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ABSTRACT

Stars on the asymptotic giant branch enrich the interstellar medium with carbon, nitrogen, and dust, which in
turn boost cooling and promote future generations of planet and star formation. They are poorly-constrained ob-
servationally because they remain in this phase briefly and pulsate on long timescales. At the same time, modeling
AGB stars is challenging because they undergo rapid mass loss and complex convective mixing and nucleosynthesis.
By incorporating updated opacity tables and instability management techniques into MESA, we compute a new
grid of AGB models that densely samples a wide range of initial masses (0.8 < Mg < 7) and metal mass fractions
(0.0001 < Z < 0.03. We develop scaling formulas for varying the convective mixing length and Blécker mass loss
parameters, enabling calibration against recent carbon star luminosity observations and hydrodynamic simulation
results. We provide metal yields of 12C, 13C, 13N, 14N, 15N, 160, 170, 80, 19F, ?°Ne, 22Ne, 2*Mg and 2%Si for galac-
tic chemical evolution models and updated input tables for AGB mass loss rates and metal yields for cosmological
simulations. Our new models are consistent with observations of the stellar initial-final mass relation derived from
white dwarf progenitor masses, typical AGB mass-loss rates of ~ 10~7 to 10~°Mg, /year, and average luminosities for
AGB populations of carbons stars of ~ 8200Ls. We compare yields to previous models, finding similar C, N, O, F,
and Ne but significantly enhanced Mg. The surface C/O ratios match other models at high metallicity but tend to
be higher at Z<0.005. Predicted surface metallicities match previous simulation assumptions, but significantly higher
AGB outflow rates suggest large systematic uncertainties in the theoretically-expected cosmological carbon yield.

1 INTRODUCTION

1.1 Background

The asymptotic giant branch (AGB) phase of a star’s evolu-
tion is a brief and lively period with considerable implications
for galaxy evolution and observational astronomy. There is
increasing evidence that AGB stars play a key role in the in-
trinsic brightness and distinctive spectral features of their
host galaxies. They also produce considerable amounts of
dust from condensation of their ejected material that im-
pacts everything from star formation to the development of
complex chemistry (Gehrz et al. 1989; Li et al. 2019).

All intermediate-mass stars between roughly 0.5 and 8 M,
are thought to evolve through the AGB. During this phase,
they develop individual shells of helium and hydrogen under-
going fusion simultaneously. The interaction between these
shells creates a distinctive cyclic process where sudden ig-
nitions in the helium fusing shell around the inert carbon-
oxygen core send pulses of energy outward and allow con-
vection to enrich the surface with newly-synthesized carbon
and nitrogen, as well as heavier s-process metals if the star is
massive enough. During these thermal pulses, the temporarily
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unstable outer layers experience considerable radiation pres-
sure which drives a strong stellar wind, leading to significant
mass loss (Hofner & Olofsson 2018) and enriching the local
interstellar medium.

Stars evolve through the AGB period very quickly — on
the order of 100,000 years — and for this reason the initial
size and metallicity of stars that will enter the AGB phase is
difficult to confirm with observations. Further complicating
matters, models of AGB stars vary widely as many physi-
cal aspects are not known from first principles and must be
described by semi-empirical calibrations (Kippenhahn et al.
2012). The differences between models lie primarily in the
treatment of convection, from handling the convective insta-
bilities to the chosen size of the mixing regions, which in turn
dictate the physical and chemical evolution during the AGB
phase (Ventura & Marigo 2010). The challenging nature of
both modeling and observing renders the mass loss they ex-
perience and consequently the production of metals which
reach the ISM highly uncertain.
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Dataset Masses Metal Mass Fractions | Code ap LT RGB M | AGB M

(total #) | (total #)
Cristallo et al. 2015 1.3-6 (8) 0.0001 - 0.02 (10) FUNS 2.0 n=04 S06
Choi et al. 2016 0.5-8 0.000001 - 0.04 MESA 1.82 n=0.1 Dutch/B95 (ng = 0.2)
Karakas & Lugaro 2016 | 1-8 (21) 0.007 - 0.03 (3) Monash 1.86 None VW93
Ventura et al. 2018 1-8.5 (17) 0.014 (1) ATON (FST) None B95 (np = 0.02)
Karakas et al. 2018 17 (20) 0.0028 (1) Monash 1.86 None VW93/B95 (5 = 0.02)
Battino et al. 2022 17 (8) 0.0001 - 0.03 (6) MESA/PPN | 2.0 n=05 | B9 (np = 0.01/0.02)
This work 0.8-7 (12) 0.0001 - 0.03 (10) MESA Scaled | n=0.5 B95 (Scaled)

Table 1. Grid details for this work and several other AGB numerical modeling studies. VW93 = Vassiliadis & Wood 1993, B95 = Blécker
1995, S06 = Straniero et al. 2006, FST (Full Spectrum of Turbulence) = Canuto & Mazzitelli 1991.

1.2 Mass Loss

Mass loss is the defining feature of AGB evolution, but the
physical processes in these stars are non-trivial and remain
a primary source of uncertainty when modeling (Karakas &
Lattanzio 2014). The mass loss rate impacts not only the
star’s lifetime, but the opportunities for nucleosynthesis in
different interior layers and the potential for dredging up
heavier elements to the surface and promoting ISM enrich-
ment. The star’s luminosity drives the mass-loss rate, but
the efficiency with which it does so depends to an uncertain
extent on a secondary factor, its metallicity.

Counterintuitively, AGB mass-loss rates decrease with in-
creasing initial metallicity. Generally, metals in stars cre-
ate inhomogenous opacities and complicate convective mix-
ing, leading to more photon absorption and scattering and
greater radiation pressure. This outward pressure creates stel-
lar winds and encourages mass loss. In AGB stars, however,
the thermal pulsing activity is greater with lower metallicity
because the reduced radiation pressure leads to a larger and
hotter core. The helium shell surrounding a larger core expe-
riences stronger helium flashes which results in more dramatic
expansion and contraction of a star’s outer layers which ac-
celerates mass-loss (Hofner & Olofsson 2018). This kind of
unusual behavior in AGB stars continues to challenge mod-
elers.

The traditional approach uses empirical formulas, starting
with the Reimers treatment for the red giant branch (RGB)
(Reimers 1975) which relates the mass-loss rate to the stellar
luminosity, radius, and mass. A revised approach was later
developed by Blocker 1995 to handle the more rapid mass
loss observed in the AGB by modifying Reimers’ formula to
make it more sensitive to luminosity. These seminal mass-loss
laws control both the metal yields and the likelihoods that the
numerical AGB models will successfully progress through the
complex thermally pulsing phase. A key question is determin-
ing whether models of AGB stars that manage to numerically
navigate their evolution also agree with observations.

1.3 Metal Yields

Outstanding questions related to metal yields continue to
arise. Carbon IV, an ion popular with high-redshift observers,
is underpredicted by 10-50x in models compared to observa-
tions (Rahmati et al. 2016) even when other ions and ob-
servables such as HI reionization history and the galaxy stel-
lar mass function match observations well (Finlator et al.
2020; Huscher et al. 2024). Observational surveys are find-
ing considerable numbers of carbon-enriched metal poor stars
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Figure 1. The AGB phase of the HR diagram from the model
with initial mass 2 M and initial metal mass fraction 0.002. The
progression of thermal pulsing leads to increased carbon at the
star’s surface.

(Hansen et al. 2023) and efforts to model these have shown
discrepancies between predicted and observed carbon abun-
dances (Campbell & Lattanzio 2008; Chiaki et al. 2020). Re-
cent JWST observations have also revealed extremely high
N/O ratios in galaxies at z>10, which is surprising because
such young, low-metallicity stellar populations are not ex-
pected to produce large amounts of nitrogen so early in cos-
mic history (Nakajima et al. 2023). Either rapid or unusual
nitrogen production processes might be possible at early
times, or there are nitrogen enrichment pathways yet undis-
covered. Updating stellar enrichment timescales and yield ta-
bles of nitrogen and carbon informs these problems.

