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ABSTRACT

Stars generate a variety of multi-messenger signals throughout their evolution. They
radiate photons from their stellar surface, neutrinos from their interior, and recently-
discovered gravitational waves during binary mergers. These signals give us important
clues about the composition, nuclear physics, and energy transport in stellar interiors,
enabling us to constrain the efficiency of convection, strength of nuclear reactions, and
the ultimate structure of white dwarf and pre-supernova stars. In this thesis, I focus
on analyzing the multi-messenger signals produced during or as a result of stellar
evolution. I evolve thousands of stellar models of low-mass and high-mass stars to
their final fate and explore how global features of stellar evolution are reflected in
their multi-messenger signals. I present a novel method for analyzing stellar neutrino
emission in a neutrino Hertzsprung-Russell diagram. I then discuss neutrino emissions
from stars of all masses and metallicities to provide stellar targets for current and
forthcoming neutrino detectors. I also discuss the evolution of the most massive stars
which result in pair-instability supernovae and make predictions for the black hole
(BH) mass spectrum. These predictions are currently being probed with gravitational
wave detections of merging binary BHs by the LIGO/VIRGO/KAGRA collaboration.
I then show how these gravitational wave signals can be used to constrain the most
uncertain nuclear reaction rates in all of astrophysics: the 2C(«a,7)'0O and triple-«

helium burning nuclear reactions which set the C and O composition of the cosmos.
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Fractional sound speed and density differences, dc = (cops - ¢(7))/c(r)
and dp = (pobs - p(r))/p(r), between the values predicted by the cal-
ibrated MESA standard solar model, ¢(r) and p(r), and the values in-
ferred from helioseismic data (Basu et al., 2009), cops and peps. Black
dots mark locations where dc and dp are evaluated. Purple curves are
for AGSS09 and red curves are for GS98. The gray band shows the
convective region, with the radius at the base of the convection zone
Rezp marked. The 30 uncertainties are shown as the blue bands. .. ..
Stellar evolution tracks in a photon HR diagram (left) and a neutrino
HR diagram (right). Tracks for low mass stars are shades of green
and those for high mass stars are shades of blue. Luminosities are
normalized by their respective current solar values, L, o = 3.828 X
10* erg s (Prsa et al., 2016a) and L, o = 0.02398 - L, o = 9.1795 x
103! erg s7! (see Section 2.3.2), and key evolutionary phases are labeled.
Ratio of the nuclear reaction neutrino luminosity to the thermal neu-
trino luminosity plotted along stellar evolution tracks in a neutrino
HR diagram. Gray curves indicate where nuclear reaction neutrinos
dominate, green curves where thermal neutrinos dominate, and blue
curves where the reaction and thermal neutrino luminosities are within
a factor of 10. The neutrino luminosity is normalized by the current
solar value L, o = 0.02398 - L, = 9.1795 x 10*' erg s™! (see Section
2.3 )
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Figure

24

3.1

Ratio of the photon luminosity to the neutrino luminosity in a neu-
trino HR diagram. Low mass stars are on the left, high mass stars on
the right. Gray curves indicate where photons dominate, green curves
where neutrinos dominate, and blue curves where the photon and neu-
trino luminosities are within a factor of 10. The neutrino luminosity is

normalized by the current solar value L, o = 0.02398 - L, o = 9.1795

x 103! erg s7! (see Section 2.3.2). ... ...

Coverage in the mass-metallicity plane (center). The x-axis is the
initial Z of a model relative to solar, and the y-axis is Mzaums of a model
relative to solar. Six metallicities, each marked with a different color,
and 70 masses at each metallicity (circles) span the mass-metallicity
plane. The nuclear reaction network for low-mass (left) and high-mass
(right) models is illustrated. These x-axes are the difference in the
number of neutrons and protons in an isotope. Positive values indicate
neutron-rich isotopes, the zero value is marked by the red vertical line,
and negative values indicate proton-rich isotopes. These y-axes are the
number of protons in an isotope, labelled by their chemical element
names. Isotopes in the reaction network are shown by purple squares.
Reactions between isotopes are shown by gray lines. Note Fe in the
low-mass reaction network does not react with other isotopes. Fe is
included for a more consistent specification of the initial composition,

hence any microphysics that depends upon the composition including
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Light curves for photons (left) and neutrinos (right). Tracks span 0.2—
150 Mg, for Z=1 Z and are labeled. Key phases of evolution including
the ZAMS (black circles), TAMS (black circles), core He flashes (light
green), thermal pulses, and pre-supernova stage are also labeled. The
PMS light curves are suppressed for visual clarity. L, during the nitro-
gen flash (He flash for photons) and thermal pulses for the M <8 Mg
light curves can exceed L,. At and beyond core C-burning L, dom-

inates the evolution of the M >8M light curves. Luminosities are

normalized to Lg = 3.828 x 10?3 erg s (Prsa et al., 2016b). .........

Total energy emitted in photons and neutrinos over the lifetime of
a model (top) and their ratio (bottom) across the mass-metallicity

plane. Transitions between different final fates occur at local extrema,

indicated by the colored panels and labels. ....................... ...

Ratio of L, to L, of the Z=1 Z, model versus Mza\s for all six metal-
licities at ZAMS (top panel), TAMS (second panel) and CHeD (third
panel). The ratio of E, to E, of the Z=1Z; model versus Myays for
all six metallicities at TAMS (fourth panel), CHeD (fifth panel) and

final fate (bottom panel). Each panel is colored by the final fate given
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Low-mass tracks in a YHRD (left panels) and a vHRD (right panels)
for Z=12Zg over 0.2-2.0 M, (top row) and 2.0-7.0 Mg (bottom row).
Tracks are colored by evolutionary phase and labeled. WD cooling
tracks are suppressed for visual clarity. Luminosities are normalized
to Ly = 3.828 x 10% erg s7! (Prsa et al., 2016b). The 1 Mg and
3 M, tracks are highlighted in black as they are analyzed in detail as

examples of low-mass models that do and do not undergo the He flash,

TeSPECtIVeLY. .

Components of L, over the lifetimes of a 1 Mg, 1 Z5 model (top) and
a 3 Mg, 1 Zs model (bottom). The x-axis is the sequential model
number, a non-linear proxy for time, which begins on the left at core
H-depletion and ends on the right as a cool WD at each metallic-
ity. Phases of evolution are marked by the colored regions and the
time spent in each phase is labeled. Curves show the luminosities
from nuclear and thermal processes and their sub-components, and

are smoothed with a 50 model moving average filter. Luminosities are

normalized to Lg = 3.828 x 10?3 erg s™' (Prsa et al., 2016b). ........
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Components of L, from nuclear reactions over the lifetime of a Mzams=
1 Mg model for all six metallicities. The x-axis is the sequential model
number, a proxy for time, beginning at core H-depletion (left) and
ending as a cool WD (right). Curves are smoothed with a 50 model
moving average filter. Evolutionary phases are shown by the colored

regions and labelled. Reactions emitting neutrinos in the pp-chain and
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Same as Figure 3.8 for 3 Mg models. ................. ... ... ... ..
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Fraction of F, emitted at different phases of evolution for all six metal-
licities (colored circles). From top to bottom, the panels show [E/Eio).
for core H-burning, shell H-burning, core He-burning prior to any TP-

AGB phase, He-burning through the TP-AGB phase, and during the

WD cooling phase. ...

Tracks in a YHRD (left panels) and a vHRD (right panels) for Z=1 7
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Components of L, for each phase of evolution of a Mzanms =20 Mg, 1
Zsmodel. The x-axis is the time to the onset of CC. Curves show the
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Figure

3.23 Average electron neutrino energies for beta decay processes (top panel),

4.1
4.2

4.3

average electron anti-neutrino energies for inverse-beta decay processes
(second panel), Johnson-Cousins B-V and V-K colors (third and fourth

panels), and neutrino light to mass ratio for a simple stellar population

(bottom panel) for all six metallicities. ........... ... ... ... ... ...

[lustration of a single star BH mass spectrum. ......................

As in Figure 4.1, but with an example of a calculated BH mass spec-
trum (teal line and diamonds). A magenta line marks Mpy = Mye.

The peak BH mass is labeled. Smaller masses, just left of the peak,
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to neutrinos, which dominates over photon cooling in the evolution-
ary phases shown. The integrated (I'; — 4/3) is shown in the bottom

panel to illustrate when the models are evolving dynamically. Hatched

regions indicate where C-shell, O-core, and Si-core burning take place.
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BH mass spectrums for the resolutions in Table 4.1 and Table 4.2. All
panels share a similar x-axis, Initial He Core Mass My, in M, and y
axis, BH Mass in M. Resolutions only shown at their respective peak

BH mass are labeled with asterisks. Horizontal dashed and solid lines

indicate the location of the peak BH mass for each resolution. ........

2C(a, ) reaction rate ratios, o;/0g, as a function of temperature. o;
spans -3.0 to 3.0 in 0.5 step increments, with oy being the current
nominal rate. Negative o; are gray curves and positive o; are green
curves. The +1,2,3 o; curves are labeled. The blue band show the

range of temperatures encountered during core and shell He burning.

XVvil

Page

.102

.116



Figure

4.7

4.8

The BH mass spectrum for different values of the 2C(a,7)*O rate;
left (¢ = —3), right (¢ = +3), and center (¢ = 0), for five of the
resolutions listed in Table 4.1. All panels share a similar x-axis, Initial
He Core Mass My, in My, and y axis, BH Mass in M. Resolutions
that are only shown at their respective peak BH mass are labeled with

asterisks on either side. Horizontal dashed and solid lines indicate the

location of the peak BH mass for each resolution. ...................

The location of the lower edge of the BH mass gap as a function of
the temperature-dependent uncertainty in the *C(a,7)®O reaction
rate. Each line marks the lower mass-gap boundary predicted by the
adopted 2C(a,y)'®O rate uncertainties. The magenta/pink line mark
the lower mass-gap boundary, as found in Figure 5 of Farmer et al.
(2020), predicted by the Kunz et al. (2002) rate as expressed in the
STARLIB reaction-rate library (Sallaska et al., 2013). The dark purple
line marks the lower mass-gap boundary predicted by models adopting
the resolution from Farmer et al. (2020) and the original 52 temper-
ature point ?C(a,7)0 rate provided by deBoer et al. (2017). The
coral blue line marks the lower mass-gap boundary using the updated
2C(a,7)'90 calculated and implemented in Mehta et al. (2022). The
dark blue line marks the revised lower mass-gap boundary calculated
in this work using the updated *C(a,y)'®O adopted in Mehta et al.

(2022). Note that o[*2C(c,7)*®O] represent different astrophysical S-

factor’s for each rate source. ...

xXviil

Page

118

119



Figure

4.9

The location of the lower edge of the BH mass gap as a function of the
temperature-dependent uncertainty in the 2C(a,7)*®O reaction rate.
The dark purple line marks the revised lower mass-gap boundary cal-
culated in this work using the updated *C(«,7)'%O adopted in Mehta
et al. (2022) and f3, = 1 (Angulo et al., 1999). The orange line marks
the revised lower mass-gap boundary calculated in this work using the
updated 2C(a,7)'%0O adopted in Mehta et al. (2022) and f3, = 1.378
(Kibédi et al., 2020). The white region denotes the mass gap and the
yellow-orange regions highlight differences between models computed
with fz, =1 and f3,=1.378 at the same uncertainty in 2C(a,v)'60.
All BH masses with Mpy> 45 My, included in GWTC-3 are shown with
dark red points and blue error bars showing the uncertainty in their
inferred mass. The approximate astrophysical S-factor corresponding

to each probability distribution function sourced o value is labeled on

the top X axis. ... oo

Xix

Page

123



Chapter 1

INTRODUCTION

1.1 Overview

" The lives and deaths of the stars seem impossibly remote from human experience,
and yet we are related in the most intimate way to their life cycles. The very matter
that makes us up was generated long ago and far away in red giant stars... The nitrogen
in our DNA, the calcium in our teeth, the iron in our blood, the carbon in our apple
pies were made in the interiors of collapsing stars. We are made of star stuff” (Carl
Sagan).

Understanding the composition, structure, and evolution of the stars is an essential
component in uncovering our cosmic origins. In this way, studying the life cycles of
the stars is a journey of self discovery.

For most of human history our primary method of contact with the stars other than
the Sun has been through visual observations of the night sky. Stars radiate photons
across space and time, and we capture them with eyes and more recently, telescopes.
Peering into the interiors of stars was never thought possible until the advent of
multi-messenger astronomy. Today, we know stars radiate photons from their stellar
surface, neutrinos from their interior, and recently-discovered gravitational waves
during binary mergers.

