

model at the same time. This difference puts the core temperature of the Octo-Tiger model 

below the limit for He-burning, which is crucial to the post-merger evolution. Our solution 

to this problem will be explained later in this chapter. 

The grid we use in Octo-Tiger starts with 643 cells and has a maximum of 9 further 

levels of refinement for the secondary and 7 levels of refinement for the primary. The reason 

for allowing more refinement of the secondary is because at this extreme mass ratio, we 

must adequately resolve the much smaller secondary without over-resolving the primary thus 

costing too much in computational resources. The initial separation is 100 R⊙ 

and the initial 

orbital period is about 26 days and the total domain size of the simulation is about 4000 R⊙. 

The primary is roughly 200 cells across and the secondary is roughly 33 cells across. Figure 
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Figure 4.1. A comparison of the density (upper) and temperature (lower) profiles between 

the MESA primary (solid lines) and the spherically averaged Octo-Tiger primary (dashed 

lines). 

4.2 shows a slice along the equatorial plane of the density at the initial state of the binary. In 

order to force this system to merge on a reasonable timescale, we implement a user defined 

angular momentum loss routine of 1 percent per orbit until the secondary becomes tidally 

disrupted and coalesces in the envelope of the primary (around 46 initial orbital periods) 

which uses about 5 million cpu hours. Although it is necessary to perform this driving, it 

does mean there will be a loss of about 37 percent of the total angular momentum just from 

this driving, some of which is expected in a merger due to effects such as magnetic braking 

and mass loss. 

4.2.2 Relaxation Post-Merger 

After 46 initial orbital periods with the user defined angular momentum removal, the two 

stars merge. By the time the merger occurs, there was a loss of nearly 50 percent of the orig- 

inal orbital angular momentum from driving, mass loss, and a small part being transferred 

to spin of the primary. There was also about 0.7 M⊙ 

of material lost from the grid during 

the transient outburst that resulted from the merger, although most of that was unbound 

from the post-merger object. We allow the star to evolve in Octo-Tiger for about 5 more 
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Figure 4.2. A slice plot of the initial Octo-Tiger density along the equatorial plane. 

initial orbital periods (corresponding to 130 days) after the merger before mapping it into 

MESA in order to give the grid some time to settle. The density in the equatorial plane at 

this stage is shown in Figure 4.3. 

As described in Chapter 2.1.1, MESA requires three profiles in order to initialize a star 

from the data obtained from Octo-Tiger . The first is the chemical composition, which 

is taken directly from the MESA evolved primary star used to initialize the Octo-Tiger 

thermal structure. We use the MESA data because Octo-Tiger is not designed to follow 

the chemical mixing and diffusion of individual species. This also builds in the assumption 

that the perturbation of the chemical composition in the envelope of the primary due to the 

merger is relatively small, which is reasonable since the secondary was a main sequence star 

with a similar abundance. 

The second required profile is the angular momentum, which is taken directly from Octo- 

Tiger in cylindrical averages around the center of mass using equations 2.7 and 2.9. The 

method is described in more detail in Chapter 2.1.1. It is worth noting here that the input 

angular momentum profile could vary within a factor of two due to the necessary angular 

momentum driving and mass loss from the grid. Also, the distribution of angular momentum 
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Figure 4.3. An equatorial slice of the post-merger 5 initial orbits after the dynamical merger 

event. 

would be mostly concentrated near the equator from the merger, however since MESA is a 

1D code, the total angular momentum at each radius is instead spread over an entire shell. 

The last required profile is the entropy, which was calculated during the MESA relaxation 

based on the temperature and density in Chapter 2.1.1. However, as previously noted, the 

temperature of the core is unreliable in Octo-Tiger and is even insufficient for He-burning. 

Figure 4.1 shows the order of magnitude difference in the core temperature and density of 

the primary between Octo-Tiger and MESA . However, for the purposes of this study, it 

is important to retrieve information about the perturbation of the thermal profile in the 

envelope due to the merger event in order to track its evolution. Therefore, we calculate the 

entropy of the spherically averaged Octo-Tiger post-merger using the Helmholtz EoS with 

the internal energy, mass density, and an assumed mean molecular weight of 0.6, which is 

the mean molecular weight of a solar composition. This calculated entropy for the envelope 

is then combined with the MESA evolved entropy for the core of the primary to obtain an 

entropy profile with an unperturbed core and a perturbed envelope due to the merger. This 

combination of entropy profiles can be seen in Figure 4.4. The transition between the core 
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and envelope is chosen around a normalized exterior mass coordinate ( q ) of 0.5 because it is 

the outermost large composition gradient as indicated by the vertical portions of the orange 

line.