AGB stars going through thermal pulsing activity are a ma-
jor source of lighter metals through the CNO cycle and heav-
ier metals through slow neutron capture. Stellar winds carry
this material away from the star, allowing it to cool and con-
dense into dust. While moderate producers of alpha elements
like oxygen and magnesium, it is thought that AGB stars are
one of the primary sources of cosmic carbon (Herwig 2000).
It has been estimated that one third of a galaxy’s carbon is
produced by AGB stars, providing roughly the same amount
as core-collapse supernovae and Wolf-Rayet stars (Karakas
& Lattanzio 2014). Since stellar carbon yields are difficult
to measure observationally, we must rely on stellar evolution
modeling to estimate the amount of carbon they produce.
There is still much uncertainty in the carbon production from
AGB stars of different masses and metallicities due to the dif-
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ficulty in simulating these stars and comparing the results to
observations (Karakas & Lattanzio 2014).

Many quality models of AGB stars and their associated
metal yields have been published, including Cristallo et al.
2015, Choi et al. 2016, Karakas & Lugaro 2016, Ventura et al.
2018, and Battino et al. 2022. These works focused on spe-
cific ranges of stellar mass and metallicity (see Table 1), and
employed different opacity tables and convection and mass-
loss treatments. To examine specific AGB phenomena such
as hot bottom burning or pockets of 3C, modeling studies
often focus on a range of masses at one or few metallicities, or
a range of metallicities at few masses, to address their ques-
tions. Theoretical efforts rarely survey a comprehensive suite
of stellar masses and metallicities (see, however, Choi et al.
2016).

Further motivation is found with large-scale cosmological
simulations like EAGLE and TECHNICOLOR DAWN which
have derived mass-loss rates from the Bruzual & Charlot
2003 population synthesis models and metal yields from a
disparate collection of studies spanning different metallicities
(Oppenheimer & Davé 2008). This approach with broad stel-
lar population characteristics and incongruent AGB modeling
was developed because a consistent grid of individual models
of stellar evolution predicting mass loss rates over a broad
range of initial masses and metallicities was not available.
The feedback prescriptions of these cosmological simulations
will improve by incorporating updated internally-consistent
tables from modeling AGB stars with first principles, replac-
ing the coarser stellar population averages.

Calculations of galactic chemical evolution also directly
rely on stellar yields (Tinsley 1980; Karakas & Lugaro 2016;
Johnson & Weinberg 2020). The metal yields attained from
models of AGB stars can vary depending on choices made in
the numerical calculations such as the mixing lengths, the
reaction network, and treatment of mass loss (Ventura &
D’Antona 2005). Ideally, chemical evolution modelers would
have a self-consistent set of AGB stellar yields covering a
range in initial mass from ~0.8 Mg to the limit for core col-
lapse supernovae, ~10 Mg, for all elements up to the heaviest
s-process element, and for a broad range of initial metallici-
ties (Karakas & Lattanzio 2014).

We take a determined step in this direction by modeling
AGB stars from 0.8 to "M at a large range of metal mass
fractions from nearly metal-free (Z=0.0001) to supersolar
(Z=0.03), and with a reaction network involving 16 species
up to silicon (A=28). In Section 2, we describe how we run
the models and our approach to managing convection, mass
loss, opacities and yields. In Section 4, we discuss the obser-
vations we test against and differences to existing models. In
Section 3, we review the results and caveats of our findings.
Finally, we provide our conclusions and links to access the
mass loss and yield tables in 5.

2 STELLAR MODELING
2.1 Overview

We run a suite of models with Modules for Experiments in
Stellar Astrophysics (MESA Paxton et al. 2011, 2013, 2015,
2018, 2019; Jermyn et al. 2023) in a range of initial stellar
masses and metallicities. MESA is a powerful open-source

Z

Mg | 0.0001 0.015 0.03
0.8 0.004 0.019 0.023
1.0 0.005  0.024 0.029
1.5 0.008  0.035 0.044
2.0 0.011 0.047  0.058
2.5 0.013  0.059 0.073
3.0 0.016  0.071  0.087
3.5 0.018  0.083 0.101
4.0 0.021 0.095 0.116
4.5 0.024 0.106 0.131
5.0 0.026  0.118 0.145
6.0 0.032  0.142 0.175
7.0 0.037  0.165 0.204

Table 2. Subset of Blocker scaling factors (ng) used in the stellar
models which are a function of initial stellar mass and metallicity:
n= 12%@ x ZB where 8 = 0.3 for all models except for Z=0.03 of
the 4 largest masses it is 8 = 0.2.

software package that calculates one-dimensional stellar evo-
lution models with many available initial parameters and is
frequently updated to incorporate improvements to key mod-
ules including opacity tables, reaction networks, and output
formats.

We model a grid of 120 stars evolved through the AGB
with these key details:

(i) Masses: 12 initial stellar masses from 0.8 to TMg

(ii) Metal mass fractions: 10 initial metal mass fractions
from 0.0001 to 0.03

(iii) Mass loss: treatment from Blocker 1995 with a scaling
factor (n) adjusted by a calibrated power law (Table 2)
ranging from 0.004 - 0.204.

(iv) Mixing length: adjusted parameter (aarT) by a cal-
ibrated linear scale ranging from 1.7 - 2.3.

(v) Opacity tables: New observationally-calibrated opac-
ity tables at low temperature (Magg et al. 2022) and
high temperature (Farag et al. 2024).

(vi) Reaction Network: 60 individual reactions covering
16 isotopes from ®He to 28Si.

(vii) Instability management: Management of Fe Peak
and Hydrogen Recombination instabilities as well as
automated variation control developed by Rees et al.
2024 to navigate complex thermal pulsing behavior.

We set out to generate a consistent grid of models that
will be useful in a wide array of applications, from cosmolog-
ical simulations to galaxy chemical evolution models. Table
3 shows the details of each model, with its associated scaling
factors and mixing lengths.

2.2 Running the Models

We create a pre-main sequence model of uniform composi-
tion and contraction and evolve it through the AGB phase.
The internal convective and radiative processes evolve signif-
icantly as a star ages, so we isolate five stages which are run
with different MESA parameters: 1) main sequence, 2) red gi-
ant branch, 3) horizontal branch, 4) asymptotic giant branch
(before pulsing begins), and 5) asymptotic giant branch with
thermal pulsing.

These external parameter files are uniform for all models,
with only the initial mass and initial metallicity being altered
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Figure 2. (Top) The initial mass of our models as a function
of the final mass they reach. For comparison, observations are in-
cluded from Kalirai et al. 2009 of this relation in white dwarfs
residing in nearby Milky Way globular clusters. (Bottom) Time-
averaged luminosities of our 2M, 2.5M, and 3M models through-
out the TP-AGB as a function of their initial metal mass fraction.
These masses encompass most of the carbon stars that would ex-
ist in a population such as the one studied by Abia et al. 2022
and show good agreement with the average luminosity for their
carbon star population which is the horizontal blue line with the
associated error.

between them. Routines to assign the scaled values for mix-
ing length (aamrr) and mass loss scaling factor (ng) are writ-
ten into the MESA executable via the "run_ star extras.f90”
file. The models are allowed to run until either the envelope
mass reaches 0.005 Mg remaining or the progress reduces to
a change in mass of 1le-6 Mg in 1000 timesteps.