In 1930, Wolfgang Pauli first proposed the existence of a new very light particle
which rarely interacted with matter. Enrico Fermi later named this particle the " neu-
trino” meaning " little neutral one”. We now understand that in the core of stars the

process of transmutation, by which many chemical elements are synthesized through



nuclear fusion, also produces neutrinos as a byproduct. Since neutrinos interact fee-
bly with normal baryonic matter, they can escape the cores of stars unhindered under
circumstances where photons are trapped. Hence, The neutrinos radiated from the
cores of stars carry with them information about the structures and energies of the
stellar interior, making them a useful diagnostic of stellar cores.

In 1915 Albert Einstein first proposed his General Theory of Relativity through
which he uncovered the coupling between space, time, and gravity. In 1916, he used
this new theory of gravity to make the first prediction of gravitational waves, which
would not be directly detected until 2015, a century later. The first direct detection
came from the Laser Interferometer Gravitational Wave Observatory (LIGO) in Han-
ford, Washington and Livingston, Louisiana which observed the gravitational waves
resulting from the in-spiral of two compact objects. An estimated 30 M and 35M,
black hole (BH) merging together to form an estimated 62 M, BH, with roughly 3
Mg of being emitted in gravitational wave radiation during the merger. These BHs
likely formed as the final fates of massive stars, and their progenitor masses and spins
provide a host of information which can be used to constrain the stellar physics of
massive stars in their late burning phases.

To better understand stellar sources of photons, neutrinos, and gravitational waves
and how they can be used to inform stellar evolution as whole, we must first discuss
the general physical processes stars undergo in their interiors and their resulting

evolutionary phases.
1.2 Stellar Evolution

Our best models of the formation of the universe predict an initial composition of
~ 75.1% hydrogen ~ 24.9% helium, and 10~7% lithium. Most first generation stars in

the universe (population IIT) formed from this initial composition near the beginning



of cosmic time, re-ionizing the cosmos as it expanded and cooled from the big bang.
Heavier elements were synthesized and recycled through multiple generations of stars,
enriching the cosmos with metals.

A typical approach is to identify generations of stars by their metallicity. We
denote their hydrogen mass fraction X, helium mass fraction Y, and metal mass
fraction Z which encompasses all heavier chemical elements and isotopes. Each star
has a unique set of chemical isotopes that compose Z determined by it’s age, en-
vironment, and progenitors. The Sun is a later generation (population I) star with
X ~0.71,Y ~ 0.27, and Z ~ 0.02, although the exact composition of the Sun is a
subject of debate in the solar physics community.

In essence, the Sun and other stars are massive balls of hot gas powered by a heart
of nuclear fire. The evolution of a star is a dance with gravity. Stars typically form
from cold molecular clouds of gas and dust contracting under the force of gravity. As
the core begins to form, its contraction under the force of gravity leads to an increase
in the central temperature and pressure until nuclear fusion can begin. The energy
produced from nuclear fusion, primarily in the form of photons diffusing through
the stellar interior, provides the pressure necessary to counter the force of gravity
and prevent further contraction. This condition of stability is called hydro-static
equilibrium, when the radiation and gas pressure from the interior of star counters
the pressure of gravity, resulting in a a dynamically stable object. Section ?? describes

how we model such objects.
1.2.1 Hydrogen Burning

The first sources of nuclear burning in a newly forming star are from 2H and “li at
T =1x10°K and T = 3 x 10° K, respectively. These energy sources only briefly halt

the contraction of the stellar core, until the initial reservoir of 12C and N is converted



to 1YV via The reaction sequence 2C(p,7)"*N(,e*v,.)*C(p,7)"*N. CN burning occurs
at lower temperatures than when the full CNO cycle operates. Once the temperature
in the core reaches T' ~ 107 K, the star enters what is called the main-sequence (MS)
where the main hydrogen fuel source 'H begins to fuse. Hydrogen burning is occurs
through two separate nuclear two reaction chains, the proton-proton (pp) chain and
the (CNO) cycles listed below.

Proton-Proton Chains:

¢

'H4'H — 2H + et + v,

PP—T¢2H4+'H — 3He+~
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CNO cycle reactions:

BN B C+et 4+,

13C+1H—>14N—|—’7

CN cycle
BO 3B N4et+u,
BN +'H -2 C+* He
\
)
UN 4T H 3160 + 4
6O ' H 1T F 4+
CNO full

TEp 3170 +et 41,

O+ H =" N +4 He

\

The CNO cycle is not limited to these reactions but contains and contains larger
nuclear reaction chains with heavier isotopes that dominate at higher temperatures.
Stars with masses M < 1.1Mg, primarily burn hydrogen through pp reactions, whereas
more massive stars primarily burn hydrogen via CNO cycle reactions. The transition
from pp to CNO burning is primarily a result of the temperature dependence of each

cycle:

epp X X?pT™,

ecno < X ZpT",

The pp reactions have a higher initial cross-section since they depend on the square

of the hydrogen mass fraction, X, but a weaker temperature dependence, hence CNO



reactions dominate the energy generation rate in more massive stars where the core
temperatures are higher.

The main result of hydrogen burning is the conversion the initial core 'H into
“He. At the end of core-hydrogen burning, 'H is depleted from the core marking the
end of the main-sequence evolution of the star. The star is now termed a terminal
age main-sequence (TAMS) star. The inert *He continues to contract and heat up as
hydrogen burning propagates into the 'H-rich shell around the core. The hydrogen

shell burning phase of evolution continues until helium core ignition.
1.2.2 Helium Burning and beyond

As stars evolve, the ashes of nuclear burning usually have a heavier mean atomic
number and lie interior to the unburned fuel. For example, the He core is interior to
the H-burning shell, and the CO core is interior to the He-burning shell. One class of
exceptions occurs when a combination of electron degeneracy and thermal neutrino
losses lead to cooler temperatures in the central regions and the fuel ignites off-center.

The core He-burning phase of stellar evolution is characterized by a competition
between the (3-a) process ‘He(a, )*Be(a, )'2C*(,27)'2C and *C(«,7)'%0O which es-
tablish the C/O ratio of the stellar core for later phases.

The He core flash phase, which occurs in Myzanms S 2 M, stars, is characterized by
a series of subflashes that propagate toward the stellar center (Thomas, 1967; Serenelli
and Weiss, 2005; Bildsten et al., 2012; Gautschy, 2012; Serenelli et al., 2017). The
number of subflashes decreases as the stellar mass increases, and the initial flash
takes place closer to the stellar center. After the He core flash phase, which burns
very little helium, core He-burning then proceeds quiescently (e.g., deBoer et al.,
2017) to produce an electron degenerate CO core. Mzans 2 2 M, stars ignite helium

under non degenerate condition.



After core Helium depletion in stars with M < 8My, a thin He shell grows as
material from the adjacent H-burning shell is processed, causing the He shell to
increase in temperature and pressure. Once the mass in the He shell reaches a critical
value, He ignition causes a thermal pulse. low mass stars leave the thermal pulse phase
when the envelope mass above the still active H and He burning shells is reduced to
~ (.01 My by stellar winds. Nuclear burning extinguishes as these post-AGB stars
enters the white dwarf (WD) cooling track as cooling degenerate CO core.

High mass stars (M 2 8 M) reach high enough temperatures to ignite C and O,
fueling the evolution into a presupernova star. The evolution of massive stars through
advanced burning stages depends sensitively on the C/O ratio at He-depletion. The
evolution beyond core helium depletion high mass stars (M 2 8 M) is dominated
by the energy losses from thermal neutrino sources. Free streaming neutrinos from
thermal processes, primarily pair annihilation, dominate a star’s energy loss budget
from the core C-burning phase to core Si depletion. This dominance over photons
as the primary energy loss mechanism sets a rapid evolutionary timescale (years to

hours) for the advanced stages of nuclear fusion in presupernova stars (Woosley et al.,

2002).
1.3 Neutrino signals

In the stellar interiors, weak reactions produce electron neutrinos by thermal
processes, electron and positron captures on nuclei, and nuclear decays. Neutri-
nos are produced during H-burning on the main-sequence (MS) from the proton-
proton (pp) chain reactions p(p,ev,)*H, p(e™p,v.)?H, 3He(p,e v, )*He, "Be(e™,v, ) Li,
*B(,e"r,)®Be, and the CNO cycle reactions *N(,eTr,)!3C, ¥N(e™,v,)13C,
BO>etv) PN, 50 (e7 1) "N, F (et )70, Y"F(e™ 1)1 70, F (,eT1, ) O, where elec-

tron capture reactions on CNO nuclei are included (Stonehill et al., 2004). The



slowest step in the H-burning CNO cycle is the proton capture onto “N. This re-
sults in all the CNO catalysts piling up into N when core H-burning is complete.
During He-burning all of the N is converted in ?*Ne by the reaction sequence
N () 8F (,e 1) B O(a,y)*Ne. Higher temperatures can trigger the production of
nuclear reaction neutrinos from the H-burning hot CNO, Ne-Na, and Mg-Al cycles,
especially in massive stellar cores.

Neutrinos are also thermally excited from a variety of processes that occur in
hot-dense stellar interiors. The three most dominant thermal neutrino processes are
plasmon decay (Vplasmon — Ve + e ), photoneutrino production (e~ +v — e~ + v +7,),
and pair annihilation (e~ + et — v, + ). The bremsstrahlung (e~ +4Z — e~ +
AZ 4+ v, + 1.) and recombination (e, i um — €hound + Ve + Ve) channels play smaller
roles. photoneutrino production is the dominant thermal neutrino process during H-
burning, plasmon decay dominates in electron-degenerate cores typically encountered
in the cooling He or CO WDs, and pair annihilation dominates in the hot interiors

of massive stars evolving from C burning to core-collapse.
1.4  Gravitational wave signals

Stellar evolution of high mass stars seed the cosmic neutron star and black hole
(BH) mass spectrum. Through gravitational wave detections of merging binary com-
pacts objects we can place limits on abundance particular BH masses and the peak
stellar BH mass. The spectrum of final BH masses resulting from massive star evolu-
tion depends sensitively on the C/O composition of a massive star at He-depletion.
This is set by the competition between the 3—a and ?C(a,7)®0, the two most uncer-
tain nuclear reaction rates in all of astrophysics. Therefore, constraining the shape
of the BH mass spectrum in comparison to observations from the LIGO-VIRGO-

KAGRA (LVK) collaboration can inform nculear theory calculations of the low-energy



cross-section strengths for these important helium burning nuclear reactions. In par-
ticular, the standard theory of stellar evolution predicts a gap in the distribution of
BH masses owing to the effects of pair-instability, which depend sensitively on the

C/O composition of these stellar cores.
1.5 Software Instruments

This Thesis relied primarily on the open-source stellar evolution toolkit Modules
for Experimentation in Stellar Astrophysics (MESA) (Paxton et al., 2011, 2013, 2015,

2018, 2019; Jermyn et al., 2023).
1.6 Outline

This Thesis largely explores various neutrino and gravitational wave signals with
stellar evolution models. Chapter 2 explores stellar evolution in the novel neutrino
Hertzsprung-Russell diagram, chapter 3 investigates stellar neutrino emission across
stars a range of masses and metallicities and makes predictions for the neutrino emis-
sion from simple stellar populations, chapter 4 explores the sensitivity of stellar evo-
lution models and predictions of the upper BH mass gap to uncertainties in the 3-«
process and 2C(a,7)'0 reaction rate, and chapter 5 summarizes the take-aways of

this Thesis.



Chapter 2

ON STELLAR EVOLUTION IN A NEUTRINO HERTZSPRUNG-RUSSELL
DIAGRAM

Below is the published work of Ebraheem Farag et al 2020 ApJ 893 133.
2.1 Abstract

We explore the evolution of a select grid of solar metallicity stellar models from
their pre-main sequence phase to near their final fates in a neutrino Hertzsprung-
Russell diagram, where the neutrino luminosity replaces the traditional photon lumi-
nosity. Using a calibrated MESA solar model for the solar neutrino luminosity (L, o
= 0.02398 - L, = 9.1795 x 10%" erg s7') as a normalization, we identify ~0.3
MeV electron neutrino emission from helium burning during the helium flash (peak
L,/L, o ~ 10°, flux @, e fasn =~ 1.7%107 (10 pc/d)? cm™2 s~ for a star located at
a distance of d parsec, timescale ~ 3 days)and the thermal pulse (peak L, /L, o =~
10%, flux @, tp ~ 1.7x10* (10 pc/d)* em™2 s7!, timescale ~ 0.1 yr) phases of in
low mass stars as potential probes for stellar neutrino astronomy. We also delineate
the contribution of neutrinos from nuclear reactions and thermal processes to the to-
tal neutrino loss along the stellar tracks in a neutrino Hertzsprung-Russell diagram.
We find, broadly but with exceptions, that neutrinos from nuclear reactions domi-
nate whenever hydrogen and helium burn, and that neutrinos from thermal processes

dominate otherwise.
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2.2  Introduction

Stars radiate energy by releasing photons from the stellar surface and neutrinos
from the stellar interior. In the interior, weak reactions produce electron neutrinos by
thermal processes, electron and positron captures on nuclei, and nuclear decays. Neu-

trinos interact feebly with baryonic matter, with typical cross sections of ~ 10~** cm?

as opposed to typical photon cross sections of ~ 10724 cm?