 

Figure 4.4. An entropy profile showing the entropy of the post-merger object calculated in 

Octo-Tiger (blue solid line) and the primary evolved in MESA (orange solid line) and the 

combination of the MESA core and Octo-Tiger envelope (black dashed line). The x-axis 

variable " q " is the normalized exterior mass coordinate. 

Once we calculate the three necessary profiles, we can use the relaxation procedures in 

MESA to create a single star with the same structure as our post-merger object. Figure 4.5 

shows the comparison of our input data and the output relaxed structure. All three profiles 

relax to a state that matches the input structure to a high degree. However, it is worth 

noting that the same entropy profile in MESA will result in an entirely different temperature 

and density profile than Octo-Tiger because of the differing EoS and the necessity for HSE 

in MESA . Furthermore, because MESA includes radiation effects and tabulated opacity, the 

relaxed structure is much bigger than the post-merger seen in Octo-Tiger . The difference 

in the density and temperature profiles can be seen in Figure 4.6. As pointed out earlier, 

the Octo-Tiger core does not have a sufficient temperature for He-burning, while the MESA 

profile suggests that the primary should be He-burning. We note that while the post-merger 
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also has a core that is too cool for He-burning, the structure has not yet settled after being 

disrupted and the star will begin to contract, making the core hotter.

 

Figure 4.5. A comparison of the input profiles to the output MESA relaxed profiles. The 

dashed lines are the input data and the solid lines are the output data from the relaxation 

procedure. 

4.3 Evolving the Post-Merger 

4.3.1 Parameters used for Evolution 

After relaxing the post-merger into MESA , we allow the star to settle and evolve. During 

the evolution we use the Dutch wind prescription, which uses the de Jegar prescription for 

effective temperatures less than 8000K (de Jager et al., 1988), and the Vink wind prescription 

for higher effective temperatures (Vink et al., 2001). Typically, for non-rotating models, a 

standard value of the wind scaling factor is 0.8. This could be lower for rotating models so 

we use a value of 0.4 which is used in the test suite models for rotating stars in MESA . Heger 
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Figure 4.6. A comparison of the density-temperature structure for the MESA evolved pri- 

mary star (dashed blue line), the Octo-Tiger evolved post-merger (dotted blue line), and the 

relaxed object using the MESA core entropy and Octo-Tiger envelope entropy (solid blue 

line). 

et al. (2000) give an analytical expression for enhanced mass loss due to rotation, which is 

utilized by default in MESA version r21.12.1, of the following form:

  \label {eq:enhanced_mdot} \Dot {M} = \Dot {M}_0\left [\frac {1}{1-v/v_{crit}}\right ]^\xi 











 



 

(4.16) 

Where Ṁ0 

is the mass loss without rotation, v is the surface rotation, vcr it 

is the critical 

surface rotation, and ξ is the power factor (the default value is 0.43). 

Following some of the parameters used for the MESA test suite options, we use the Cox 

MLT option (Cox & Giuli, 1968). We include the Ledoux criterion and use a mixing length 

parameter of 1.6. We also include the effects of semiconvection and thermohaline mixing, 

but do not focus on overshooting. 

Some of the most important set of parameters for this study are the effects of rotationally 

induced mixing for both chemical mixing and angular momentum diffusion. Because the 

surface of the star is spun up due to the coalescence of the secondary into the envelope of the 
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primary, it is important that not too much angular momentum is diffused downward toward 

the core. The types of rotationally induced mixing we use are Solberg Hoiland (SH), Secular 

Shear Instability (SSI), Eddington-Sweet Circulation (ES), and Goldreich-Schubert-Fricke 

Instability (GSF) which are all described in Heger et al. (2000). We also use Spruit-Taylor 

dynamo action (ST) of Heger et al. (2005) which includes the effects of magnetic fields, but 

we note that there is a lot of uncertainty regarding the strength and effect of magnetic fields 

for giant stars. Finally, the overall coefficient which is multiplied by the sum of the diffusion 

due to all of the above mixing effects is set to 1/30 according to the recommendation of 

Heger et al. (2000). 