The rapid transitions in pressure and temperature at the
boundaries between layers of core, shell, and intershell re-
gions can greatly hinder numerically solving the differential
equations of state and are the primary difficulty in modeling
thermal pulsing activity. To aid in navigating these areas,
we employ the custom routine developed by Rees et al. 2024
to monitor and adjust the spatial and temporal resolution
during the third dredge-up. This approach carefully eases
or tightens the variability allowed in the equation of state
solutions at each timestep which greatly improves progress
through volatile periods in the model.

2.3 Convection

The treatment of convection is a crucial element in modeling
AGB stars. Modeling the transport of energy by convection
in stellar interiors in three dimensions is an enormously com-
plex task (Henyey et al. 1959). Even a simpler 1D model has
considerable challenges, particularly when handling convec-
tion in the presence of arbitrary abundances of metals im-
pacting the opacity in localized regions. The classic approach
to managing stellar convection is called Mixing Length The-
ory (MLT; Vitense 1953). The theory assumes the convective
process is driven by parcels of buoyant fluid that travel a dis-
tance before dissipating. This distance, as well as the nearby
pressure scale height, is represented by the key MLT parame-
ter anrrr. Higher values of ansrr will permit models to have
more efficient convective energy transport, while lower values
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will have less efficient convection and shallower temperature
gradients.

We agree with VandenBerg et al. 2000 and Rees et al. 2024
that there is no evidence to suggest this efficiency would be
constant for all stellar masses, arbitrary compositions, and
at different stages of a star’s evolution. Observations have
shown the need for a metallicity-dependent mixing length
with metal-poor giants in globular clusters requiring higher
am T values to match asteroseismic constraints (Tayar et al.
2017). Indeed, we find that lower metallicity stars often re-
quire larger mixing length parameters to avoid numerical in-
stabilities. It has also been shown by 3D radiative hydrody-
namic models that aarrr decreases with increasing initial Z
(Trampedach et al. 2014; Magic et al. 2015). A range of anrr
from 1.7-2.3 is suggested by Magic et al. 2015 based on their
calibration of values which best matched the adiabatic en-
tropy of the convecting envelope for each metallicity in their
models. To calibrate to these works and to confirm the po-
tential of a varying convective efficiency, we scale ayprr as a
linear function of initial metallicity:

o = 2.3 — [20 x (Z; — 0.0001)] (1)

This aarrr parameter addresses convective behavior in the
sizable zones of a star undergoing convection, but the treat-
ment of convection also requires meticulous attention at the
boundaries of interior layers which experience the most un-
stable gradients in temperature and pressure and can quickly
crash numerical models. This remains a major uncertainty
when numerically modeling AGB stars (Karakas et al. 2022).
Overshoot is a common approach to managing the convective
boundaries, allowing buoyant parcels to approach a convec-
tive boundary and penetrate into the formally stable region.

We implement an established scheme for this extended con-
vective mixing where the convection efficiency declines expo-
nentially with the geometric distance from the layer bound-
ary (Herwig 2000). The primary zone requiring this treatment
is the bottom of the convecting envelope which is not only a
location of significant numerical instability, but the efficiency
of mixing here directly impacts the strength of a dredge-up
event and the frequency of thermal pulses which changes the
amount of metals that reach the star’s surface. The boundary
between the helium-burning shell and the inert core also re-
quires custom overshoot values to ensure numerical stability.

Characterizing the results of these convective parameter
choices call for another parameter, the dredge-up efficiency
(M), which is useful to describe how much intershell material
is being brought up into the stellar envelope. This value is
often between 0.5 and 1. A ) value greater than one means
the third dredge-up is so strong it actually reduces the core
mass from what it was before the pulse. We show the X for
each model in Table 3.

2.4 Handling Mass Loss

Both the Reimer and Blocker mass loss treatments discussed
in Section 1.2 employ a scaling factor parameter (1) to allow
the mass loss rates to be adjusted and tuned to observations.
This impacts the stellar model in many ways, from the num-
ber of thermal pulses that occur to unexpected (and unreal-
istic) paths in the star’s stellar evolution as reflected by their
Hertzsprung-Russell diagrams.
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We use both mass loss treatments. Reimers’ is at work
when the star is on the RGB and continues while helium is
present in the core, with a constant 1z of 0.5 in all models.*
When the central helium abundance nears zero, Blocker’s
treatment is engaged. We implement a variable Blocker scal-
ing factor (nB) as a function of initial mass and metallicity:

T 12Mg

nB x 2" (2)

This scaling allows stars of greater mass to lose mass more
readily, a necessity both for reasonable stellar lifetimes and
likelihood for the numerical models to reach white dwarf
masses. It also allows for metal-rich stars to lose mass more
readily which accounts for their higher opacity and stronger
radiation-driven winds. It is worth noting that studies have
suggested that metal-poor carbon stars, whose overall metal-
licity is very low but atmosphere contains more carbon than
oxygen, may have similar mass-loss rates to metal-rich stars
of similar masses (Mattsson et al. 2008). Preliminary runs of
low metallicity in our grid, however, have led us to include
initial metallicity as a factor in varying ng.

An additional advantage of this approach is that it does
not require editing of MESA inlist files for every individual
model. Incorporating Equation 2 into supplementary Fortran
routines and rebuilding the executable allows all models to
run with fewer manually-edited parameters saving time and
reducing error in preparing the grid. These routines are pro-
vided with the metal yields and inlist files in the supplemen-
tary data.

2.5 Opacities

Radiative opacities at high temperatures are calculated from
the Los Alamos OPLIB database (Colgan et al. 2016) and
made available in MESA by Farag et al. 2024. These ta-
bles provided the tremendous range in metallicity required
for this study. We adopt the solar-scaled abundance mixture
constructed from photospheric estimates of the solar heavy el-
ement abundance (Magg et al. 2022). Low temperature opac-
ity tables, also using the solar-scaled abundance mixture of
Magg et al. 2022 have been computed with the approach of
Ferguson et al. 2005 and included in MESA 1r24.08.1.

2.6 Calculating the Yields

Each model employs a reaction network which includes 16
species: 'H, 3He, *He, 12C, 13C, 13N, N, 15N, 160, 170, 180,
9% 20Ne, 22Ne, Mg and 28Si. MESA records the abun-
dances of these species at the surface with each timestep
which we use to produce the final isotope yield. Note that
“yields” in the literature sometimes refer to the net produc-
tion in relation to the star’s initial abundance — where the net
can be negative — and other times “yields” represent the total
amount the star expels. Here we adopt the latter, calculating
the ejected mass rates of each species from the stellar surface
by multiplying the change in stellar age between timesteps

1 Tiny adjustments to nr were beneficial to progress through
TPAGB in a handful of high-mass high-metallicity models.
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Figure 3. Mass loss rates of the MESA models as a function of
the AGB star’s age, calculated by integrating the mass loss rate
during pulsing and dividing by the duration. For each initial metal
mass fraction (i.e. Z=0.015), the mass loss rates are interpolated
in initial stellar mass to provide rates at a fine series of stellar
ages. The top axis indicates the initial stellar mass which would
pass through the AGB phase at the corresponding stellar age. The
mass loss rates found by Groenewegen & Sloan 2018 from carbon
stars in the Local Group are represented by the gray dotted line
(average) and dark gray area (range).
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Figure 4. Lines are the mass ratios of total yields as a function of
initial stellar mass after the last thermal pulse. Dots are the ratio
of the final surface mass fraction after the last thermal pulse.

(years) by the change in mass (Mg /year) and by the surface
fraction of carbon and summing the result at each timestep:

T dM
M; = X, ——dt 3
= [ x5 3)
where M; is the total mass ejected from the star of element i,
T is the total stellar lifetime, X; is the current mass fraction

of the species at the star’s surface, and M is that timestep’s
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mass loss rate. This is the total yield ejected from the star
and is always positive.

3 RESULTS

We model 120 stars at a range of masses and metallicities,
guiding them through the AGB while maintaining stable
thermal pulsing activity until the helium in the core is de-
pleted or the model has progressed as far as possible.