, escaping from the star
unhindered in circumstances where photons are trapped.

Neutrino losses play key roles on the main-sequence in the case of the Sun (Bahcall
and Pinsonneault, 1992; Bahcall et al., 2005; Haxton et al., 2013), during the helium
flash in red giants (Ramadurai, 1976; Sweigart and Gross, 1978; Raffelt and Weiss,
1992; Catelan et al., 1996), in the conversion of “N to ?*Ne during core helium
burning (Serenelli and Fukugita, 2005), for the cooling of white dwarfs (van Horn,
1971; Kawaler et al., 1986; Fontaine et al., 2001; Althaus et al., 2010; Bischoff-Kim
and Montgomery, 2018), during core carbon burning (Ramadurai, 1984; Aufderheide,
1993; Meakin and Arnett, 2007; Cristini et al., 2017, 2019), for pre-supernova stars
(Odrzywolek, 2009; Kutschera et al., 2009; Patton et al., 2017a,b), for both core-
collapse supernovae (e.g., Janka, 2017) and electron-capture supernovae (Ray et al.,
1984; Jones et al., 2013), for the cooling of neutron stars (Nomoto and Tsuruta, 1981;
Potekhin et al., 2015), during X-Ray bursts, (Fujimoto et al., 1987; Goodwin et al.,
2019), for accretion disks around black holes (Birkl et al., 2007; Fryer et al., 2014;
Uribe Suérez and Rueda Hernandez, 2019) during neutron star mergers (Albert et al.,
2017; Kyutoku and Kashiyama, 2018a), and for nucleosynthesis from the v-process
(Woosley et al., 1990), vp process (McLaughlin and Fuller, 1995; Frohlich et al.,
2006), and r-process (e.g., Kajino et al., 2019).

Neutrino production from thermal processes mainly depends on the ambient ther-
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modynamic conditions (Fowler and Hoyle, 1964; Beaudet et al., 1967; Schinder et al.,
1987; Ttoh et al., 1996a). Neutrino production from electron/positron captures and
nuclear decays have a stronger dependence on the isotopic composition (Fuller et al.,
1980, 1982b,a, 1985; Langanke and Martinez-Pinedo, 2000, 2014; Misch et al., 2018),
and thus on the network of nuclear reactions that take place in the stellar interior.
These two classes of neutrino production thus carry complementary information about
the interior of stars (Patton et al., 2017a,b).

Neutrino astronomy has been limited, so far, to the Sun (Borexino Collaboration
et al., 2018), supernova 1987A (Hirata et al., 1987, 1988; Bionta et al., 1987; Alekseev
et al., 1987), and the blazar TXS 05064056 (IceCube Collaboration et al., 2018a,b).
However, the Super-Kamiokande with Gadolinium (Simpson et al., 2019), Jiangmen
Underground Neutrino Observatory (Li, 2014; Brugiere, 2017), and XENON (New-
stead et al., 2019) experiments usher in a new generation of multi-purpose neutrino
detectors designed to open new avenues for potentially observing currently undetected
neutrinos.

This article is novel in exploring the evolution of stellar models in a neutrino
Hertzsprung-Russell (HR) diagram, where the traditional photon luminosity is re-
placed with the neutrino luminosity. This exploration provides targets for current,
forthcoming, and future generations of neutrino detectors as well as providing esti-
mates of the stellar neutrino background signal. In Section 2.3 we describe the input
physics and solar normalization of the stellar models. In Section 2.4 we present our

main results, and in Section 2.5 we discuss and summarize our results.
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2.3 Stellar Models
2.3.1 Input Physics

We model the evolution of stars with initial masses M =1, 2, 3, 15, 25, 30, 35,
and 40 M from the pre-main sequence (PMS) to a white dwarf (WD) for the lower
masses, or the onset of core-collapse for the higher masses. These masses are chosen
to delineate features in a forthcoming neutrino HR diagram. We use MESA revision
r12115 to construct our stellar models (Paxton et al., 2011, 2013, 2015, 2018, 2019).
Each star is modeled as a single, non-rotating, mass losing, solar metallicity object.
The files to reproduce our work are publicly available at https://doi.org/10.5281/
zenodo.3634068.

We use the built-in MESA nuclear reaction network mesa 49 for low mass stars
and mesa 204 for high mass stars. Relatively large nuclear networks are required
to fully capture the energy generation rate, and thus the neutrino luminosity from
[-processes, in neutron-rich compositions. The current defaults for nuclear reaction
rates are described in Appendix A.2 of Paxton et al. (2019). Rates are taken from
a combination of NACRE (Angulo et al., 1999) and the Joint Institute for Nuclear
Astrophysics REACLIB library (default version, dated 2017-10-20) (Cyburt et al.,
2010a). The MESA screening corrections are from Chugunov et al. (2007), which in-
cludes a physical parameterization for the intermediate screening regime and reduces
to the familiar weak (Dewitt et al., 1973; Graboske et al., 1973) and strong (Alastuey
and Jancovici, 1978; Ttoh et al., 1979) limits at small and large values of the plasma
coupling parameter. All the weak reaction rates are based (in order of precedence)
on the tabulations of Langanke and Martinez-Pinedo (2000), Oda et al. (1994), and
Fuller et al. (1985).

The three most dominant thermal neutrino processes are plasmon decay (Yplasmon —
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Ve + ), photoneutrino production (e~ + v — e~ + v, + ), and pair annihilation
(e +et — v, + I.). The bremsstrahlung (e~ +2Z — e~ + 2Z + v, + 7,) and re-

combination (e — €poung T Ve + Vo) channels play smaller roles. The total

continuum
emissivities of all these processes, over a range of temperatures and densities, are
discussed in Itoh et al. (1989, 1992, 1996a,b) and implemented in the MESA thermal
neutrino loss module. Differential rates and emissivities of selected thermal neutrino
processes are discussed in Ratkovié et al. (2003); Dutta et al. (2004); Misiaszek et al.
(2006a); Odrzywolek (2007); Kato et al. (2015); Patton et al. (2017a,b).

The models approximate convection using the recipes described in Paxton et al.
(2019, 2018). The adopted values of the mixing-length parameter, a and overshooting

parameter f,,, as well as the initial hydrogen fraction X, helium fraction Y, and

metallicity Z and are determined from our calibrated Solar model.
2.3.2 Solar Neutrino Luminosity Normalization

We perform a Solar model calibration to reproduce the present day neutrino
flux (Villante et al., 2014). We iterate on differences between the final model at
to, =4.568 Gyr (Bouvier and Wadhwa, 2010) and the solar radius, Rs = 6.9566 x 10°
cm, solar luminosity, L, = 3.828 x 10%* erg s™' (Prsa et al., 2016a), and surface
heavy element abundance Z/X. We use the built-in MESA simplex module to itera-
tively vary the mixing-length parameter, «, and the initial composition X, Y, and
Z, including the effects of element diffusion (Thoul et al., 1994; Paxton et al., 2018).
This calibration is performed for two estimates of the heavy element abundance at the
surface of the Sun, Z/X = 0.0181 (Asplund et al., 2009) and Z/X = 0.0229 (Grevesse
and Sauval, 1998). We adopt a small amount of exponential convective overshooting
(Herwig, 2000a) by choosing f,, = 0.016 as used in the MIST isochrones (Choi et al.,

2016a). Separate implementations of convective overshooting at the base of the solar
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convection zone can be found in Christensen-Dalsgaard et al. (2011) and Zhang et al.
(2019). Our calibrated solar models do not include the structural effects of rotational
deformation or the effects of rotational mixing. Calibrated parameters are listed in
Table 4.1. We use the abbreviations AGSS09 = Asplund et al. (2009) photospheric
abundances mixture and GS98 = Grevesse and Sauval (1998) meteoric abundance
mixture in all Tables. The AGSS09 solar model is calculated using OPAL opacities
(Iglesias and Rogers, 1996a), and the GS98 solar model is calculated using the Opac-
ity Project (OP) opacities (7). See Vinyoles et al. (2017) for updated approaches

toward standard solar models.

Component | AGSS09 | GS98

X, 0.7200 | 0.7108
Y, 0.2654 | 0.2710
it 2.120 2.155

(Z/X)surt 0.0181 | 0.0229
L,o/L,o | 0.02398 | 0.02422

Table 2.1: Solar Calibration Parameters

Component | AGSS09 | GS98 | Observed®

Rezn/Re 0.7256 0.7178 | 0.713£0.001
Y surf 0.2396 0.2460 | 0.248540.0035

Table 2.2: Properties of the Solar Calibrated Model

Figure 2.1 shows the fractional difference in sound speed, dc, and density, dp,
between our calibrated solar models and the inferred helioseismic values, see Basu

et al. (2009). Calculated values for helioseimic quantities are shown in Table 4.3.
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Component | AGSS09 | GS98 | Observed®
Dy 6.01 5.98 | 6.05(1700%)
Dpe 4.71 4.95 | 4.82(170:0%
dp 4.62 5.09 | 5.00(140.03)
Dy 2.25 291 | <6.7

Do 1.67 2.21 | <32

Table 2.3: Solar Neutrino Fluxes

Disagreements arise from differences in the solar abundance profiles, equation of state,
opacities, model atmospheres, treatment of convection, and the absence of rotational
mixing. The task of correcting these disagreements is the subject of ongoing research,
see Bergemann and Serenelli (2014) and Serenelli (2016). Nonetheless, our seismic
results appear similar to those in Villante et al. (2014) and Asplund et al. (2009).
Neutrinos are produced during H-burning on the main-sequence (MS) from the
proton-proton (pp) chain reactions: p(p,e*v.)*H, p(e™p,v.)*H, *He(p,e"v.)*He,
Be(e™,v.)Li, ®B(,eTr,)®Be, and the CNO cycle reactions:
BN(,e1,)13C, BN(e™ ) 13C, BO(,e1.) PN, 0 (e~ 1) N, TF(,e*1,)170,
TF(e,v)70, BF(,etr,)®0, where electron capture reactions on CNO nuclei are
included (Stonehill et al., 2004). Higher temperatures can trigger the production of
nuclear reaction neutrinos from the H-burning hot CNO, Ne-Na, and Mg-Al cycles.
The neutrino flux in the solar interior is strongly dependent on the core temper-
ature (see Bahcall and Ulmer, 1996). Standard solar models that accurately predict
temperatures near the solar core should also generate comparable neutrino fluxes
to solar neutrino data. Neutrino fluxes are calculated from each solar model and

compared to observations in Table 2.3. Our predicted neutrino fluxes are similar to
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Figure 2.1: Fractional sound speed and density differences, dc = (cops - ¢(r))/c(r)
and dp = (pobs - p(r))/p(r), between the values predicted by the calibrated MESA
standard solar model, ¢(r) and p(r), and the values inferred from helioseismic data
(Basu et al., 2009), cons and pops. Black dots mark locations where dc and dp are
evaluated. Purple curves are for AGSS09 and red curves are for GS98. The gray
band shows the convective region, with the radius at the base of the convection zone

Rezp marked. The 30 uncertainties are shown as the blue bands.

Villante et al. (2014) and Haxton et al. (2013). We adopt the AGSS09 MESA model,
calculated using OPAL opacities, as the standard in this article. Specifically, we use
L,o =0.02398 - L, = 9.1795 x 10! erg s~! as the normalization for the neutrino

HR diagram.
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Figure 2.2: Stellar evolution tracks in a photon HR diagram (left) and a neutrino HR
diagram (right). Tracks for low mass stars are shades of green and those for high mass
stars are shades of blue. Luminosities are normalized by their respective current solar
values, L, o = 3.828 x 10% erg s~ (Prsa et al., 2016a) and L, o = 0.02398 - L, o =

9.1795 x 103! erg s™! (see Section 2.3.2), and key evolutionary phases are labeled.