4.3.2 Analysis of the Evolution 

When evolving the post-merger in MESA , we vary the efficiency of rotationally induced diffu- 

sion. The reason for this is these effects are inherently 3-dimensional, and their use in MESA 

is based on the work of Heger et al. (2000), who approximated 1D diffusion coefficients for 

each process. The efficiency factors we vary are used in order to account for the uncertainty 

of the effectiveness of diffusion for each of these coefficients. This method of simulating 

mixing is known as the diffusion approximation and Paxton et al. (2013) note that there is 

another method they refer to as the diffusion-advection approach. While these two methods 

have nearly identical chemical mixing, the transport of angular momentum can vary signif- 

icantly. More details regarding this other method of angular momentum diffusion can be 

found in Maeder & Zahn (1998) and Zahn (1992). A summary of our model parameters, the 

results, and Betelgeuse observations are shown in Table 4.1. 

We find that the parameters that mostly affect the post-merger evolution are the viscosity 

coefficients from the ST and the ES methods. These methods are dominant in the outer parts 

of the post-merger star’s envelope and can quickly transport excess angular momentum to 

inner regions thereby significantly slowing-down the equatorial rotation rate of the star. 

We do, however, have a motivation to assume low efficiency for the ST and ES processes 

because of the non-spherically symmetric angular momentum deposition during the realistic 

3D common envelope phase. High rotation is confined around the equator and not deposited 

in the high azimuth layers of the model suppressing the efficiency of the ES mechanism. In 

addition, as we disussed earlier, the driving of angular momentum loss during the merger 

phase in Octo-Tiger may lead to an under-estimate of the actual angular momentum that 

would have been deposited due to drag forces driving the in-spiraling phase alone. These 

uncertainties justify our choice of lower efficiencies for the ES, ST mechanisms. 

After the relaxation, the post-merger first goes through a contraction phase as it settles 

from the initial structure of the merger. This contraction phase lasts until the core becomes 

hot enough for He-burning, on the order of 104 years. This is indicated by the dotted line in 

Figure 4.7. The evolution we are interested in is during the He-burning phase and later, which 

takes place for another 106 years and is indicated by the blue solid line in Figure 4.7. During 

this phase, the star evolves into the box representing the observed surface temperature and 

luminosity range of Betelgeuse. This is the phase where we analyze the surface composition 

and rotation rate. 

In order to compare our results to the observations of Betelgeuse, we plot the evolution 

of the surface composition and velocity and use a box that represents the target values from 
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Table 4.1. A summary of our model parameters and results for eight different models. BG 

refers to observed surface values of Betelgeuse taken from Lambert et al. (1984). Columns 2 

through 6 are the efficiency factors used for each diffusion mechanism. vsur f 

is the equatorial 

surface velocity as calculated in MESA averaged over the time spent in the HR diagram box. 

ϵi 

is the surface value of element i calculated with Equation 4.15.

 

Model ST SH GSF ES SSI vsur f 

(km/s) ϵC 

ϵN 

ϵO

 

1 1 1 1 1 1 0.036 8.48 8.62 8.90 

2 0 1 1 1 1 0.29 8.46 8.74 8.89 

3 1 1 1 0 1 0.041 8.48 8.63 8.90 

4 0.1 1 1 0.1 1 0.063 8.48 8.65 8.90 

5 0.01 1 1 0.01 1 0.12 8.48 8.64 8.90 

6 0.001 1 1 0.001 1 0.23 8.48 8.65 8.90 

7 10− 7 1 1 10− 7 1 1.9 8.48 8.65 8.90 

8 0 1 1 0 1 5.8 8.32 8.55 8.74 

BG 5-15 8.25-8.55 8.45-8.75 8.65-8.95 

observations. The top and bottom edges of the box represent the range of acceptable values 

from observations taken from Lambert et al. (1984), while the left and right edges represent 

the time when the star is in the HR diagram box. Figure 4.8 shows this analysis for Model 1. 

We can see from the upper left panel that the surface rotational velocity decreases rapidly by 

nearly three orders of magnitude. The primary reason for such a decrease in surface rotation 

is the diffusion of angular momentum towards the core. This is supported by Figure 4.9, 

which shows the diffusion coefficients of Model 1 at the surface during the rapid drop in 

surface velocity. Furthermore, we see that the strongest contributors are specifically the ST 

and ES diffusion coefficients with ST being about an order of magnitude stronger. This is 

further supported by Models 2 and 3 in Table 4.1 by the much larger increase in average 

surface velocity when ST is turned off compared to when ES is turned off. 

After identifying the two biggest contributors to the loss of surface rotation, we ran 

Models 4-8 in order to explore the effects of decreasing the efficiency of ST and ES diffusion. 