Figure 1 zooms in on the AGB stage of one of the 2Mg
models with the colorbar representing surface Carbon 12
abundance. The distinct cycle of thermal pulses coincides
with changes in luminosity as the star cools and with each
pulse, more metals such as carbon are dredged-up to the stel-
lar surface. As shown in this example, we allow the models
to evolve if possible until the entire envelope is lost and the
transition to a white dwarf begins as the indicator that the
AGB phase is complete.

3.1 Mass Loss Rates

In Figure 3, we present the mass loss rates of our models
after interpolating in mass to effectively capture the AGB
star that undergoes thermal pulsing at every stellar age, in
between the ages of the earliest onset (from 7Mg stars) to the
latest (from 0.8Mg stars). Low metallicity models continue to
lose mass more slowly as they progress through the AGB, but
models with more metals reach a constant mass loss rate after
~ 10° years, and at very high metallicity it can even increase
after this age. We assume the age of 10° years reflects the
point in a stellar population where longer-lived lower mass
stars take over the returning of mass and metals to the ISM.
Lower mass stars with more metals lead this charge due to
higher opacity building up radiation pressure which expands
the envelopes and lowers the surface gravity, thus allowing
mass-loss to proceed more rapidly.

We include the initial stellar masses on the top axis to
denote the mass which is comparable to the age at which
those masses undergo the thermally pulsing AGB phase. A
TMg star, for example, quickly passes through the AGB when
it is log(age/yr) = 7.7 (~50 million) years old.

3.2 Yields and Ratios

Specific treatments for convective mixing, overshooting, and
mass loss influence AGB models and result in different metal
yields and surface ratios. Table 3 shows some of these model
choices, notably the convective mixing length and RGB and
AGB mass loss parameters, between different studies. The
resulting surface metal yields from our models are greater
by ~50x at most stellar masses, for example, from Choi
et al. 2016 (MIST), which is likely due to their large con-
stant Blocker scaling factor leading to rapid mass loss limit-
ing thermal pulsing activity. In the same way, we see ~5x
higher yields at most masses than Cristallo et al. 2015, who
employed different AGB mass loss based on pulsation periods
(Straniero et al. 2006), and did not employ overshoot between
convective boundaries.

The total metal yields of standard isotopes expelled from
the stars are shown in Figure 5 (additional isotopes in Ap-
pendix A1) with comparisons included from Karakas 2010
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and Karakas & Lugaro 2016. Carbon 12 peaks at the same
mass but half the abundance at Z=0.0001, peaks at a lower
mass (3Mg) and comparable abundance at solar metallic-
ity, and at the same mass (3.5Mg) for supersolar metallic-
ity models. Nitrogen 14 shows excellent agreement at high
metallicity, but is considerably lower at the other metallic-
ities. Oxygen 16 and Neon 20 match well between the two
studies. Magnesium 24 yields show a considerable increase in
our models over Karakas & Lugaro 2016 and Battino et al.
2019.

Figure 4 shows surface ratios of carbon to oxygen (C/0O),
nitrogen to oxygen (N/O), fluorine to oxygen (F/O), and
carbon to nitrogen (C/N) at low, solar, and high metallicity
for all masses. These ratios are important metrics for AGB
stars because they reveal the efficiency of the internal dredge-
up processes and hint at the chemical imprint these stars
make on their host galaxies.

Each dredge-up event mixes carbon from the helium shell
up into the envelope which increases the carbon ratios at
the surface, that is until stars with sufficient mass reach
temperatures at the base of the convective envelope to fuse
carbon into nitrogen (Karakas & Lattanzio 2014). Figure 4
shows dips in C/O and C/N starting at 2.5Mg with a cor-
responding increase in N/O, a sign that this process, known
as hot bottom burning (HBB; Sackmann & Boothroyd 1992,
Blocker et al. 2000), has begun. While this is a lower thresh-
old mass for HBB than the ~ 4 — 4.5M found by other
studies (Karakas & Lattanzio 2014; Boothroyd et al. 1995),
it has been shown that lower metallicities experience HBB
at lower masses (Ventura & Marigo 2010) and we do see the
trends most pronounced in the Z=0.0001 models. This is ex-
pected from the combination of implementing exponential
overshoot and our scaled a7, which is higher particularly
at low metallicities, leading to more efficient convection and
higher temperatures at the base of the envelope.

The surface C/O ratio merits special attention as the pri-
mary observational diagnostic for AGB stars because it di-
rectly reflects the competition between third dredge-up which
enhances carbon and hot bottom burning which destroys car-
bon (Straniero et al. 2023). This ratio determines whether
stars appear as oxygen-rich M giants or carbon-rich C stars
(hereafter ”carbon stars”) in photometric surveys, making
it a crucial parameter for interpreting stellar populations in
different metallicity environments. In the Magellanic Clouds
where metallicities are on the order of Z=0.005 (Davies et al.
2015), stars of masses as low as 1.5Mg have been found to be-
come carbon stars (Ventura et al. 2016), and at higher metal-
licities, this minimum mass shifts up to 3-4Mg (Karakas &
Lattanzio 2014). Solar metallicity models surpass C/O=1
at ~ 1.75Ms and become carbon stars, though stars with
Z > 0.02 never reach C/O=1, with so much initial oxy-
gen present. Very low metallicity models (Z ~ 0.0001) are
carbon-rich at all masses in the TPAGB.

The N/O ratio gently increases in stars with solar or
greater metallicity as initial mass is increased, suggesting ac-
tive but moderate HBB producing additional nitrogen. N/O
jumps up enormously, however, as HBB in low metallicity
stars with much lower opacity in the envelope leads to more
vigorous HBB. This presents an intriguing consideration for
recent observations of high N/O ratios at high redshift (Char-
bonnel, C. et al. 2023). A high N/O is possible even with lit-
tle initial metals if star formation began early enough and a
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Figure 5. The ejected C12, N14, 016, F19, Ne20, and Mg24 yields as a function of initial stellar mass for 3 initial metallicities: nearly
metal free (0.0001), solar (0.014 or 0.015), and supersolar (0.03), with Karakas & Lugaro 2016 results for comparison.

top-heavy initial mass function at early times produced con-
siderable stars with HBB-capable masses.

Fluorine is produced during thermal pulsing in AGB stars,
but it is also fragile and easily destroyed by numerous reac-
tions in stellar interiors (Jorissen et al. 1992). Here we see
F/O follow a similar trend as N/O, which is expected as
the main fluorine production reaction requires nitrogen so it
should increase or decrease with nitrogen availability (Abia,
C. et al. 2015). We note, however, that only the solar metal-
licity models (green dashed) are reaching the ~107* — 107°
levels found by others in both observations (Lucatello et al.
2011) and models (Lugaro et al. 2004; Karakas 2010). At
7=0.0001, the very low metallicity allows temperatures in
the He shell of >~ 108K, which destroys fluorine. The Z=0.03
models should not have this problem, but we scale the mixing
length (Formula 1) inversely with metallicity, so they will ex-
perience a weaker dredge-up efficiency impacting the fluorine
that reaches the surface.

The C/N ratio shows the most distinct signature of HBB,
with a reversal at ~ 2.5Ms where the trend changes from
increasing C/N due to carbon dredge-up in lower mass stars
to sharply decreasing C/N as hot bottom burning converts
the newly-dredged carbon into nitrogen.

Figure 4 includes both the ratio of total yields over the
star’s lifetime (lines) and the ratio of surface mass fraction at
the end of TPAGB (dots). While similar, the dots of surface
mass fraction are generally slightly above the yields for C/O
showing that most of the carbon enrichment happens late in
the TPAGB. A slight opposite trend can be seen with N/O

suggesting that the surface reflects the late time when puls-
ing has slowed and HBB is over. The final F/O ratio at the
surface falls considerably below the integrated yields, par-
ticularly for low-metallicity, higher-mass models experienc-
ing vigorous HBB. This suggests that fluorine, unlike carbon
which is dredged up late in the evolution, may be consumed
by the hot bottom burning process, making the surface abun-
dance a poor tracer of the total fluorine production during
the AGB phase.