2.4 Evolution in A Neutrino HR Diagram

Stars are powered mainly by fusion reactions throughout their life, but weak re-
actions play a key role in determining their structure, energy budget, and nucleosyn-
thesis. A fundamental aspect of weak reactions for stellar evolution is that they
facilitate hydrogen fusion into helium (for Universes and stellar evolution without the
weak force see Grohs et al., 2018). They affect the interior structure because the
pressure is mostly due to free electrons and in some cases (e.g., electron capture su-

pernovae) weak reactions change the number of free electrons. Neutrino losses modify
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the energy budget, and dominate for C-burning and beyond. Finally, they affect the
nucleosynthesis because the production of most nuclei is sensitive to the electron to
baryon ratio.

Figure 2.2 shows the stellar evolution tracks of the models considered in a photon
and neutrino HR diagram. A photon HR diagram uses two surface properties, the
effective temperature 7o and photon luminosity L. A neutrino HR diagram uses
the T.g surface property and an interior property, the neutrino luminosity L,. We
next discuss the key phases of evolution that are labeled in the neutrino HR diagram.

Each pre-main sequence (PMS) model begins with a uniform composition and
central temperature that is low enough that nuclear burning is inconsequential. The
central temperature and density then increase as the stellar model undergoes grav-
itational contraction. The initial CNO abundances for solar metallicity stars is not
equal to the CNO abundances when the CNO cycle is operating in equilibrium. Nu-
clear reactions replace gravitational contraction as the major source of L, and L, by
burning the 2C abundance to a value that is commensurate with CNO equilibrium
values (Iben, 1965).

The reactions 2C(p,7)"*N(,eTr)3C(p,7)'*N can occur at lower temperatures
than when the full CNO cycle competes with the pp-chain. They produce a nu-
clear energy En,. ~ NaQpX./A., where N, is the Avogadro number, p is the mass
density, X is the mass fraction of 2C, A, is the number of nucleons in 2C, and Q ~ 11
MeV is the nuclear binding energy release. The thermal energy is Fiy, ~ 3/2NapkpT,
where kg is the Boltzmann constant and 7' is the temperature. The ratio at solar
metallicity and T = 107 K is Eyue/Em ~ QX./(18kpT) ~ 1.5 (Bildsten, 2019). That
is, the star can delay gravitational contraction for about one Kelvin-Helmholtz by
reducing '2C. This transition from the PMS to the zero-age main sequence (ZAMS)

is visible in the neutrino HR diagram of Figure 2.2 as the loop prior to landing on
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the ZAMS.

For all of the models considered, core H-burning powers L, on the ZAMS by the
weak reactions given in Section 2.3.2. As H in the core depletes, all the models enter
the terminal-age main sequence (labeled TAMS in Figure 2.2) and continue to evolve
toward cooler Tyz. Further evolution is now divided into low mass stars (Section 3.5)

and high mass stars (Section 3.6).
2.4.1 Low Mass Stars

Low mass stars (M < 8 M) ascend the red giant branch (labeled RGB in Figure
2.2) as they evolve to cooler Teg in the photon HR diagram, and evolve at approxi-
mately constant L, from shell H-burning in the neutrino HR diagram.

As stars evolve, the ashes of nuclear burning usually have a heavier mean atomic
number and lie interior to the unburned fuel. For example, the He core is interior to
the H-burning shell, and the CO core is interior to the He-burning shell. One class of
exceptions occurs when a combination of electron degeneracy and thermal neutrino
losses lead to cooler temperatures in the central regions and the fuel ignites off-center.
Examples include He ignition in Myzays S 2M stars (i.e., the “helium flash”) and C
ignition in Super-AGB stars. Fuels that ignite off-center develop convection behind
the nuclear burning (towards the surface of the star) and propagate towards the
center. These convectively bounded flames have relatively slow speeds (Timmes et al.,
1994; Garcia-Berro et al., 1997; Schwab et al., 2020), due to the propagation being
driven by thermal conduction under semi-degenerate conditions.

Helium ignition occurs at the tip of the RGB in the photon HR diagram and in
the lower-right in the neutrino HR diagram. The slowest step in the H-burning CNO
cycle is the proton capture onto “N. This results in all the CNO catalysts piling

up into N when core H-burning is complete. During He-burning all of the “N is

20



converted in *Ne by the reaction sequence ""N(a,y)®F(,er,)80(a,v)**Ne. It is the
weak reaction in this sequence that powers L, throughout this phase of evolution
(e.g., Serenelli and Fukugita, 2005).

The He core flash phase, which occurs in Mzans S 2 Mg stars, is characterized
by a series of subflashes that propagate toward the stellar center (Thomas, 1967;
Serenelli and Weiss, 2005; Bildsten et al., 2012; Gautschy, 2012; Serenelli et al., 2017).
For example, the 1 My model in Figure 2.2 undergoes five subflashes with the first
subflash occurring at ~ 0.18 Mgand reaching L, ~ 10* L, . The number of subflashes
decreases as the stellar mass increases, and the initial flash takes place closer to
the stellar center. These subflashes, with their dependence on the stellar mass, are
visible in the neutrino HR diagram of Figure 2.2 as the spikes in the region labeled
“He Flash”. After the He core flash phase, which burns very little helium, core He-
burning then proceeds quiescently (e.g., deBoer et al., 2017) to produce an electron
degenerate CO core.

Helium ignition in Mzaus 2 2M stars occurs under non-degenerate conditions,
without flashes or subflashes, and leads to a different, smoother, signature in the pro-
duction of neutrinos from 'F decay. For the 2 Mg model, from Figure 2, L,=0.8 L ,
and L,=16 L., on the MS, L,=4330L. s and L,=1750 L, ¢ at He-ignition (tip of
the RGB), L,=5.1L, ¢ and L,=110 L, at core He-depletion (mass fraction of *He
less than 0.001), L,=420 L., and L,=6100 L, after the thermal pulses when the
envelope mass is 0.01 Mg, L,=1.8 L, o when L,=1.0L, o on the WD cooling track.

Asymptotic giant branch (AGB) stars are the final stage of evolution driven by
nuclear burning. This phase is characterized by H and He burning in geometrically
thin shells on top of the CO core (Herwig, 2005). For the more massive super-AGB
stars a ONeMg core is produced from a convectively bounded carbon flame that

propagates toward the center (Becker and Iben, 1979, 1980; Garcia-Berro et al., 1997;
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Figure 2.3: Ratio of the nuclear reaction neutrino luminosity to the thermal neutrino
luminosity plotted along stellar evolution tracks in a neutrino HR diagram. Gray
curves indicate where nuclear reaction neutrinos dominate, green curves where ther-
mal neutrinos dominate, and blue curves where the reaction and thermal neutrino
luminosities are within a factor of 10. The neutrino luminosity is normalized by the

current solar value L, o = 0.02398 - L, o = 9.1795 x 10* erg s™! (see Section 2.3.2).

Siess, 2007; Denissenkov et al., 2015; Farmer et al., 2015; Lecoanet et al., 2016).

A thin He shell grows as material from the adjacent H-burning shell is processed,
causing the He shell to increase in temperature and pressure. Once the mass in the
He shell reaches a critical value, He ignition causes a thermal pulse. For example, the
3 My model goes through a series of six thermal pulses, with an interpulse period

of ~ 10° yr. The number of thermal pulses a model undergoes is poorly determined
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as the number is sensitive to the mass resolution, the stellar mass loss rate, and the
treatment of convective boundaries. These thermal pulses are visible in the neutrino
HR diagram of Figure 2.2 as the spikes in the region labelled “Thermal Pulses”.
The stellar models leave the thermal pulse phase when the envelope mass above
the still active H and He burning shells is reduced to ~ 0.01 Mg by stellar winds.
All the low mass models then evolve toward larger Teg at nearly constant L, and L.,.
Nuclear burning extinguishes as the post-AGB model enters the WD cooling track.
Plasmon neutrino emission then dominates the energy loss budget for average-mass
CO WDs with Tg 2 25,000 K (Vila, 1966; Kutter and Savedoff, 1969; Bischoff-Kim
and Montgomery, 2018). As the WD continues to cool, photons leaving the surface
begin to dominate the cooling as the electrons transition to a strongly degenerate
plasma (van Horn, 1971; Cérsico et al., 2019). The low mass models in Figure 2.2
are arbitrarily chosen to terminate when the WD reaches L, = 0.1 L,o. With
Tog ~ 30,000 K at this arbitrary termination point, the WD models are still dominated
by thermal neutrino cooling, L, /L, ~ 3 (Winget et al., 2004). For calculating the
integrated neutrino background from stellar sources, especially if WDs are abundant,
these models should be further evolved to Teg < 12,000 K to drive L, /L, < 107

(e.g., Figure 5 in Timmes et al., 2018a).
2.4.2 High Mass Stars

High mass stars (M 2 8 M) in Figure 2.2 evolve at nearly constant L, and
L. as hydrogen depletes in the core and the models evolve to cooler Teg. Free
streaming neutrinos from thermal processes, primarily pair annihilation, dominate
a star’s energy loss budget from the core C-burning phase to core Si depletion. For
the 30 My model, from Figure 2.2, L,=82x10%L, s and L,=1.2x10° L, on the
MS, L,=1.3x10*L, s and L,=3.0x10° L, at core He-ignition, L,=5.3x10° L,
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Figure 2.4: Ratio of the photon luminosity to the neutrino luminosity in a neutrino
HR diagram. Low mass stars are on the left, high mass stars on the right. Gray curves
indicate where photons dominate, green curves where neutrinos dominate, and blue
curves where the photon and neutrino luminosities are within a factor of 10. The
neutrino luminosity is normalized by the current solar value L, o = 0.02398 - L, o =

9.1795 x 103! erg s™! (see Section 2.3.2).

and L,=2.7x10° L, s at core He-depletion (mass fraction of *He less than 0.001),
L,=3.2x10" L, and L,=3.1x10° L., 5 at core C-ignition. This dominance over pho-
tons as the primary energy loss mechanism sets a rapid evolutionary timescale (years
to hours) for the advanced stages of nuclear fusion in presupernova stars (Woosley
et al., 2002). This rapid evolution is visible in the neutrino HR diagram of Figure 2.2
as the nearly vertical curves at approximately constant Tig.

Weak reactions that increase the electron to baryon ratio during C-burning include
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B-processes involving 23Mg and 21?2Na. The composition continues to become more
neutron-rich during O-burning from B-processes on 3%:33P, 33p, 35Cl, and 3" Ar Core Si-
burning is the last exothermic burning stage and produces the Fe-peak nuclei. Many
isotopes in this stage of evolution undergo [-processes that continue to make the
material more neutron-rich (see Heger et al., 2001; Odrzywolek, 2009; Patton et al.,
2017b).

Dynamical large-scale mixing on nuclear burning timescales occurs during the late
stages of evolution in massive stars. Stellar evolution models suggest that merging
occurs between the C, Ne, O, and Si shells. These shell mergers are beginning to
be explored with 3D hydrodynamic simulations (e.g., Ritter et al., 2018). The ap-
proximate location of these shell mergers is labeled in the neutrino HR diagram. In
addition, the energetics of nuclear burning tightly couples to turbulent convection
during O-burning and Si-burning. This strong coupling must be modeled with 3D
simulations (Meakin and Arnett, 2007; Couch et al., 2015; Miiller et al., 2017; Fields
and Couch, 2020) to assess the fidelity of the convection approximations made by 1D
models.

When the Fe core reaches its finite-temperature Chandrasekhar mass, electron
capture and photodisintegration drive collapse of the Fe core, with the largest infall
speeds usually occurring near the outer edge of the Fe core. The massive star models
in Figure 2.2 terminate when any mass coordinate within the Fe core exceeds an

inward velocity of 300 km sec™!.