The results of this experiment are shown in Figure 4.10. We note that while the range of 

efficiency factors we explored do not have a significant effect on the surface composition, 

the less efficient diffusion of angular momentum is critical to the evolution of the surface 

rotation. We find for our models, we do not see a sufficiently fast rotation rate unless the 

efficiency is reduced by a factor of 10-7 or more. We also note that as the efficiency is reduced 

and angular momentum cannot diffuse towards the core as rapidly, the model becomes more 

unstable during the contraction phase as shown by the jaggedness of Models 7 and 8 in 

Figure 4.11. 

4.4 Discussion 

We present the first models to analyze both the surface composition and rotation rate for 

Betelgeuse. As is suggested in previous papers, we explore the theory that Betelgeuse is the 

product of an extreme mass ratio binary merger (Chatzopoulos et al., 2020; Wheeler et al., 
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Figure 4.7. An HR diagram for the evolution of Model 1 as defined in Table 4.1. The dotted 

line indicates the settling phase as the star contracts. He-burning starts on the blue line. 

The black box represents the observed range of effective temperature and luminosity values 

for Betelgeuse. 

2017). To do this, we map a 16+4 M⊙ 

merged binary from Octo-Tiger into MESA . After 

mapping the post-merger into MESA , we perform a series of tests by changing the efficiency 

of diffusion by ST and ES instabilities. 

Of the models we have presented, we find that Models 7 and 8 best agree with the observed 

surface rotation and composition of Betelgeuse. We note, however, that in order to obtain 

this agreement, we needed to reduce the efficiency of diffusion due to ST and ES effects at 

least seven orders of magnitude. We note that the effects and strength of magnetic fields are 

not well understood for giant stars, and it is uncertain whether or not this efficiency for ST 

is unreasonable on the surface. Furthermore, the derivations of the diffusion approximation 

in Heger et al. (2000) were assumed for single rotating stars. In our case, the structure of 

the primary envelope is perturbed by the coalescence of the secondary and its effect on the 

efficiency for angular momentum diffusion is unknown. 

Future studies could explore the effects of overshooting, as is done in Luo et al. (2022), 

but with the assumption of a post-merger progenitor. Furthermore, Chatzopoulos et al. 

(2020) created models with three different mass ratios for their analysis, and it is possible 
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Figure 4.8. The surface values of Model 1 as a function of time. The upper left panel shows 

the equatorial surface velocity in km/s, the upper right, lower left, and lower right show 

C, N, and O relative surface abundances computed by Equation 4.15, respectively. The 

dashed boxes represent the observed values of Betelgeuse (upper and lower edges) and age 

corresponding to the evolution into the HR box (left and right edges). 

that a more extreme mass ratio would have a dramatic effect on our results. Unfortunately, 

more extreme mass ratios would require a point-mass implementation for the primary core 

in order to run in a reasonable amount of time in Octo-Tiger . This is due to the amount 

of resolution that would be necessary to sufficiently resolve the compact core without over 

resolving the envelope.
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Figure 4.9. A profile of rotationally induced diffusion coefficients for the outer envelope of 

Model 1. This profile is taken when the surface velocity begins to fall off (around 240,000 

years after the merger) and the diffusion coefficients reach a maximum at the surface. 
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Figure 4.10. The surface values for Models 4-8 with the ST and ES efficiency factors in 

parentheses. The dashed boxes represent the average range of time that the models are in 

the box on the HR box and the observations of that parameter for Betelgeuse. 
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Figure 4.11. The HR diagram for Models 4-8 with ES and ST diffusion coefficients in 

parentheses, which are set to the same value. The dashed boxes represent the observed 

values of Betelgeuse (upper and lower edges) and age corresponding to the evolution into 

the HR box (left and right edges). 
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CHAPTER 5. 

CONCLUSIONS

 

5.1 Overview

 

5.1.1 3D to 1D Procedure 

Section 3.1 presents the first attempt to reproduce RCB star surface abundances (including s- 

process elements) starting from a 3D hydrodynamics merger simulation. While this attempt 

is not complete and negates some potentially important phases of nuclear burning (namely, 

during the merger process), it establishes a mechanism for bringing models from a 3D merger 

simulation to a 1D stellar evolution simulation and a full scale 1093 isotope post-processing 

nuclear network. Our models show strong similarities to the stellar engineering models of 

Crawford et al. (2020) and Lauer et al. (2019) in terms of evolution, mixing, and most surface 

abundances. Our models also have difficulties in matching 

14N to observations (similar to 

Crawford et al. (2020)) and generating s-process elements. 

Our early stage evolution strongly resembles those of Lauer et al. (2019), Schwab (2019), 

and Crawford et al. (2020). This is because the stellar engineering process is informed by 

3D hydrodynamics models, but does not evolve directly from the results of those models. 