4 COMPARISON TO PREVIOUS RESULTS
4.1 Observational Tests

To test our models’ output reasonably reflects AGB obser-
vations, we start by comparing the final core masses of our
models with white dwarf mass observations from nearby clus-
ters. Kalirai et al. 2009 studied such white dwarf populations
found by photometric surveys and followed up with spectra
to ascertain their spectral type and progenitor mass. By iso-
lating a sample of white dwarfs from different clusters with
a spread of initial stellar masses, they develop an empirical
fit to the final-initial mass relation. The top panel of Figure
2 shows the white dwarf mass distribution found by Kali-
rai et al. 2009 in good agreement with the final-initial mass
relation of our models at 3 different metallicities.

Next, while the strength and frequency of an AGB star’s
thermal pulses can be changed readily in models with the
parameters related to mixing length, mass loss, and convec-
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tive overshoot, we cannot calibrate this pulsing activity di-
rectly to observations because the pulse cycle is tens to hun-
dreds of thousand years, too long to observe in real-time. It
is possible, however, to constrain AGB models with observa-
tions of the measured luminosities of carbon stars, as done
by Osborn et al. 2024. Carbon star population studies at a
range of masses and metallicities provide bolometric magni-
tudes which can guide numerical models. Abia et al. 2022
confirmed thousands of carbon stars from the Gaia survey
and based on the measured luminosities and kinematics con-
cluded that they constitute a mix of stellar types with a wide
range of metallicities. These data provide a baseline of lu-
minosities from observed AGB stars to validate our grid of
MESA models.

Abia et al. 2022 finds an average bolemetric luminosity
of -5.04 £+ 0.55 mag which corresponds to ~8200Lg. The
minimum mass we run in our grid at solar metallicity that
becomes a carbon star, that is which has a surface C/O ratio
greater than 1, is 2Mg. Weighting a population by a standard
M~235 initial stellar mass function leaves the bulk of the
carbon stars near this 2 Mg initial mass. We therefore develop
our scaling of mixing length o and Blocker scaling factor n
(Equations 1 and 2) to both encompass ranges described in
Sections 2.3 and 2.4 and to realize an average luminosity
close to 8200Ls mag throughout the TP-AGB in the 2Mg
and 2.5Mg models to capture the majority of carbon stars
in the Abia et al. 2022 population. Figure 2’s bottom panel
shows these observed metrics alongside the luminosities of
our IMF-weighted models at each initial metallicity.

Finally, observations of mass loss rates from different
populations of pulsating AGB stars have found values of
107" Mg /year to 107° Mg /year (Groenewegen et al. 2009;
Groenewegen & Sloan 2018). While these studies encompass
a wide range of stellar characteristics and are non-trivial mea-
surements with considerable uncertainties, they provide a
valuable sanity check that our treatment of mass loss, and
in particular the chosen scaling factors, provides reasonable
mass loss rates within these values. The top panel of Fig-
ure 3 shows mass loss rates of our models after integrating
over the TPAGB and then dividing by the duration. This
is a necessary step to accurately reflect the wildly fluctuat-
ing behavior experienced during this phase (see Figure 1).
The rates are then interpolated in stellar age to capture the
mass loss rates of stars with intermediate masses between
our models. The bulk of the mass loss rates fall neatly in
between the 1077 to 107° Mg /year expectation, with the ex-
ception being the early onsetting TPAGB of the higher mass
stars which peak at 1072'5M@/year. The average mass loss
rate from carbon stars studied by Groenewegen & Sloan 2018
(5.32 x 107" M /year) is included as a horizontal dotted line
which matches our models well, especially considering the ob-
servations will be dominated by the more numerous longer-
living stars.

4.2 Updating Cosmological Simulation Inputs

One motivation for updating the AGB yield tables is the con-
siderable discrepancy between the abundance of C1v pro-
duced by modern cosmological simulations and the abun-
dances seen in observations. Rahmati et al. 2016 compared
simulated C1v from Illustris and EAGLE to a variety of ob-
servational studies and showed that, while the abundances
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match well at low redshifts, they are 10-50x less at redshifts
earlier than z=3.5. Even TECHNICOLOR DAWN , a simula-
tion which accommodates for spatial variations in the ionizing
background, has the same result (Finlator et al. 2020). This
is puzzling, and raises the question whether simulations are
underproducing carbon, underionizing the carbon, or some
observational bias is overestimating the carbon abundances
that were present in the early Universe.

The TECHNICOLOR DAWN and EAGLE simulations both
derive their AGB mass outflow rates from the Bruzual &
Charlot (2003) population synthesis model, which in turn
employs stellar evolution tracks from Bressan et al. 1993
across different masses and metallicities (Oppenheimer &
Davé 2008). Metal yields from a variety of theoretical models
are then folded into this framework to cover a wide metal-
licity range (Marigo 2001; Herwig & Austin 2004; Gavildn
et al. 2005), finally producing lookup tables of overall stellar
mass and metal yields for AGB-produced carbon, nitrogen,
and oxygen.

Figure 7 compares the existing tables used by TECHNI-
cOLOR DAwWN and EAGLE with the results of our grid of
models. The bottom two panels show that the instantaneous
carbon metallicity of the outflowing gas is similar across stel-
lar ages and initial metallicities, just noting a 2x reduction
at sub-solar metallicities in our models. The top 2 panels,
however, show a drastic disparity in the instantaneous mass
loss rates at all ages and metallicities. The rates of mass loss
in our models are ~100x stronger, a striking result with con-
siderable implications for not only the CIV underproduction
problem, but other trends in galactic chemical evolution. The
amount of disparity is surprising, but Karakas & Lattanzio
2014 point out that while total yields remain similar between
models, mass loss prescriptions are much more variable. In
addition, Marigo et al. 2020 observed that updated physics
in AGB models leads to higher mass loss rates while main-
taining similar nucleosynthetic yields.

4.3 Differences from other Models

Even minor adjustments to parameters such as the mixing
length and mass-loss scaling factors result in considerable
changes to the dredge-up efficiency in AGB models (Rees
et al. 2024). One effective way to compare models is through
the surface C/O ratio. C/O tells us not only about the compo-
sition of an AGB star’s envelope but it encodes the dominant
interior processes and is a key observable to classify stars and
infer phases of mass-loss.

In Figure 6, the C/O ratio of our models is compared to
the MIST models of Choi et al. 2016 (dashed) and those of
Karakas & Lugaro 2016 (dotted). The MIST models, run
with the MESA code like ours, show much less carbon at
the surface at all initial metallicities and masses, suggesting
weaker or fewer dredge-up events. This meets expectations
of the Dutch mass loss scheme which can be more aggressive
and lead to earlier cessation of thermal pulses and also re-
moves envelope material that would otherwise be available
to participate in the dredge-up process (Hofner & Olofsson
2018). The peak of carbon enrichment, however, does match
the other models of intermediate metallicity at 3Mg. The
less consistent trend at Z=0.0001 and nearly flat trend at
7=0.03 demonstrate the potential benefit of scaling the mix-
ing length and mass loss parameters at extreme metallicities.
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Figure 6. A comparison between different studies of the surface
C/O ratio at the end of the AGB phase at (top) Z=0.0001, (second)
7Z=0.005, (second) Z=0.015, and (bottom) Z=0.03. Dashed lines
are the result of MESA models from MIST (Choi et al. 2016),
dotted lines are the results of Monash models from Karakas &
Lugaro 2016, and solid lines are our models. The point where they
surpass the thick grey horizontal line (C/O=1) is the stellar mass
that becomes a carbon star.