2.4.3 Reaction and Thermal Neutrino Luminosities

Figure 2.3 shows the ratio of nuclear reaction neutrinos to thermal neutrinos
along the stellar evolution tracks in the neutrino HR diagram. Broadly, neutrinos

from reactions dominate during H and He burning, and thermal neutrinos dominate
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for C-burning onwards. There are exceptions to this general scenario. One exception
is between the subflashes of the He flash for low mass stars, where thermal neutrinos
become comparable or larger than neutrino losses from reactions. Another exception
are between thermal pulses on the AGB where thermal neutrinos are again comparable
or larger than nuclear reaction neutrinos. Conversely, nuclear reaction neutrinos are
comparable to, but less than, thermal neutrinos during the final phases of massive

star evolution.
2.4.4 Photon and Neutrino Luminosities

Figure 2.4 shows the L. /L, ratio along the stellar evolution tracks in the neutrino
HR diagram. Photons dominate over most of star’s lifetime (e.g., Barkat, 1975),
except in the advanced stages of evolution, where neutrinos dominate on the early
portions of the WD cooling tracks for low mass stars and for carbon burning to the

onset of core collapse for high mass stars.
2.5 Discussion and Summary

Using a MESA solar calibrated model for the Sun’s neutrino luminosity as a nor-
malization (Section 2.3.2), we have explored the evolution of a select grid of stellar
models from their pre-main sequence phase to near their final fates in a neutrino HR
diagram (Figure 2.2). We also delineated the contributions from reaction and ther-
mal neutrinos during a model’s evolution (Figure 2.3). This is the first time, to our
knowledge, that such an exploration with a different messenger, neutrinos, has been
presented in the literature.

Neutrino astronomy is a unique tool that can yield insights into otherwise hidden
aspects of stellar astrophysics (Bahcall, 1989; Beacom, 2010). However, the small

cross section between neutrinos and baryonic matter, which allows neutrinos to escape
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from the star in the first place, means it is unlikely that near-future neutrino detectors
will be able to probe the neutrino luminosity tracks shown in Figure 2.2.

A possible exception is the evolution of a pre-supernova star on timescales of a
~10 hr before Fe core-collapse. For a normal neutrino mass hierarchy, more than 200
events could be detected before core collapse for a 15-30 M, star at ~ 200 pc (e.g.,
a Orionis, Betelgeuse), and neutrino emission may be detectable within ~ 600 pc
with the improved sensitivity of Super-Kamiokande with Gadolinium (Patton et al.,
2017b; Simpson et al., 2019).

Another possible exception is the detection of neutrinos from the He flash and
thermal pulses of low mass stars. Figures 2 and 3 suggest the He flash reaches peaks
of L, ~ 10° L, ¢ and is driven by the ®F(,e*1,)'80 reaction (Serenelli and Fukugita,
2005). The maximum energy of neutrinos emitted by this reaction is ~ 0.6 MeV and
the average energy is ~ 0.3 MeV. The neutrino flux is thus ®, pe flash >~ 1.7x107 (10
pc/d)? em™2 s7! for a star located at a distance of d parsec. The timescale of this peak
emission is ~ 3 days, depending chiefly on the initial ZAMS mass. Figures 2 and 3
also suggest that the He-burning driven thermal pulses reach peaks of L, ~ 10° L,
from the same BF(,e™1,)!®0 reaction with an average energy of ~ 0.3 MeV. This
gives a neutrino flux of ®, rp ~ 1.7x10* (10 pc/d)? em™2 s~! on timescales of ~ 0.1
yr, depending on the mass of the stellar envelope, uncertain mass loss rate, and pulse
number. Finally, integration of the neutrino luminosity stellar evolution tracks may
be useful for refining estimates of the diffuse stellar neutrino background (Horiuchi

et al., 2009; Beacom, 2010).
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Chapter 3

STELLAR NEUTRINO EMISSION ACROSS THE MASS-METALLICITY PLANE

Below is the published work of Ebraheem Farag et al 2024 ApJS 270 5.
3.1 Abstract

We explore neutrino emission from nonrotating, single star models across six ini-
tial metallicities and seventy initial masses from the zero-age main sequence to the
final fate. Overall, across the mass spectrum, we find metal-poor stellar models tend
to have denser, hotter and more massive cores with lower envelope opacities, larger
surface luminosities, and larger effective temperatures than their metal-rich counter-
parts. Across the mass-metallicity plane we identify the sequence (initial CNO — N
— 22Ne — Mg — Al — Mg — 39P — 30Si) as making primary contributions to
the neutrino luminosity at different phases of evolution. For the low-mass models we
find neutrino emission from the nitrogen flash and thermal pulse phases of evolution
depend strongly on the initial metallicity. For the high-mass models, neutrino emis-
sion at He-core ignition and He-shell burning depends strongly on the initial metallic-
ity. Anti-neutrino emission during C, Ne, and O burning shows a strong metallicity
dependence with #*Ne(a,n)*Mg providing much of the neutron excess available for
inverse- decays. We integrate the stellar tracks over an initial mass function and
time to investigate the neutrino emission from a simple stellar population. We find
average neutrino emission from simple stellar populations to be 0.5-1.2 MeV electron
neutrinos. Lower metallicity stellar populations produce slightly larger neutrino lu-
minosities and average [ decay energies. This study can provide targets for neutrino

detectors from individual stars and stellar populations. We provide convenient fitting
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formulae and open access to the photon and neutrino tracks for more sophisticated

population synthesis models.
3.2 Introduction

The next core-collapse (CC) supernova in the Milky Way or one of its satellite
galaxies will be an opportunity to observe the explosion of a massive star across the
electromagnetic, gravitational, and particle spectrums. For example, neutrinos with
energies <10 MeV have played a prominent role in stellar physics (Hirata et al.,
1987, 1988; Bionta et al., 1987; Alekseev et al., 1987; Bahcall, 1989; Borexino Collab-
oration et al., 2014, 2018, 2020) and particle physics (Bahcall, 1989; Ahmad et al.,
2002; Ackermann et al., 2022). Maps of >1 TeV neutrinos from the Galactic plane
are consistent with a diffuse emission model of neutrinos whose analysis includes
the supernova remnant and pulsar wind nebula outcome(s) of CC events (IceCube
Collaboration, 2023).

Ongoing technological improvements in detector masses, energy resolution, and
background abatement will allow the global SuperNova Early Warning System net-
work (Al Kharusi et al., 2021) to observe new signals from different stages of the
lifecycle of individual stars or the aggregate signal from a stellar population with
multi-kiloton detectors such as SuperKamiokande (Simpson et al., 2019; Harada et al.,
2023), SNO+ (Allega et al., 2023), KamLAND (Abe et al., 2023), Daya Bay (An et al.,
2023), DUNE (Acciarri et al., 2016), JUNO (Yang and JUNO Collaboration, 2022)
and the upcoming HyperKamiokande (Abe et al., 2016).

Examples of ongoing stellar neutrino searches include pre-supernova neutrinos
which allow new tests of stellar and neutrino physics (e.g., Odrzywolek et al., 2004;
Kutschera et al., 2009; Odrzywolek, 2009; Patton et al., 2017a,b; Kato et al., 2017,

2020a; Kosmas et al., 2022) and enable an early alert of an impending CC supernova
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to the electromagnetic and gravitational wave communities (Beacom and Vogel, 1999;
Vogel and Beacom, 1999; Mukhopadhyay et al., 2020; Al Kharusi et al., 2021). Other
ongoing explorations include the diffuse supernova neutrino background (Hartmann
and Woosley, 1997; Bisnovatyi-Kogan and Seidov, 1984; Krauss et al., 1984; Ando and
Sato, 2004; Horiuchi et al., 2009; Beacom, 2010; Anandagoda et al., 2020; Suliga, 2022;
Anandagoda et al., 2023), and neutrinos from the helium-core nitrogen flash (Serenelli
and Fukugita, 2005), compact object mergers (Kyutoku and Kashiyama, 2018b; Lin
and Lunardini, 2020), tidal disruption of stars (Lunardini and Winter, 2017; Winter
and Lunardini, 2022; Reusch et al., 2022), and pulsational pair-instability supernovae
(Leung et al., 2020).

Farag et al. (2020) introduced the idea of a neutrino Hertzsprung—Russell Diagram
(vHRD) with a sparse grid of models. Each model started from the zero-age main
sequence (ZAMS) and ended at a final fate but only at solar metallicity. They found
all masses produce a roughly constant neutrino luminosity L, during core H burning
on the main-sequence (MS), and confirmed that low-mass (Mzams < 8 Mg) Red Gi-
ant Branch (RGB) models with Mzams < 2 M, undergo large increases in L, during
the helium flash (nitrogen flash for neutrinos, Serenelli and Fukugita, 2005) and sub-
sequent sub-flashes. They also found He burning in asymptotic giant branch (AGB)
models undergo sharp increases in L, from thermal pulses (TPs), and significantly
larger L, from the hotter and denser cores of later evolutionary stages culminating at
the onset of CC in high-mass (Mzams > 8 Mg), non-rotating, single star models. A
photon Hertzsprung—Russell Diagram (YHRD) provides information about the stellar
surface, a YHRD can serve as a diagnostic tool of the stellar interior.

Changes in the initial metallicity Z of a model changes the structure of the model
through the equation of state (EOS Saumon et al., 1995; Timmes and Swesty, 2000;

Rogers and Nayfonov, 2002; Irwin, 2004; Potekhin and Chabrier, 2010; Jermyn et al.,
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2021; Bauer, 2023), radiative opacity (Iglesias and Rogers, 1993, 1996b; Ferguson
et al., 2005; Ferguson and Dotter, 2008; Poutanen, 2017), conductive opacity (Cassisi
et al., 2007; Blouin et al., 2020), nuclear energy generation rate (Angulo et al., 1999;
Cyburt et al., 2010b; Sallaska et al., 2013; deBoer et al., 2017; Farag et al., 2022),
gravitational sedimentation (Bauer et al., 2020), and mass-loss by line driven winds
(Sanyal et al., 2017; VandenBerg et al., 2022).

The coupling between these pieces of stellar physics and neutrino production from
thermal (Itoh et al., 1996a) and weak reaction processes (Fuller et al., 1985; Oda et al.,
1994; Langanke and Martinez-Pinedo, 2000; Nabi et al., 2021) suggests that changes
in Z can cause changes in a YtHRD, and upon integration, the neutrino emission from
a simple stellar population model.

This article is novel in exploring stellar neutrino emission across the mass-metallicity
plane. This study can provide targets for neutrino detectors from individual stars and
stellar populations. Section 3.3 describes the mass-metallicity grid and stellar physics,
§ 3.4 presents overall features and drivers across the mass-metallicity plane, § 3.5 ana-
lyzes low-mass tracks, § 3.6 details high-mass tracks, § 3.7 explores neutrino emission
from a simple stellar population model, and §4.6 summarizes our results.

Important symbols are defined in Table 3.1 and Table 3.2. Acronyms and termi-

nology are defined in Table 3.3.
3.3 Mass-Metallicity Plane and Stellar Physics

We model the evolution of single, non-rotating stars over a wide range of initial
masses and metallicities, from the pre-main sequence (PMS) to the final fate. Fig-
ure 3.1 shows the mass-metallicity plane for 70 Myays models distributed in the range
0.2Mg < Mzams< 150 Mg, for six initial metallicities log(Z/Z,) =0.5, 0, —0.5, —1,

—2, —3, where we choose Z,= 0.0142 (Asplund et al., 2009). This mass-metallicity
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Name Description Appears
A Atomic number 3.3
D Element diffusion coefficient 3.3
E Energy 3.4.2
€ Average neutrino energy 3.6.1
g Gravitational acceleration 3.4.2
H Pressure scale height 3.4.2
K Opacity 3.4.2
kgp Boltzmann constant 3.4.2
L Luminosity 4.2
M Stellar mass 4.2
1 Mean molecular weight 3.3
n Number density 3.3
n Neutron excess 3.3
R Stellar Radius 3.5.2
p Mass density 3.4.2
P Pressure 3.4.2

Table 3.1: Important symbols.

plane spans the range of single stars found in the Galaxy (Edvardsson et al., 1993;
Ratcliffe et al., 2023; Almeida-Fernandes et al., 2023), and aids estimates of the neu-
trino emission from simple stellar population models.

We use MESA version r15140 to construct our stellar models (Paxton et al., 2011,

2013, 2015, 2018, 2019; Jermyn et al., 2023). We follow MIST (Choi et al., 2016b) to
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Name Description Appears
P Pressure 3.4.2
T Temperature 3.3
T Time or Timescale 3.5.2
X Mass fraction 3.3
X Hydrogen mass fraction 3.3
Y Abundance 3.3
Y Helium mass fraction 3.3
Y. Electron fraction 3.3
Z Metal mass fraction 4.2
A Atomic charge 3.3

Table 3.2: Important symbols.

scale the H mass fraction X, He mass fraction Y, and metallicity Z

Yo —Y
Y::ﬂﬁ(iL—%Z (3.1)
Ze

X =1-Y-2, (3.2)

where we adopt the primordial He abundance Y, = 0.249 (Planck Collaboration et al.,
2016), Y, =0.2703 and Z =0.0142 with mass fractions from Asplund et al. (2009).