The differences between those models and the He star model of Weiss (1987) and Menon 

et al. (2013, 2019) are mostly due to how the initial state of the envelope reacts to the input 

luminosity of the He-burning shell. 

While overshooting was necessary in order to match the isotopic ratios, it is a realistic 

physical phenomenon expected to occur in stars where convection operates and should be 

included by default in stellar models. Overshooting was not previously studied in the context 

of RCB stars, but Stancliffe et al. (2015) use models with parameters in the same range as 

our overshoot parameters. The parameter space of overshoot coefficients could be further 

constrained by 3D models with realistic mixing procedures, but the adopted MLT prescrip- 

tion in MESA is currently the best available option. We find that, for our mapped models, 

an overshooting parameter of 0.073 and 0.068 for the solar and sub-solar metallicity mod- 

els, respectively, yield reasonable agreement to observations and previous studies in surface 

composition. Lower values tend to increase C/O outside the acceptable range while higher 

values tend to increase 

18O/16O and decrease surface N outside the acceptable range. There 

are, however, many other parameters to study that will change the surface composition. 

This study also explores the effects of changing the initial hydrogen abundance. The 

initial hydrogen abundance may change based on how much of the hydrogen shell of the He 

WD progenitor survives during the merger process. While studies such as Staff et al. (2012) or 

Driebe et al. (1998) constrain the mass of the hydrogen envelope to values much higher than 

our models, we note that Octo-tiger does not perform nucleosynthesis during the dynamical 

merger phase, which may burn a significant fraction of the initial hydrogen. Of course, with 

too little initial hydrogen (our sub-solar model, for instance) the He-burning shell cannot 

create a sustainable 

13C neutron source. Additionally, there are common envelope phases 

before the WD merger that are not simulated in this study but will affect the progenitor 

composition. The complexities of the complete RCB evolution necessitates a wider parameter 

space study of the initial post-merger composition. Future studies which pursue the 3D 
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simulation of the merger being mapped into 1D nuclear lifetime evolutionary codes like 

MESA should include a basic nuclear network that accounts for most pp chain and CNO 

cycle elements during the merger phase. Being able to trace and burn isotopes during the 

merger will give improved compositional profiles to be mapped into a 1D evolution code and 

we demonstrate the necessity of this in Section 3.2. 

Section 4.2 demonstrates how we can extend this mapping method to apply outside of 

just DWD mergers. We show that we are also able to map the merger of a giant and main 

sequence star in order to reproduce the curious surface parameters seen on Betelgeuse. The 

possibility for Betelgeuse to be the result of a merger scenario are discussed in previous works 

such as Wheeler et al. (2017), Chatzopoulos et al. (2020), and Luo et al. (2022) and we are 

able to support such arguments using our mapping method. 

The framework for simulating 3D mergers and their 1D post-merger evolution presented 

here is a necessary step to perform a full simulation starting from the short timescale dy- 

namical merger to the long timescale thermal and nuclear evolution for many multiple types 

of merger scenarios. 

5.1.2 Stellar Engineering Procedure 

Section 3.2 presents a parameter study of RCB models using an improved stellar engineering 

method first utilized by Lauer et al. (2019). The improvements we make include a smooth 

core to envelope entropy transition, inclusion of the effects of nucleosynthesis during the 

merger event, and post-processing with a larger nuclear network for s-process analysis. We 

use a range of parameters informed by the 3D hydrodynamics model presented in Section 

2.1.1 and explore the effects of the steepness of the entropy transition, the shell burning 

temperature, and overshooting. This method allows for a computationally inexpensive ex- 

ploration of the associated parameter space and impact on observables without relying on 

more expensive 3D simulations. 

We show the effects of changing the entropy transition and peak temperature indepen- 

dently in our models. Both parameters can increase or decrease the amount of nuclear 

burning present in the He-burning region. This has noticeable effects on the surface abun- 

dances and the final size of the star during the RCB phase. We also find that the inclusion 

of overshooting in these models does not have a dramatic effect on the surface abundances 

unless overshooting becomes efficient enough to dredge up material from the CO core. 