The Karakas & Lugaro 2016 models, though run with a differ-
ent code and AGB mass loss treatment, showed comparable
trends at solar and high metallicity. The main difference is
the transition to a carbon star at Z=0.005 occurs at a larger
mass of ~1.5M¢ for them than we see at ~1.25Mg.

We attribute these differences first to the variable mixing
length aprr. The common practice of fixing mixing length
and mass loss parameters for an entire grid of models is more
for simplicity and computational limitations than realism.
The change in efficiency of convection in lower metallicity
stars with lower opacity versus higher mass counterparts has
been demonstrated in 3D hydrodynamic simulations (Magic
et al. 2015). The larger apmrr at lower metallicities can ex-
plain the high C/O with Z=0.0001 models because it creates
more efficient convection leading to deeper penetration of the
convective envelope into the intershell region during dredge-
up episodes.

Second, the recent OPLIB radiative opacity tables from
Farag et al. 2024 show higher opacities in higher tempera-
ture regions, such as the active helium shell around cores
of AGB stars, which could promote deeper convection. The
wider range of these tables also provide improved accuracy
of opacities at the near metal-free and twice-solar metallicity
models we explore here.

In summary, the combination of metallicity-dependent
mixing lengths and mass-loss parameters, layer-dependent
exponential overshoot, and updated opacities produces AGB
models with enhanced dredge-up efficiency compared to
many previous models. While our approach requires more
computational complexity, it provides a more physically mo-
tivated treatment of convection across a wide metallicity
range relevant for galactic chemical evolution studies and
large-scale cosmological modeling.
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Figure 7. A comparison between the existing input tables for
simulations such as EAGLE and TECHNICOLOR DAWN on the
left and our results on the right, all weighted by a Chabrier IMF.
(Top) Instantaneous mass loss rates of AGB stars as a function
of their age and initial metallicity, normalized by the stellar mass
formed. (Bottom) Same, but instantaneous carbon mass fraction
of the outflowing gas from the AGB stars.

5 SUMMARY AND FUTURE DIRECTIONS

We run a grid of stellar models with MESA v24.08.1 at a
mass range of 0.8 to 7TMg and an initial metal mass fraction
range of 0.0001 to 0.03. We determine the stellar mass loss
rates and the metal yields for 16 isotopes from these models.
Finally, IMF-weighted input tables as functions of metal mass
fraction and stellar age are generated and made available for
cosmological simulations or other scientific applications.
We summarize several takeaways:

(i) Comparable luminosities and metal yields to previous
AGB studies are possible with fewer thermal pulses

(ii) Total yields of Carbon 12, Nitrogen 14, Oxygen 16,
and Neon 20 match previous studies well. Magnesium
24 yields are 3-4x greater at all initial masses.

(iii) The minimum initial mass for carbon stars derived
via interpolation is ~1.25M for initial metallicity
7=0.0001, ~1.75Mg for Z=0.005, and ~3Mg for
7=0.03.

(iv) Metal yields match well with existing tables in use by
EAGLE and TECHNICOLOR DAWN cosmological sim-
ulations. The rate of mass loss, however, may be con-
siderably underestimated in these tables as our results
show 50-100x stronger outflows from AGB stars.

(v) Scaling the convective mixing length by calibrating to
3D hydrodynamic simulations and the mass loss pa-
rameter to observed carbon star luminosities result in
stable AGB models which align with observations.

Comparing the isotope ratios from our grid to broad stel-
lar spectroscopic surveys like APOGEE would be an exciting
follow up to this study. Within the models themselves, rota-
tion is a property that has been shown to impact the con-
vection and mass loss of Wolf-Rayet stars, and would be an
interesting addition to models of AGB stars. Also, stars in bi-
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nary systems experience tidal interactions and mass transfer
which can affect the internal temperature gradients and alter
their convection patterns. As binary systems make up a con-
siderable portion of stars, accounting for these effects could
be meaningful to derive accurate mass loss rates and carbon
yields, which we would like to investigate in the future.
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Table 3: Results of All MESA Models in this Work