For the low-mass models, we chose the Riemers wind mass loss scheme (Reimers,
1977) with an efficiency of 0.5 on the RGB, and Blockers wind mass loss scheme
(Blocker, 2001) with an efficiency of 1.0 on the AGB. All low-mass models terminate
as a white dwarf (WD) at L =102 Lg, even if the evolution is longer than the age of
the universe.

For the high-mass models, we choose the “Dutch” wind loss scheme (Nieuwen-

huijzen and de Jager, 1990; Nugis and Lamers, 2000; Vink et al., 2001; Glebbeek

33



Acronym Description Appears

AGB Asymptotic Giant Branch 4.2
CcC Core Collapse 4.2
CHeB Core Helium Burning 3.4
CHeD Core Helium Depletion 3.4
CcO Carbon-Oxygen 3.4.1
EOS Equation of State 4.2

~vHRD Photon Hertzsprung Russell Diagram 4.2

vHRD Neutrino Hertzsprung Russell Diagram 4.2

HB Horizontal Branch 3.5
IMF Initial mass function 3.7
MLT Mixing Length Theory 3.3
PMS Pre-Main Sequence 3.3
RGB Red Giant Branch 4.2
RSG Red Supergiant 3.6
TP Thermal Pulse 4.2
WD White Dwarf 3.3
ZAMS Zero Age Main Sequence 4.2
TAMS Terminal Age Main Sequence 3.4
Low-mass Mzanms < 8 Mg 4.2
High-mass Mzanms > 8 Mg 4.2

Table 3.3: Acronyms and Terminology.

et al., 2009) with an efficiency of 1.0 to generate stripped models. All models use

an Eddington-grey iterated atmosphere as an outer boundary condition. We apply
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an extra pressure to the surface (see Section 6.1 of Jermyn et al., 2023) of our AGB
and high-mass models to maintain stability of the surface layer in super Eddington
regimes where the surface of the model can otherwise run away. The termination age
for all high-mass models is at the onset of CC when the infall velocity of the Fe core
reaches 100km s~!. A subset of our models halted prematurely: at core C-depletion
(Mzams =8-10 My,), a stalled Ne/O flame in a degenerate core (Mzams = 11-14 M),
the onset of pair-instability (C-ignition with My, 245 M), or due to numerical dif-
ficulties near the onset of CC.

We adopt a minimum chemical diffusive mixing coefficient of Dy, = 1072 cm? s71
from C-ignition to the onset of CC to aid the convergence properties of our high-mass
models (Farag et al., 2022). To reduce the numerical cost we use operator splitting
to decouple the hydrodynamics from the nuclear burning for temperatures above
T=1x10° K (Jermyn et al., 2023).

We also adopt a = 1.5 for the convective mixing-length parameter, and f,, =0.016,
fo.00 =0.008 for the convective overshooting parameters in all convective regions (Her-
wig, 2000b; Choi et al., 2016b). All stellar models use the MLT++ treatment for
superadiabatic convection in the envelopes (Sabhahit et al., 2021). We also damp the
velocities in the envelopes of our low-mass AGB models and high-mass models during
the advanced burning stages to inhibit the growth of radial pulsations.

Figure 3.1 illustrates the 52 isotope nuclear reaction network used for low-mass
stars and the 136 isotope reaction network used for high-mass models. Extended
networks are required to accurately capture the nuclear energy generation, compo-
sition and stellar structure profiles, and the neutrino luminosity and spectra from
p-processes (Farmer et al., 2016; Patton et al., 2017a,b; Kato et al., 2020a). The
136 isotope network is reliable up to the onset of Si-shell burning, T'< 4x10 K. At

higher temperatures, the paucity of Fe group isotopes in this reaction network cannot
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fully capture the nuclear burning (Farmer et al., 2016; Patton et al., 2017a).

Nuclear reaction rates are a combination of NACRE (Angulo et al., 1999) and
JINA REACLIB (Cyburt et al., 2010a). We use the median 2C(a,7)'®O reaction
rate from the experimental probability distribution function provided by deBoer et al.
(2017), updated in Mehta et al. (2022), and publicly released in Chidester et al. (2022).
Reaction rate screening corrections are from Chugunov et al. (2007), which includes
a physical parameterization for the intermediate screening regime and reduces to the
weak (Dewitt et al., 1973; Graboske et al., 1973) and strong (Alastuey and Jancovici,
1978; Itoh et al., 1979) screening limits at small and large values of the plasma coupling
parameter. Weak reaction rates are based, in order of precedence, on Langanke and
Martinez-Pinedo (2000), Oda et al. (1994), and Fuller et al. (1985).

Baryon number is conserved in nuclear reactions. Define the abundance of species
Y; by

n;

Y= — (3:3)

np
where n; is the number density of isotope ¢ and ng is baryon number density. The
number of baryons in isotope i divided by the total number of baryons of all isotopes

is the baryon fraction (mass fraction)

where A; is the atomic mass number, the number of baryons in an isotope. The mean

atomic number is

SRR S S s G SO

the mean charge is

= 2 Y YiZ _Z
>N > Y (3.6)
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the electron to baryon ratio (electron fraction) is

Ne anZz YA
Sviz-Z 57

np np
where n, is the free electron number density and the second equality assumes full

ionization. The related neutron excess is
n = Z(Nz —Z;)Y; =1-2Y,, (3.8)
the mean ion molecular weight is
Hion = A ) (3.9)

the mean electron molecular weight is

1
Hele = 7 =

NI |

, (3.10)

®

and the mean molecular weight is

uzll +1r A " (3.11)

Hion — Hele :7+1:an‘+ne

Across the mass-metallicity plane the dominant thermal neutrino processes in our
models are plasmon decay (Vplasmon — ¥ + 7) which scales with the composition as
Y3, photoneutrino production (e~ + v — e~ + v + ) which scales as Y, and pair
annihilation (e~ + et — v + ©) which also scales as Y,. All else being equal, as
material becomes more neutron rich the neutrino emission from these three dominant
processes decrease.

Bremsstrahlung (e~ +4Z — e +4Z + v + ), which scales with the composition

as Y.Z, and recombination — €pound TV +7) , which scales as Z" /A, play

(ec_ontinuum
smaller roles. Neutrino emission from these five processes are discussed in Itoh et al.
(1989, 1992, 1996a,b); Kantor and Gusakov (2007) and implemented, with partial first

derivatives, in the MESA module neu. Differential thermal neutrino emission rates are
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discussed in Ratkovi¢ et al. (2003); Dutta et al. (2004); Misiaszek et al. (2006a);
Odrzywotek (2007); Kato et al. (2015); Patton et al. (2017a); Dzhioev et al. (2023).

Each of the 420 stellar models in the mass-metallicity grid use between 2000-3500
mass zones (lower values occur at ZAMS where there are no composition gradients)
with ~3000 mass zones over the evolution being typical. Each low-mass model uses
1x10° - 3x10° timesteps depending on the number of thermal pulses (TPs), and each
high-mass model uses 2x10%* — 5x10* timesteps. Each model executes on a 16 core
node with 2 GHz AMD Epyc 7713 CPUs, with low-mass models consuming 14-21
days and high-mass models using 10-21 days. The uncompressed total data set size
is ~ 730 GB.

The MESA files to reproduce our models, and open access to the photon and neu-

trino tracks, are available at https://doi.org/10.5281/zenodo.8327401.
3.4 Overall Mass-Metallicity Features

Here we present features and drivers of the neutrino emission, first at one metal-

licity in Section 3.4.1 and then for all six metallicities in Section 3.4.2.
3.4.1 One Metallicity

Figure 3.2 shows the photon and neutrino light curves for all 70 calculated masses
at Z=1Z,. Both plots begin at the ZAMS, defined when the luminosity from nuclear
reactions Ly, is 99% of the total luminosity L, marking a transition from evolution
on thermal timescale to a nuclear timescale.

MS evolution is characterized by stable core H-burning, where neutrinos are pro-
duced by weak reactions in the proton-proton (pp) chains p(p,e*v.)*H, p(e p,v.)*H,
3He(p,e™v.)*He, "Be(e™,v.)"Li, *B(,e™1,)®Be, and the CNO cycles N(,eTr,)13C,
BN(e™ 1) 13C, 0 (,e1.) N, 50 (e~ 1) YN, TF(,et1,)70, TF (e~ 1,,)170,
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BF(,etr,)'80, where electron capture reactions on CNO nuclei are included (Stonehill
et al., 2004).

Models with MZAMS <

~Y

1.2 Mg, have a central temperature 7, < 18x107 K and
burn H in their cores primarily through the pp chains, with a small fraction from
the CNO cycles. For example, based on observations of solar neutrinos CNO burning
accounts for around 1.6% of the current energy generation of the Sun (Naumov,
2011; Borexino Collaboration et al., 2020). Models with Mzams 2 1.2 Mg have T, 2
18x107” K and maintain their stability primarily from the CNO cycles (Wiescher
et al., 2010). Metal-poor models can produce their own carbon to begin CNO cycle
H-burning (Mitalas, 1985; Wiescher et al., 1989; Weiss et al., 2000; Tompkins et al.,
2020). In addition, most of a model’s initial Z comes from the CNO and *°Fe nuclei
inherited from its ambient interstellar medium. The slowest step in the CNO cycle
is proton capture onto N, resulting in all the CNO catalysts accumulating into *N
during core H-burning.

All light curves in Figure 3.2 proceed to the terminal age main sequence (TAMS),
defined by core H-depletion (X.<107%). The He-rich core contracts as a H-burning
shell forms. The higher temperatures of shell H-burning can activate the Ne-Na, and
Mg-Al cycles (Salpeter, 1955; Marion and Fowler, 1957; Arnould et al., 1999; José
et al., 1999; Izzard et al., 2007; Boeltzig et al., 2022). The light curves then bifurcate
depending on Myzaws.

During He-burning the accumulated N is converted into the neutron-rich isotope
?2Ne through the reaction sequence "N(a,7)'"®F(,e*v,)'80(a,y)**Ne, also shown in
Figure 3.2. This sequence is the source of neutrinos powering L, through all phases
of He-burning (Serenelli and Fukugita, 2005; Farag et al., 2020).

Usually the ashes of nuclear burning have a larger A and lie interior to the un-

burned fuel. For example, a He core is interior to a H-burning shell, and a carbon-
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oxygen (CO) core is interior to a He-burning shell. Exceptions occur when electron
degeneracy and thermal neutrino losses lead to a temperature inversion with cooler
temperatures in the central regions and hotter temperatures exterior to the core. The
fuel ignites off-center and a burning front propagates towards the center.

For example, the 0.9 My < Myzams <2 Mg light curves in Figure 3.2 undergo off-
center He ignition, the He Flash (Thomas, 1967; Bildsten et al., 2012; Gautschy, 2012;
Serenelli et al., 2017). The accompanying nitrogen flash for neutrinos (Serenelli and
Weiss, 2005) are prominent and labeled. In contrast, the Mzanms > 2 Mg light curves
undergo central He burning. The 0.9 Mg < Mzams < 7Mg light curves undergo TPs
on the AGB, generating neutrinos first from H burning, and subsequently from He
burning. A few light curves show a late TP during the transition to a cool WD.

Neutrino emission from nuclear reactions dominate whenever H and He burn,
otherwise neutrinos from thermal processes generally dominate (Farag et al., 2020).
For example, light curves for Mzanms > 8 Mg in Figure 3.2 have the minimum mass
for C ignition and those for Myzanms > 10 Mg have the minimum mass for Ne igni-
tion (Becker and Iben, 1979, 1980; Garcia-Berro et al., 1997; Farmer et al., 2015; De
Gerénimo et al., 2022). For these advanced burning stages L, in Figure 3.2 become
nearly vertical and greatly exceeds L.. Thermal neutrinos from pair-production dom-
inate until the last few hours before CC when neutrinos from nuclear processes con-
tribute (Odrzywolek et al., 2004; Odrzywolek and Heger, 2010; Patton et al., 2017a,b;

Kato et al., 2020a,b).
3.4.2 Six Metallicities

The top panel of Figure 3.3 shows the total energy emitted in photons E, and
neutrinos F,, obtained by integrating L. and L, over the lifetime of a model. Metal-

poor models tend to have larger £, and F, than the metal-rich models. Homology
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relations with power-law expressions for a bound-free Kramers opacity x oc Z(1 +
X)pT—35, pp-chain energy generation rate €,, o< X*pT*, and mean molecular weight

poc X7957 lead to (Sandage, 1986; Hansen et al., 2004)

Ey o~ Lyys o< (Z7H X 7OM>®) g (3.12)

where 1yg is the MS lifetime. Similarly, for a Thomson electron scattering opacity

k o< 1+ X and CNO cycle energy generation rate ecno o< XZpT",

E, =~ L, nys o< (Z7HOX 3 M) 1y (3.13)

These expressions suggest that displacement on the MS due to a lower Z is partially
offset by a shift to a larger X (Demarque, 1960). In addition, a lower Z requires higher
T: to produce the same L. and L,. This is mainly why the low-Z high-mass models
in Figure 3.3 produce only a marginally larger L, and L, on the MS while possessing
larger 7. In turn, a larger L, implies a larger radiative gradient, and thus a larger
core mass.