We find that Model D1 is our optimal model from this parameter study and shows good 

agreement with observed surface abundances. This model shows a large enhancement in s- 

process elements and, interestingly, has a neutron exposure and density in the burning region 

on the level expected for i-process nucleosynthesis (Denissenkov et al., 2018). This level of 

neutron exposure is necessary because of the convective gap that forms only 20-50 years 

after the merger event, meaning that neutron capture on heavy elements needs to happen 

relatively fast to achieve the enhancement seen in observations of RCB surface abundances.
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5.2 Future Work

 

5.2.1 RCB Stars 

Although we present a model that has good agreement to all relevant observed surface 

abundances (Model D1 in Section 3.1), this model is a result of stellar engineering and does 

not directly utilize the profiles calculated from a spherically averaged 3D hydrodynamics 

simulation. It remains to be seen if models initialized from the 3D to 1D procedure can 

also yield results in agreement with observations. Although the 3D models we presented in 

Chapter 3.2 matched for most surface abundances, we were not able to produce the elevated 

s-process elements nor the 

14N abundance. 

The high neutron exposure in Model D1 clearly shows that in order to obtain the level 

of enhancement of neutron capture elements, one needs a large and steady abundance of 

13C 

neutron source. The only way we are able to achieve such an abundance is by including the 

effects of nucleosynthesis during the merger. In Section 3.2, this is done via a single zone 

nucleosynthesis calculation over a short duration in order to mimic the effects of any burning 

in the SOF during the merger phase. However, if one were to adopt a small nuclear network 

in Octo-Tiger , it is possible to achieve the same goal. Unfortunately, further steps must be 

taken to reduce the level of diffusion, which is likely overestimated due to the grid-based 

structure as suggested in Staff et al. (2018). Overall, a more careful analysis of the amount 

of material dredged up from the CO core is a necessary step in order to limit the amount of 

core material synthesized in the SOF and brought into the envelope. 

Aside from adding a small nuclear network, there are other improvements that could be 

made to Octo-Tiger that may aid in future RCB and general merger studies. As discussed 

in Section 2.1.1, there is a discrepancy between the EoS used in Octo-tiger and MESA . 

MESA uses an entire table of different EoS options and uses the appropriate EoS or a blend 

of two in order to calculate the thermodynamic variables in a cell. This sophistication is 

not feasible in Octo-tiger because of computational constraints when simulating in three 

dimensions. Instead, it would be more reasonable to utilize one EoS that will be reliable in 

the regions of the star which are important for our analysis. In the case of RCB progenitors, 

the Helmholtz EoS would be most appropriate for most of the envelope of the RCB, including 

the He-burning region (Timmes & Swesty, 2000). Although the difference between this and 

the ideal gas EoS currently used in Octo-tiger may only result in a temperature change of 

a few factors at most, this will significantly change the nucleosynthesis that occurs within 

the He-burning region. This implementation may be relatively straightforward to implement 

into Octo-tiger as Timmes & Swesty (2000) have already created open source packages in 

Fortran that calculate the thermodynamic variables using the Helmholtz EoS. 

The other improvement that could be made to Octo-Tiger is implementing a mechanism 

for angular momentum diffusion. As shown in the work of Schwab et al. (2012), it is expected 

that the post-merger object should become spherical on a timescale of a few hours, but Octo- 

tiger does not currently have a prescription for viscosity. In principle, one could add terms 

for the shear tensor and a coefficient for shear viscosity to the hydrodynamic equations solved 

by Octo-tiger . A similar implementation is used in the ZEUS code of Clarke (2010), but 

would have to be implemented in a rotating reference frame.

 

http://cococubed.asu.edu/code_pages/eos.shtml 
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5.2.2 Extending this Framework 

The framework presented thus far has only been utilized in the context of RCB stars and 

Betelgeuse. However, as it stands, it can also be applied to other low mass degenerate 

mergers, for instance, CO+CO and He+He WD mergers as well as other mergers between 

giant and main sequence stars. Octo-tiger already contains prescriptions for a bi-polytropic 

EoS so that giant or main sequence stars where the core and envelope have a differing EoS 

may be simulated. These types of simulations are important in understanding massive stellar 

evolution and the origin of extreme circumstellar environments around massive stars. Recent 

studies have shown that the majority of massive stars are currently, or have been, involved 

in a binary system (Dunstall et al., 2015). The extension of this framework is a necessary 

step for understanding how a companion star changes the evolution of massive stars and can 

be applied to many different kinds of binary mergers.

 

5.3 Summary and Concluding Thoughts

 

The framework presented here is a necessary tool for a holistic study of mergers consisting of 

compact, main sequence and/or giant stars. This includes a simulation of the merger event, a 

1D simulation of the long term post-merger evolution and post-processing with an expansive 

nuclear network to study high mass nucleosynthesis. A framework expanded beyond what is 

presented in this work would allow for some of the most extensive studies of binary mergers 

of both similar masses and extreme mass ratios. 