Inputs Results

Minitial Z aMLT nB Mypinat  TrPAGB  #TPs  Lrpavg Lrpmaz  Toce,max Amaz
0.80 0.0010 2.282 0.008 0.590 1.25E4-06 7 4.56E4-03 1.10E+4-04 2.71E+06 0.05
0.80 0.0020 2.262 0.010 0.584 1.25E406 8 4.36E+03 1.06E404 2.47E+06 0.00
0.80 0.0030 2.242 0.012 0.579 1.04E+406 6 4.47TE403 1.02E+4-04 2.47E+06 0.00
0.80 0.0040 2.222 0.013 0.575 9.79E+05 6 4.83E+03 9.85E+403 2.49E+406 0.00
0.80 0.0050 2.202 0.014 0.572 1.07E+406 7 3.74E+03 8.92E+03 2.53E+06 0.01
0.80 0.0100 2.102 0.017 0.565 9.09E+05 6 3.83E+03 8.47E403 2.56E+406 0.00
0.80 0.0150 2.002 0.019 0.560 8.25E+05 6 3.71E+03 7.82E+03 2.59E+06 0.00
0.80 0.0200 1.902 0.021 0.558 6.49E+05 5 4.03E403 7.51E4+03 2.49E+06 0.00
0.80 0.0300 1.702 0.023 0.553 4.23E405 4 4.27E403  6.68E+03 2.74E+07 0.00
1.00 0.0001 2.300 0.005 0.619 1.32E4-06 10 6.26E+03 1.32E404  4.66E+06 0.23
1.00 0.0010 2.282 0.010 0.604 1.12E+4-06 8 5.58E+03 1.19E4+04  4.52E+06 0.18
1.00 0.0020 2.262 0.013 0.598 1.11E4-06 8 5.38E+03 1.16E404 4.19E+406 0.14
1.00 0.0030 2.242 0.015 0.595 1.19E+406 9 5.14E+03 1.15E404  3.91E+06 0.10
1.00 0.0040 2.222 0.016 0.594 1.20E4-06 9 4.74E+403 1.11E404  3.55E+4+06 0.07
1.00 0.0050 2.202 0.017 0.593 1.05E+06 7 4.85E403 1.09E4+04  3.42E+06 0.03
1.00 0.0100 2.102 0.021 0.582 1.04E4-06 8 4.41E403 9.92E403 2.94E+06 0.00
1.00 0.0150 2.002 0.024 0.577 8.74E+05 7 4.62E4+03 9.17TE4+03 2.91E+06 0.00
1.00 0.0200 1.902 0.026 0.572 7.94E+05 7 4.87TE4+03 8.61E4+03 1.35E+07 0.00
1.00 0.0300 1.702 0.029 0.568 5.75E+05 6 5.17E+03 8.01E4+03 5.44E+07 0.00
1.50 0.0001 2.300 0.008 0.687 9.92E405 12 8.86E+03 1.64E404 8.20E+06 0.62
1.50 0.0010 2.282 0.016 0.620 1.03E+06 10 7.55E+03 1.37E4+04  7.32E+06 0.58
1.50 0.0020 2.262 0.019 0.614 1.12E+4-06 10 7.09E+03 1.31E404 6.83E+06 0.55
1.50 0.0030 2.242 0.022 0.610 1.19E4-06 10 6.87E+03 1.19E4+04  1.47E+07 0.52
1.50 0.0040 2.222 0.024 0.608 1.17E406 10 6.74E+03 1.17E404  6.48E+06 0.51
1.50 0.0050 2.202 0.026 0.606 1.25E406 11 6.65E+03 1.18E4+04  2.33E+07 0.49
1.50 0.0100 2.102 0.031 0.605 1.24E406 12 6.17E+03 1.23E404  2.95E+07 0.38
1.50 0.0150 2.002 0.035 0.606 1.17E+06 11 6.42E+03 1.19E4+04 5.61E+07 0.21
1.50 0.0200 1.902 0.039 0.699 1.02E+4-06 11 9.04E+03 1.09E404  4.04E+06 0.27
1.50 0.0300 1.702 0.044 0.609 8.37TE+05 10 6.40E+03 1.07TE404  5.69E+407 0.00
2.00 0.0001 2.300 0.011 0.662 8.60E+05 13 1.09E4-04 1.73E404 1.26E+407 0.88
2.00 0.0010 2.282 0.021 0.625 1.53E406 14 8.20E+03 1.32E404  1.37TE+4+07 0.71
2.00 0.0020 2.262 0.026 0.618 1.90E+4-06 16 7.55E+03 1.35E+404 1.75E407 0.67
2.00 0.0030 2.242 0.029 0.614 1.96E4-06 16 7.35E+03 1.25E404  3.02E+407 0.66
2.00 0.0040 2.222 0.032 0.613 2.00E+06 16 7.15E+03 1.19E404  4.97TE+07 0.65
2.00 0.0050 2.202 0.034 0.612 2.02E+4-06 17 6.96E+03 1.33E404  2.00E+407 0.65
2.00 0.0100 2.102 0.042 0.610 1.79E+406 15 7.51E+03 1.18E4+04  5.11E+07 0.62
2.00 0.0150 2.002 0.047 0.734 1.64E4-06 16 9.18E+03 1.17E404  6.65E+06 0.56
2.00 0.0200 1.902 0.052 0.624 1.42E+406 15 7.62E+03 1.24E404  5.85E+07 0.47
2.00 0.0300 1.702 0.058 0.668 1.23E406 15 7.62E+03 1.26E404 4.50E+406 0.15
2.50 0.0001 2.300 0.013 0.754 4.47E405 14 1.57E4+04 2.28E+04 8.01E+07 1.17
2.50 0.0010 2.282 0.026 0.685 5.45E+405 11 1.26E404 1.91E4+04 1.87E+07 1.02
2.50 0.0020 2.262 0.032 0.655 8.11E+05 12 1.056E4+04 1.51E+04 1.39E+407 0.91
2.50 0.0030 2.242 0.036 0.638 1.20E4-06 14 9.37TE+03 1.33E404  1.76E+07 0.82
2.50 0.0040 2.222 0.040 0.627 1.66E+06 17 8.64E+03 1.34E4+04  1.77TE+07 0.77
2.50 0.0050 2.202 0.043 0.623 2.07E+06 20 8.22E+03 1.35E4+04  8.86E+06 0.74
2.50 0.0100 2.102 0.052 0.630 2.54E+06 23 8.43E+03 1.28E4+04  5.95E+07 0.70
2.50 0.0150 2.002 0.059 0.643 2.48E+06 23 7.98E+03 1.28E404  5.75E+4+07 0.68
2.50 0.0200 1.902 0.064 0.660 2.17E+06 22 8.34E+03 1.27E4+04  7.33E+06 0.63
2.50 0.0300 1.702 0.073 0.739 1.74E+406 22 8.36E+03 1.38E4+04  6.03E+06 0.41
3.00 0.0001 2.300 0.016 0.840 2.28E+05 17 1.95E4+04 2.76E+04 1.05E+08 332.70
3.00 0.0010 2.282 0.031 0.812 1.96E+05 13 1.85E4+04 2.59E+04 1.09E408 1.17
3.00 0.0020 2.262 0.039 0.777 2.61E+05 12 1.57E4+04 1.81E+04 8.62E-+07 1.11
3.00 0.0030 2.242 0.044 0.747 3.23E405 11 1.53E4-04 1.80E+4-04 7.46E+07 1.06
3.00 0.0040 2.222 0.048 0.722 4.10E+05 12 1.39E4+04 1.69E4+04 8.65E+07 1.03
3.00 0.0050 2.202 0.051 0.704 5.23E+05 12 1.28E+4-04 1.52E404  8.45E+07 0.99
3.00 0.0100 2.102 0.063 0.659 1.16E4-06 17 1.02E404 1.33E4+04 6.57E+07 0.83
3.00 0.0150 2.002 0.071 0.677 1.34E4-06 18 9.79E+03 1.31E+404 1.00E4-07 0.78
3.00 0.0200 1.902 0.077 0.719 1.33E+406 19 9.70E+03 1.35E404  9.40E+06 0.74
3.00 0.0300 1.702 0.087 0.815 9.75E405 18 9.78E+03 1.50E+404 7.95E+06 0.64
3.50 0.0001 2.300 0.018 0.876 1.76E405 20 2.29E+04 3.40E4+04 1.42E+408 548.33
3.50 0.0010 2.282 0.037 0.855 1.36E+05 15 2.33E+04 3.23E4+04 1.11E+08 1.05
3.50 0.0020 2.262 0.045 0.842 1.42E405 14 2.06E+04 2.77TE+04 1.11E408 1.09
3.50 0.0030 2.242 0.051 0.848 1.45E4+05 12 1.91E4+04 2.12E4+04 5.00E+07 1.09

Continued on mext page
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(Table 3 continued)