L., and L, in the core is primarily set by the mass of the model. Envelope opacities
affect the rate of nuclear reactions in the core insofar as the envelope has a large
mass. The hotter the model is overall (e.g., the more massive), the less mass in the
envelope will be cold enough to provide bound-free or bound-bound opacity. The
largest differences due to the opacity occur in the low-mass models because they
are colder, both in the core and the envelope. The models adjust the structure to
accommodate a change in Z at a fixed luminosity.

Overall, across the mass spectrum, metal-poor stellar models tend to have denser,
hotter and more massive cores with lower envelope opacities, larger surface lumi-
nosities and larger effective temperatures Ty than their metal-rich counterparts (De-

marque, 1960; Iben, 1963; Demarque, 1967; Iben and Rood, 1970; Vandenberg, 1983;
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Sandage, 1986; Hansen et al., 2004; Georgy et al., 2013; Young, 2018; Groh et al.,
2019; Kemp et al., 2022). These are the main drivers of changes to the thermal and
nuclear reaction neutrino emission as the initial Z changes.

The bottom panel of Figure 3.3 shows the ratio £, /E,. A maximum of £, /E, ~20
at Myams >~ 0.9 My occurs at the transition between models that ignite He and those
that do not, between the most massive He WD and the least massive CO WD. As
Mzans increases the resulting electron degenerate cores, first CO then ONeMg, be-
come progressively more massive, denser, and hotter (also see Woosley and Heger,
2015). This increases production of thermal neutrinos from the plasmon, photoneu-
trino, and pair annihilation channels faster than the production of reaction neutrinos
or photons. Thus E,/ E, decreases with Myaus as shown in Figure 3.3.

A minimum of E,/E, ~8 at Mzams ~12Mg in Figure 3.3 occurs at the tran-
sition between models that produce the most massive WD and those that go to
CC. As Myang further increases, thermal neutrinos from pair annihilation increases
slower than reaction neutrinos or photons, and thus £, is smaller than £, in more
massive models (pulsational pair-instability supernovae models are suppressed). The
ratio £, /FE, thus rises from the minimum and develops a roughly linear trend for
Myans 2 12Mg. Overall, both extrema of E, /E, of Figure 3.3 correlate with transi-
tions in the final fate.

Another trend in the bottom panel of Figure 3.3 is the metallicity dependence
of Mzams models that become CO WD, the blue shaded region. More metal-rich
models have a larger E,/E, than metal-poor models. A larger initial Z produces a
larger accumulation of N during CNO cycle H-burning, thus a larger mass fraction
of 22Ne during He-burning, and hence a smaller Y, as the CO WD becomes more
neutron-rich. Plasmon neutrino rates scale as Y;* leading to a smaller F,, hence more

metal-rich models have a larger E./E, than metal-poor models in this Mzaus range.
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The dependence of CO WD on the ?*Ne mass fraction, the degree of neutronization,
may have implications for the progenitors Type la supernova (Timmes et al., 2003;
Townsley et al., 2009; Bravo et al., 2010; Piersanti et al., 2022) and the pulsation
periods of variable WD (Campante et al., 2016; Chidester et al., 2021; Althaus and
Cérsico, 2022).

Farag et al. (2020) showed L. /L, ~40 for a standard solar model. As this model
evolves off the MS the inert He core becomes denser, more electron degenerate, ther-
mal neutrino production rise, L, increases, and thus L. /L, decreases. Integrated over
the lifetime of the model, E,/E, decreases to ~20 as shown in Figure 3.3.

For any Myzaums, what is the impact of changing Z on the neutrino emission at any
evolutionary stage?

Figure 3.4 compares L, to L, of the Z=1Z, model across the mass-metallicity
plane at three evolutionary stages in the top three panels. As for Figure 3.3, at the
ZAMS there is generally a small dependence on the initial Z but there are interesting
features. For example, the dip at Mzaums >~ 1.2 Mg corresponds to the transition from
pp-chain dominated to CNO cycle dominated H-burning. Another feature is the
stronger 7Z dependence for Myays models that become CO WD. As low-Z models
tend to have denser, hotter and more massive H-burning cores, thermal and reaction
neutrino contributions to L, is larger relative to high-Z models.

At the TAMS, the 0.2 My < Mzaus < 8.0 My models in Figure 3.4 have a
partially degenerate He-rich core. As low-Z models have denser, hotter and more
massive cores than high-Z models, the thermal plasmon neutrino contributions to L,
are larger. More massive Mzans models do not develop degenerate He-rich cores, and
the small dependence on the initial Z continues. The most metal-rich track decreases
due to the larger mass loss.

At core He-depletion (CHeD), the 0.9 My< Mzams< 8.0 Mg models have a par-
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tially electron-degenerate CO-rich core. The denser, hotter and more massive cores of
the low-Z models means larger thermal neutrino contributions, and thus L, is larger
in lower Z models.

The Mzans > 60 Mg models at CHeD in Figure 3.4 show sawtooth profiles with
the lowest Z models disrupting a metallicity trend. This occurs because the convective
boundary mixing model, exponential overshooting (Herwig, 2000b), is based on the
pressure scale height H = P/(pg) ~ kT /(tiong), where P is the pressure, kg is the
Boltzmann constant, and ¢ is the gravitational acceleration. All else being equal, a
smaller Z means a smaller j;,,, a larger H, and thus the chemical mixing region in
low-Z models is larger than in high-Z models. If two burning shells are within H,
they are mixed. For masses with low L,, the H-shell mixes into the burning He core
repeatedly. This delays core He burning until there is a homogeneous stripped CO
core with a little He on the surface. By CHeD there is no H-shell to undergo CNO
burning and all the N is depleted, ergo L, is very low.

Overall, for fixed overshooting parameters, metal-poor models have larger amounts
of chemical mixing. This is a secondary driver of changes to the thermal and nuclear
reaction neutrino emission as the initial metallicity changes. Other specific examples
of overshooting dominating are shown for low-mass models in Section 3.5 and for high-
mass models in Section 3.6. The overshooting prescription may have an additional
metallicity dependence that is not captured by these models.

Figure 3.4 also compares E, at each Mzans to E, of the Z=1 27, model on a
linear scale at three evolutionary stages in the bottom three panels. At the TAMS,
models across the mass spectrum reflect the Z dependence of L, shown in the top two
panels. At CHeD, the denser, hotter and more massive cores of the low-Z models,
plus contributions from the conversion of N into 22Ne, also show larger FE, with

decreasing Z.
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Tracks in the bottom panel of Figure 3.4 are the same neutrino tracks in Figure 3.3
but normalized to the solar metallicity track. The Myans range for He WD and CO
WD have the metallicity signature of having had an inert, electron-degenerate core
during their evolution. The ONeMg WD region shows a sawtooth pattern because
these models had numerical challenges completing the propagation of their off-center,
convectively bounded flame fronts to the center. The Myays region for CC events

show a weak dependence of F, on Z.
3.5 Low-Mass Stars

Here we analyze the neutrino emission from the low-mass stellar tracks at one

metallicity in Section 3.5.1, and then for all six metallicities in Section 3.5.2.
3.5.1 One Metallicity

Figure 3.5 shows the 0.2 My < Mzanms < 7.0 Mg, tracks in a YHRD and a vHRD
for Z=1 Z,. The cores are progressively enriched with the ashes of H-burning as
the models begin to evolve beyond the MS. The H-burning reactions increase p and
thus p in the core. To maintain hydrostatic equilibrium the central temperature T,
rises with the central density p., increasing the rate of nuclear fusion and thus L,
and L,,. This slow increase of T is reflected in the YHRD and vHRD of Figure 3.5 as
an increase in their respective luminosities until core H-depletion at the terminal-age
main-sequence (TAMS).

The He-rich core contracts as an H-burning shell forms and the tracks in Figure
3.5 evolve across both HRDs on a thermal timescale. Both L, and L, increase along
the RGB until core He-ignition at the tip of the RGB. All tracks that reach this point
have a semi electron degenerate He core with 0.5 Mo< My.< 1.7 Mg, and a similar

L., L,, and T.s(Cassisi and Salaris, 2013; Serenelli et al., 2017). Photons from the tip
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of the RGB provide a standard candle distance indicator (Da Costa and Armandroff,
1990; Lee et al., 1993; Madore et al., 2023), and offer constraints on the neutrino
magnetic dipole moment (Capozzi and Raffelt, 2020; Franz et al., 2023).

He ignition by the triple-a process in the 0.9 Mo < Mzanms < 2.1 Mg, tracks of Fig-
ure 3.5 occur off-center (on-center in the 2.1 M) and under semi-electron-degenerate
conditions in a helium flash (Thomas, 1967; Bildsten et al., 2012; Gautschy, 2012;
Serenelli et al., 2017). A He burning front propagates towards the center by con-
duction, with burning behind the front driving convection. The helium flash and
the sub-flashes that follow burn very little He; the nuclear energy generated mainly
goes into lifting the electron degeneracy in the core. The last sub-flash reaches and
heats the center allowing stable convective core He-burning under non-degenerate
conditions.

During each helium flash, a nitrogen flash also occurs from the conversion of all of
the accumulated N to ??Ne, sharply increasing L, via F(,eTr,)!80 (Serenelli and
Weiss, 2005). For example, Figure 3.6 shows that a Mzays=1 Mg, Z=1 Z track
undergoes 7 flashes. The first flash is the strongest, occurring at M ~ 0.2M and
reaches L, ~ 2 x 107 L, for ~ 3 days.

Tracks with Mzanms > 2.1 Mg reach a high enough 7T at the tip of the RGB to ignite
He in the center quiescently under non-degenerate conditions. For example, Figure
3.6 shows a Myzanms =3 Mg, 1 Z track produces a smoother L, signature during core
He burning than a Mzamys =1 Mg, 1 Z, track. Tracks in this mass-metallicity range
also experience a blue loop (Hayashi et al., 1962; Hofmeister et al., 1964; Xu and Li,
2004; Zhao et al., 2023) in the yHRD and vHRD of Figure 3.5.

Post He ignition, the tracks in Figure 3.5 migrate to the horizontal branch (HB),
becoming less luminous with larger T.g. All the He cores have approximately the

same mass, regardless of the total stellar mass, and thus about the same helium
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fusion luminosity Ly.. These stars form the red clump at Teg ~ 5,000 K, L, ~ 50 Lg
and L, ~ 20 Ly (Alves and Sarajedini, 1999; Sarajedini, 1999; Girardi, 1999; Hawkins
et al., 2017, Wang and Chen, 2021). Less massive H envelopes shift the tracks to hotter
Ter and smaller L., on the HB. This effect occurs more readily at lower Z (see §3.5.2)
with old metal-poor clusters showing pronounced HB in a yYHRD (Casamiquela et al.,
2021; Dondoglio et al., 2021).

Core He-burning produces an electron-degenerate CO core with a semi-electron-
degenerate He shell encased in a larger H-rich envelope. These AGB stars are the final
stage of evolution driven by nuclear burning, characterized by H and He burning in
geometrically thin shells on top of the CO core (Herwig, 2005). Larger Myays yield
super-AGB models, where an Oxygen-Neon-Magnesium (ONeMg) core forms from a
convectively bounded carbon flame propagating toward the center (Becker and Iben,
1979, 1980; Timmes et al., 1994; Garcia-Berro et al., 1997; Siess, 2007; Denissenkov
et al., 2015; Farmer et al., 2015; Lecoanet et al., 2016).

During the AGB phase a thin He shell grows in mass as material from the adjacent
H-burning shell is processed, causing the He shell to increase in temperature and
pressure. When the mass in the He shell reaches a critical value (Schwarzschild and
Hérm, 1965; Giannone and Weigert, 1967; Siess, 2010; Gautschy, 2013; Lawlor, 2023),
He ignition causes a thermal pulse (TP).