In this work, we present the problem of simulating the formation and evolution of RCB 

stars through many relevant timescales: a dynamical merger, a viscous phase to become 

spherical, a thermal expansion, and nuclear evolution as well as white dwarf cooling. While 

the dynamical and viscous phase are short and require multi-dimensional simulations to ac- 

curately model the event, the thermal and nuclear timescales are too long to be simulated 

in multi-dimensional codes. Thus, we demonstrate two techniques to simulate RCB progen- 

itor evolution: a spherical averaging technique to import the 3D hydrodynamics model from 

Octo-tiger into the 1D stellar evolution code, MESA , and a stellar engineering technique 

that solely uses MESA in order to "engineer" a structure informed by 3D hydrodynam- 

ics results. Post-processing is performed to analyze the surface abundances for comparison 

against observed RCB stars. MPPNP is used to further analyze the heavy element nucle- 

osynthesis including s-process elements. We find we are able to reproduce all of the relevant 

surface abundances using the stellar engineering method. Although the results of the map- 

ping method do not perfectly match observations, it presents a robust framework which 

demonstrates key features such as a He-burning shell, partial mixing to the surface, and HR 

tracks that match approaches done using stellar engineering and other 3D averaged models. 

Furthermore, we are able to use the 3D to 1D mapping technique to simulate a possible pro- 

genitor of the star α Orionis (popularly known as Betelgeuse) by extending the framework 

to be applied to giant and main sequence mergers. 

There are a number of ways in which one can improve upon the Octo-tiger code and the 

initialization of the post-merger models. This includes adding features such as a Helmholtz 

EoS (which is currently implemented and needs testing), a prescription for viscosity, and a 

small nuclear network in order to create a more realistic post-merger object. Other ongoing 
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developments with Octo-Tiger are implementing the ability to directly map a star from 

MESA , point-mass implementation to avoid issues of resolution and long compute times, and 

radiation transport. The presented framework can be further extended to evolve many kinds 

of post-merger objects. The inclusion of different types of mergers will expand the framework 

to cover a much wider breadth of mergers and potential outcomes for evolution. Finally, we 

have experimented with adding in other third-party codes (like SuperNu (Wollaeger et al., 

2013)) to this framework to perform radiation transport and calculate pseudo-bolometric 

lightcurves and spectra from outbursts. This type of extension would allow for comparison 

of our models directly to observations of lightcurves and spectra for objects of interest.
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APPENDIX A. 

CONSTRAINT ON RCB PROGENITOR MASS RATIO

 

We can demonstrate the constraint on the mass ratio by starting with the equation for 

angular momentum ( J ) where Mi 

is the stellar mass, ai 

is the distance from the center of 

mass of the binary to the center of mass of the individual star, and ω is the orbital velocity.

  \label {eq:am_app} J = (M_1a_1^2 + M_2a_2^2)\omega 

 











 

(17) 

We can rewrite ai 

in terms of the total separation between the two stars ( a ) and the 

masses in the following way:

  a_1 = a\frac {M_2}{M_1+M_2} 













 

(18)

  a_2 = a\frac {M_1}{M_1+M_2} 













 

(19) 

Using Kepler’s third law (Equation 20) to substitute the angular velocity, we can rewrite 

Equation 17 into Equation 21 where a is the separation distance.

  \label {eq:kep} \omega ^2 = \frac {a^3}{G(M_1+M_2)} 











 

(20)

  \label {eq:new_am} J = M_1M_2 \sqrt {\frac {Ga}{M_1+M_2}} 

 















 

(21) 

Taking a logarithmic time derivative and rearranging Equation 21 yields the following 

equation:

  \label {eq:new_am_dlog} \frac {\Dot {a}}{a} = \frac {2\Dot {J}}{J} - \frac {2\Dot {M_2}}{M_2}(1-q) 



























 

 

(22) 

In order to shrink the Roche lobe around the donor and initiate mass transfer, the 

separation must be decreased. According to Equation 22, before the binary is in contact 

and mass transfer is initiated, angular momentum must be lost in order to decrease the 

separation. For this system, the dominant mechanism for angular momentum loss will be 

gravitational radiation which can be expressed in the following way (Landau & Lifshitz, 

1967):

  \begin {aligned} \frac {\Dot {J}}{J} &= \frac {-32G^3}{5c^5}\frac {M_1M_2(M_1+M_2)}{a^4} \\ & = -\num {8.32e-10}\left (\frac {M_1}{M_\odot }\right )\left (\frac {M_2}{M_\odot }\right )\left (\frac {M_1+M_2}{M_\odot }\right )\left (\frac {a}{R_\odot }\right )^{-4} \end {aligned} 

























  





































 

(23) 
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As the separation of the binary decreases, the Roche lobe around M2 

will also begin to 

decrease until it is equivalent to the stellar radius. We can estimate the average radius of 

the Roche lobe with an expression given by Paczyński (1971).