Minitial Z apMLT 1B Myiinat  TrPAGB  #ITPs  Lrpavg Lrpmaz  Thee,max Amaz
3.50 0.0040 2.222 0.056 0.849 1.44E405 11 1.86E4+04 2.06E+04 4.30E+07 1.07
3.50 0.0050 2.202 0.060 0.853 1.46E+05 11 1.83E4+04 2.06E+04 4.07TE+07 1.07
3.50 0.0100 2.102 0.073 0.745 3.13E+05 12 1.41E404 2.29E404 7.38E+07 1.01
3.50 0.0150 2.002 0.083 0.780 4.49E+05 12 1.32E4+04 1.57E+04 1.87TE+07 0.95
3.50 0.0200 1.902 0.090 0.829 4.88E+05 13 1.27E404 1.56E4+04 1.61E+07 0.91
3.50 0.0300 1.702 0.102 0.967 3.86E+05 13 1.28E+04 1.88E+04 1.32E+07 0.80
4.00 0.0001 2.300 0.021 0.909 1.25E405 20 2.71E+04 3.57E4+04 1.28E+408 1139.93
4.00 0.0010 2.282 0.042 0.897 9.49E-+04 16 2.47E+04 3.23E4+04 1.13E+08 0.97
4.00 0.0020 2.262 0.052 0.885 9.71E+404 14 2.24E+04 2.84E404 8.22E407 0.97
4.00 0.0030 2.242 0.058 0.903 1.06E+05 14 2.16E+04 2.68E+4+04 7.28E+07 0.99
4.00 0.0040 2.222 0.064 0.907 1.11E+405 14 2.08E+04 2.57E4+04 6.90E+407 0.99
4.00 0.0050 2.202 0.068 0.904 1.16E405 13 2.05E+04 2.45E404 6.57TE+07 1.02
4.00 0.0100 2.102 0.084 0.923 1.21E+405 11 1.93E4+04 2.16E+04 4.60E+407 1.01
4.00 0.0150 2.002 0.095 0.985 1.21E405 11 2.04E+04 2.84E4+04 3.70E+07 1.00
4.00 0.0200 1.902 0.103 0.921 1.04E+405 9 1.70E4+04 2.60E+04 3.01E+407 0.97
4.00 0.0300 1.702 0.116 1.230 9.76E+04 8 1.74E4+04  2.42E+04 2.42E+07 0.90
4.50 0.0001 2.300 0.024 1.090 8.53E+404 19 3.42E+04 4.34E404  9.76E+407 1.04
4.50 0.0010 2.282 0.047 1.188 6.68E+04 16 3.42E+04 3.7TE4+04  9.32E+407 1.00
4.50 0.0020 2.262 0.058 0.938 7.14E+04 15 2.50E+04 3.38E4+04 8.86E+407 0.96
4.50 0.0030 2.242 0.066 0.946 7.33E+04 14 2.43E+04 3.20E4+04 8.58E+407 0.95
4.50 0.0040 2.222 0.072 0.951 7.75E+04 14 2.35E+04 3.02E404  8.28E+407 0.97
4.50 0.0050 2.202 0.077 0.954 7.90E+04 13 2.29E+04 2.91E404 8.05E+4+07 1.02
4.50 0.0100 2.102 0.094 0.983 8.82E+404 13 2.18E+04 2.67E4+04 6.91E+407 0.98
4.50 0.0150 2.002 0.106 1.052 9.96E+04 13 2.10E+04 2.39E4+04 5.75E4+07 0.98
4.50 0.0200 1.902 0.116 1.076 8.63E+04 11 1.99E4+04 2.59E+04 3.90E+07 0.96
4.50 0.0300 1.702 0.131 1.285 5.08E+04 7 1.91E404 2.39E4+04 2.99E+07 0.84
5.00 0.0001 2.300 0.026 0.975 6.08E+04 20 3.71E+04 5.36E4+04 1.38E+08 1092.89
5.00 0.0010 2.282 0.052 0.962 4.64E+04 16 3.16E+04 4.59E+4+04 6.24E+408 1.07
5.00 0.0020 2.262 0.065 0.980 4.72E+04 14 2.79E+04 4.17E4+04  9.65E+07 0.99
5.00 0.0030 2.242 0.073 0.992 4.97TE+04 14 2.71E+04 3.87TE4+04 9.31E4+07 0.98
5.00 0.0040 2.222 0.080 0.986 5.23E+04 13 2.60E+04 3.68E4+04 9.08E+07 0.95
5.00 0.0050 2.202 0.085 0.988 5.97TE+04 14 2.53E+04 3.47E404 &8.79E+4+07 0.94
5.00 0.0100 2.102 0.105 1.035 6.10E+04 13 2.42E+04 3.13E4+04 8.00E+07 0.93
5.00 0.0150 2.002 0.118 1.106 6.87TE+04 13 2.34E+04 2.93E404 7.24E+407 0.94
5.00 0.0200 1.902 0.129 1.167 6.66E+04 12 2.22E+04 2.61E4+04 6.32E+07 0.93
5.00 0.0300 1.702 0.146 1.505 6.05E+04 11 2.73E+04 3.30E4+04 3.73E+4+07 0.87
6.00 0.0001 2.300 0.032 1.059 2.46E+04 19 5.45E+04 7.56E+4+04 5.63E+08 0.99
6.00 0.0010 2.282 0.063 1.054 1.44E+404 10 3.33E+04 6.47E4+04 1.30E+408 0.77
6.00 0.0020 2.262 0.077 1.074 1.51E+4+04 9 3.25E+04 5.95E4+04 1.06E+08 0.73
6.00 0.0030 2.242 0.088 1.078 1.72E+04 9 3.16E+04 5.52E4+04 1.03E+408 0.76
6.00 0.0040 2.222 0.095 1.085 1.97E+04 10 3.10E+04 5.18E4+04 1.00E+08 0.80
6.00 0.0050 2.202 0.102 1.088 2.17E+04 10 3.04E+04 4.95E404 9.80E+407 0.83
6.00 0.0100 2.102 0.126 1.151 2.61E+04 11 2.92E+04 4.31E4+04 9.16E+07 0.83
6.00 0.0150 2.002 0.142 1.190 2.64E+04 11 2.70E+04 3.98E+404 8.55E407 0.78
6.00 0.0200 1.902 0.155 1.334 2.71E+04 11 2.67TE+04 3.67E+4+04 7.88E+07 0.79
6.00 0.0300 1.702 0.175 1.054 1.98E+404 7 2.62E+04 4.29E404 7.99E+07 0.67
7.00 0.0001 2.300 0.037 1.183 3.52E+03 9 5.92E+04 1.37TE4+05 5.88E+408 0.23
7.00 0.0010 2.282 0.073 1.367 2.07E+03 5 7.49E+04 1.22E405 1.30E+408 0.02
7.00 0.0020 2.262 0.090 1.258 2.26E+403 4 5.33E+04 1.10E+05 1.26E+408 0.21
7.00 0.0030 2.242 0.102 1.275 2.60E+03 4 5.46E+04 1.02E4-05 1.22E4-08 0.23
7.00 0.0040 2.222 0.111 1.283 3.10E+03 5 3.97E+04 9.40E+4+04 1.14E+408 0.30
7.00 0.0050 2.202 0.119 1.283 3.62E+403 5 3.91E+04 8.87E4+04 1.11E+08 0.33
7.00 0.0100 2.102 0.147 1.300 5.73E+03 6 3.38E+04 6.97E4+04 1.01E+408 0.22
7.00 0.0150 2.002 0.165 1.387 8.79E+03 8 3.30E+04 5.99E4+04 9.53E+07 0.51
7.00 0.0200 1.902 0.180 1.546 1.01E4-04 9 3.21E+04 5.34E+4+04 8.90E+407 0.45
7.00 0.0300 1.702 0.204 1.142 7.84E+03 5 2.99E+04 6.28E4+04 8.78E+07 0.20
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Column Descriptions

Col 1: Initial mass of stellar model (M)

Col 2: Initial metal mass fraction

Col 3: Mixing length «, calculated as aprr, 7 = 2.3 —[20 X (Z; —0.0001)]

M
Col =

4: Blocker scaling factor n for mass loss on the AGB, calculated as ng = X Z?‘S
Col 5: Final mass after last thermal pulse (M)
Col 6: Duration of thermally pulsing AGB phase (years)
Col 7: Number of thermal pulses experienced
Col 8: Average luminosity during thermal pulsing (L))
Col 9: Maximum luminosity during thermal pulsing (L)
Col 10: Maximum temperature at the base of the convective envelope during thermal pulsing (K)

Col 11: Maximum dredge-up efficiency, calculated as A = AMgredged / AMcore
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Figure Al. More ejected isotope yields as a function of initial stellar mass for 3 initial metallicities: nearly metal free (0.0001), solar
(0.015), and supersolar (0.03). For comparison, yields from Karakas 2010 (C13 at Z=0.0001) and Battino et al. 2022 (Z=0.01 and Z=0.03
at 2Mg and 3Mg) are included.
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APPENDIX B: OBSTACLES AND CONSIDERATIONS FOR AGB MODELING

Models with higher initial metallicity are more challenging to numerically solve than those with lower metallicity. These stars
can be more complex due to higher opacities, more rapid mass loss, and the intricate interplay of physical processes during the
thermal pulsing phase

The scaling of the mass loss parameter as a function of metallicity employed in this paper helped the problem, but did
not solve it completely. High-mass (>3.5M) models with Z=0.02 and especially with Z=0.03 consistently saw a very small
dt per timestep, effectively bring progress to zero. To achieve the desired final stellar mass and average luminosity to match
observations (see Figure 2), it became necessary to increase the mass loss scaling factor slightly:

M

_ 70.3 B1
10M, (B1)

n

Another obstacle one may encounter involves models of higher initial metallicity. It is common to use the composition of the
core as an indicator to transition between different stellar phases. For example, we initially set a central helium mass fraction
of 0.985 to denote the transition from the Red Giant Branch (RGB) to the Horizontal Branch, but while this value works well
for most models, it proved too high for supersolar metallicity models. These models at this stage had larger central fractions
of nitrogen, oxygen, and neon at this point so manually lowering the threshold becomes required to complete the RGB and
progress in the star’s evolution.
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