  \label {eq:pac} \frac {R_{L_2}}{a} = \frac {2}{3^{4/3}}\left [\frac {M_2}{M_1+M_2}\right ]^{1/3} 



























 

(24) 

Taking a logarithmic time derivative of Equation 24 yields the following equation:

  \label {eq:pac_dlog} \frac {\Dot {R_{L_2}}}{R_{L_2}} - \frac {\Dot {a}}{a} = \frac {1}{3}\frac {\Dot {M_2}}{M_2} 





























 

(25) 

Combining Equations 22 and 25 and rearranging gives us the following expression where 

ζL 

= − 2(5

 

6 

− q ) is the response of the Roche lobe to a change in mass:

  \label {eq:roche_resp} \frac {\Dot {R_{L_2}}}{R_{L_2}} = \frac {2\Dot {J}}{J} + \zeta _L \frac {\Dot {M_2}}{M_2} 

























 

(26) 

Looking at Equation 26, one can see that if q > 

5

 

6
, then the Roche lobe will shrink as 

M2 

loses mass. This means that unless R2 

shrinks faster than the Roche lobe, this process 

will become dynamically unstable. Therefore, it is important to consider the response of R2 

to mass loss. In fact, the mass-radius relationship for WDs is well known to be R ∝ M 

− 1 / 3. 

Taking the logarithmic time derivative of this relationship yields the following expression:

  \label {eq:acc_resp} \frac {\Dot {R_2}}{R_2} = -\frac {1}{3} \frac {\Dot {M_2}}{M_2} + \left (\frac {\Dot {R_2}}{R_2}\right )_{nuc} 

































 

(27) 

The last term refers to the response of R2 

to nuclear evolution. Finally, if we consider the 

very moment where M2 

fills its Roche lobe and begins mass transfer, then we know RL2 

≃ R2 

and can substitute Equation 27 into Equation 26 and obtain our final expression.

  \label {eq:sys_resp} \frac {\Dot {M_2}}{M_2} = \frac {\frac {2\Dot {J}}{J} - \left (\frac {\Dot {R_2}}{R_2}\right )_{nuc}}{-\frac {1}{3} - \zeta _L} 









































 

(28) 

If we once again consider the Roche lobe response to mass loss ( ζL), but this time also 

account for the stellar response to mass loss ( ζ = −1

 

3
), we notice that if ζ < ζL, the Roche 

lobe response to mass loss is faster and will therefore result in a dynamically unstable mass 

transfer. These considerations lead to a new constraint of q > 2 / 3 .
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APPENDIX B. 

RCB CUSTOM NUCLEAR NETWORK

 

Table 1. The isotopes in the 40-isotope custom nuclear network used for some models in this 

work.

 

1 Neutrons

 

11 B11

 

21 O16

 

31 Ne22

 

2 H1

 

12 C11

 

22 O17

 

32 Na21

 

3 H2

 

13 C12

 

23 O18

 

33 Na22

 

4 He3

 

14 C13

 

24 F17

 

34 Na23

 

5 He4

 

15 C14

 

25 F18

 

35 Na24

 

6 Li7

 

16 N13

 

26 F19

 

36 Mg23

 

7 Be7

 

17 N14

 

27 Ne18

 

37 Mg24

 

8 Be9

 

18 N15

 

28 Ne19

 

38 Mg25

 

9 Be10

 

19 O14

 

29 Ne20

 

39 Mg26

 

10 B8

 

20 O15

 

30 Ne21

 

40 Fe56
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APPENDIX C. 

COPYRIGHT INFORMATION

 

Parts of Chapters 2 and 3 were taken and modified from the paper "R Coronae Borealis 

Star Evolution: Simulating 3D Merger Events to 1D Stellar Evolution Including Large-scale 

Nucleosynthesis" Munson et al. (2021). The copyright is held by AAS, but reproduction 

rights are granted to the first author by AAS.

 

Figure 1. Snapshot of Munson et al. (2021) Publication used in Chapters 2 and 3.

 

Figure 2. Snapshot of AAS Author reproduction rights 
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Parts of Chapters 2 and 3 were taken and modified from the paper "Improved Models of 

R Coronae Borealis Stars" Munson et al. (2022). This paper is published under open-access 

and copyright is held by The Author(s).

 

Figure 3. Snapshot of Munson et al. (2022) Publication used in Chapters 2 and 3. 
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