For example, Figure 3.6 shows the L, of a 3 My, 1 Z; track experiencing a series
of 21 TPs, with an interpulse period of ~ 10° yr. Like the helium flash, each TP
is composed of a primary flash followed by a series of weaker sub-flashes. These TP
sequences appear as spikes in the vHRD of Figure 3.5. The primary flash produces
the largest L, ~ 4.6 x 10* Ly, from 8F(,e*1,)'®0. The sub-flashes do not produce
neutrino emissions from this process, as nearly all of the N is converted to ??Ne

during the primary flash. The number of TPs a track undergoes is uncertain as the
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number is sensitive to the mass and time resolution, the stellar mass loss rate, and

the treatment of convective boundaries.
3.5.2 Six Metallicities

Figure 3.7 shows the evolution of Mzams=1 Mg and 3 Mg in a yHRD and a
vHRD across all six metallicities. Overall, the low-Z models show the trend of having
denser, hotter and more massive cores with lower envelope opacities, larger surface
luminosities and larger effective temperatures Tog than the high-7Z counterparts. Fea-
tures in the vHRD between core H depletion and the end of the TP-AGB phase are
analyzed below.

The tracks in Figure 3.7 leave the TP-AGB phase when the envelope mass above
the H and He burning shells is reduced to ~ 0.01 My, by stellar winds. All the tracks
then evolve toward larger T.g at nearly constant L, and L. The Mzaus =1 Mg and
3 Mg, tracks, in both the v~-HRD and v-HRD, show late TPs for some metallicities.
These are the result of a strong He flash (and nitrogen flash) that occurs after the AGB
phase but before the WD cooling phase (Iben et al., 1983; Bloecker and Schoenberner,
1997; Lawlor, 2023). A candidate late TP star is V839 Ara, the central star of the
Stingray Nebula (Reindl et al., 2017; Pena et al., 2022). The more dramatic very late
TP stars, also visible in Figure 3.7, include Sakurai’s Object, V605 Aql, and perhaps
HD 167362 the central star of planetary nebula SwSt 1 (Clayton and De Marco, 1997;
Herwig, 2002; Miller Bertolami and Althaus, 2007; Hajduk et al., 2020; Lawlor, 2023).

Plasmon neutrino emission then dominates the energy loss budget in Figure 3.7
for average-mass ~ 0.6 Mo CO WDs with T.g 2 25,000 K (Vila, 1966; Kutter and
Savedoff, 1969; Bischoff-Kim and Montgomery, 2018). As the WD continues to cool,
photons dominate the cooling as the electrons transition to a strongly degenerate

plasma (van Horn, 1971; Cérsico et al., 2019). The tracks in Figure 3.7 are arbitrarily

48



chosen to terminate when the WD reaches L < 1073Lg,. This is sufficient (see Figure
5 of Timmes et al., 2018b) for calculating the integrated neutrino background from a
simple stellar population.

Figure 3.8 shows the fraction of L, from specific reaction sequences and weak
reactions over the lifetime of the 1 M models for all six metallicities. Fractions whose
components do not sum to unity indicate the contribution of thermal neutrinos to
L,.

The green shaded regions correspond to shell H-burning. The fraction of L, from
the CNO cycles in this phase steadily increases with metallicity from the Z =102 Z
in the bottom panel to Z=10°° Z, in the top panel. Since the CNO nuclei catalyze
H-burning, L, and L, depend directly on the initial metallicity.

The blue shaded regions represent core He-burning. In this phase, the fraction
of L, from the YF — QO reaction dominates during the nitrogen flash. Neutrino
emission from the H-burning pp-chain and CNO cycles appear during this phase
of evolution for all six metallicities due to convective boundary mixing processes
ingesting fresh H-rich material into the hotter core region. For the Z > 107%% Z
tracks, the convective boundary mixing processes and hotter temperatures drive the
H-burning Mg-Al cycles (red curves) and the appearance of 20Al — Mg between
sub-flashes.

Shell He-burning and the TP-AGB phase of evolution are shown by the pink
shaded regions in Figure 3.8. The Z=10"179%0 Z_ tracks show traditional TPs,
with the fractions contributing to L, oscillating between successive TPs. Neutrino
emission is initially from CNO burning before a TP, and then from *F — O during
the ensuing He-burning TP.

The Z=10"2 Z, and Z=10"2 Z, tracks in Figure 3.8 do not show traditional

TPs. Instead they show a single event from a merger of their H-shells and He-shells
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that is driven by convective boundary mixing. As analyzed in Section 3.2, this is
because metal-poor models have larger chemical convective boundary mixing regions
than metal-rich models for fixed overshooting parameters. The Z=10%% Z, tracks
in Figure 3.8 also do not show traditional TPs due their thinner envelopes, caused
by the metallicity dependent line driven wind mass loss prescriptions removing more
envelope mass (M o Z). During the WD cooling phase (purple shaded regions) late
TPS are visible in the Z=10"1Y Z, tracks by the rise of L, from CNO burning and
subsequently ¥F — 180,

Figure 3.9 is the same as Figure 3.8 but for the lifetime of the 3 M models for
all six metallicities. The fraction of L, from CNO processing during shell H-burning
(green regions) is larger for the 3 M, tracks than the corresponding 1 M, tracks of Fig-
ure 3.8 at all metallicities. Core He-burning (blue shaded regions) proceeds smoothly
under non-degenerate conditions at all metallicities. The spikes from F — 180 in
the Z=10%° Z track during core He-burning are due to overshooting injecting fresh
H-rich fuel into the core. Shell He-burning and the TP-AGB phase of evolution (pink
regions) show a trend of stronger and more numerous TPs as the metallicity increases
from Z=10"% Z, to Z=10"° Z,. Hotter temperatures in the 3 My models cause
neutrino emission from 2°Al — 26Mg during the H burning Ne-Na cycle (red curves)
and from the inverse beta decay **Na — 2*Mg reaction (purple curves). While ?*Na is
not part of the H burning Mg-Al cycle, this isotope is synthesized at low abundance
levels during the Mg-Al cycle. A late TP occurs during the WD cooling phase (purple
regions) for the Z=10%""! Z, tracks.

Figure 3.10 shows L,, L., and the He-burning luminosity Ly, during the nitrogen
flash in 1 Mg models. Across all metallicities the first flash has the largest L, and
Lye with Lye > L,. The maximum neutrino luminosity L, max, marked by the red

circles and labels, spans ~ 2 orders of magnitude as the initial metallicity varies from
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Z=10"% Z; to Z=10%° Z,. Note L, nax is larger for the Z=1 Z, model than the
Z=10"° model. This is due to mass loss. If the metallicity was 10%3 Z, then L, max
at the He flash would be larger than the Z=1 Z, model. At Z=10%° Z, mass-loss
hampers the strength of the He flash. The Z=10°® Z, model has M =0.6 M, at
the onset of He-flash, while the Z=1 Z, model has M =0.66 M. The smaller shell
burning temperatures is sufficient to weaken L, j,ax. Note the duration of the peak in
the Z=10%5 Z, model is significantly longer than in the Z=1 Z, model, ensuring
more neutrinos are produced overall from the larger **N reservoir, but with a Ly, max
of similar magnitude.

Figure 3.10 shows the average neutrino energy at L, max is insensitive to the initial
Z. The neutrino fluxes at L, max span ~2 orders of magnitude across metallicity and
can serve as target values for neutrino observations of the nitrogen flash. The duration
where L, > 1/2 L, 1ax increases steadily from ~0.8 days at Z = 1073 Z, to ~ 11 days
at Z=10" Z,. The duration where L, > 1/3 L, .y increases from ~1.2 days at
Z=10"3 Zg to ~ 17 days at Z=10%° Z,. In addition, the time period between sub-
flashes increases from ~ 10° yr at Z=10"2 Z to ~ 2x10° yr at Z=10%° Z, while
the number of sub-flashes ranges between 8 at the lowest initial Z to 5 at the largest
initial Z.

Figure 3.11 shows L,, L., and Ly, during the TP-AGB phase of evolution in 1
Mg models for all six metallicities. As discussed for Figure 3.8, the tracks for the
lowest initial Z show a single H-shell and He-shell merger event instead of a traditional
TP. For these models L, is dominated by *N — 3C from non-equilibrium hot CNO
cycle burning. At the peak of the merger T~2x10® K and p~10* g ecm™3. At
these conditions the first half of the CNO cycle, 2C(p,7)"*N(,e™v)¥C(p,7)"N, is
sufficiently energetic to cause a rapid expansion that self-quenches the second half of

the CNO cycle, “N(p,7)O(,etv)N(p,a)'2C. For example, the stellar radius R of
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the Z=10"3 Z, model rapidly increases from 68 R, to 465 R, during the merger and
the number of reactions per second from 3N — 13C is ~ 3 orders of magnitude larger
than from O — ' N. Thus, these 1 M, low-Z models do not undergo a TP because
a violent shell merger causes the model to quickly lose most of the H envelope. These
mergers, driven by convective boundary mixing, produce the largest L, ,,ax events over
the entire evolution. They are also prominent and labeled in the vHRD of Figure 3.7.
The Z=10%5 Z, track also does not show TPs due to their thinner envelopes from
wind mass loss. For the other metallicities, L, max during the TPs is ~3 orders of
magnitude smaller than L, n.x from the nitrogen flash shown in Figure 3.10.

Figure 3.12 shows L,, L., and Ly, during the TP-AGB phase in the 3 Mg models.
The number of L, peaks (6 to 21), the L, peaks (2x10% Ly, to 2x10° L), and time
between L, peaks (2x10% yr to 4x10* yr) increase with Z, with evidence of saturation
by Z=1 Zg. Each successive TP releases more nuclear energy, thus L, max occurs at
the end of the tracks (red circles and labels) across all metallicities. The Z=10"2% Z,
model has a larger L, ma. than the Z=10"? Z; model due to N — 30 (instead
of the usual ¥F — 80) from a shell merger that is driven by convective boundary
mixing.

Figure 3.13 compares the fraction of the total energy emitted by neutrinos at
five phases of evolution across the mass-metallicity plane. Models with 0.2 Mg<
Mzams< 0.8 Mg emit ~ 80% of their neutrinos during shell H-burning (second panel)
with a slight trend towards high-Z tracks making larger contributions than low-Z
tracks. A ~10% contribution originates from core H-burning (top panel), and a
~10% contribution occurs during the He WD cooling phase (bottom panel). These
models do not go through shell He-burning phase, as indicated by the empty region
in the fourth panel, and the shorter tracks in the YHRD and vHRD of Figure 3.7.

Models whose final fate is a CO WD emit ~ 20-80% of their neutrinos during core
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H-burning, ~20-40% during core He-burning, and ~10-30% during the TP-AGB

phase. The percentages increase with Myanvs, and with Z for more massive models.
3.6 High-mass Stars

We present features of the neutrino emission from high-mass models for one metal-

licity in Section 3.6.1, and then for all six metallicities in Section 3.6.2.
3.6.1 One Metallicity

Tracks from the ZAMS to the onset of CC for the 8 M, < Mzanms < 150 M models
in a YHRD and ¥HRD is shown in Figure 3.14. All tracks evolve at roughly constant
L., and L, during core H-burning and He-burning as the tracks evolve from ZAMS to
cooler T.g. Neutrinos from the CNO cycles and *N — 22Ne power L, through these
phases of evolution. From CHeD onwards, the dominance of L, from the core over L,
from the surface results in a rapid reduction in evolutionary timescales from years to
hours to seconds (Fowler and Hoyle, 1964; Deinzer and Salpeter, 1965; Woosley et al.,
2002). This escalating rapidity appears in the vHRD as the nearly vertical curves at
approximately constant Tyg.

For Myzanms S50Mg, the nearly vertical tracks at cooler Tog in the vHRD end
their lives as red supergiants (RSG). The Myzays 2 50 M, models evolve through the
advanced stages at increasingly hotter T.¢ with thinner H envelopes, until wind driven
mass-loss strips the H-envelope, creating a Wolf-Rayet model. The nearly vertical
tracks at hotter Ti.g in the vHRD end their lives as a blue supergiants. This transition
mass is the Humphrey-Davidson limit in our models (Humphreys and Davidson, 1979;
Davies et al., 2018; Davies and Beasor, 2020; Sabhahit et al., 2021). The conversion
of a mass limit to a luminosity limit depends on assumptions. For example, Sabhahit

et al. (2021) adopt the luminosity limit as the luminosity above which a massive
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star model spends <5% of it’s lifetime or above the luminosity limit while the model
is a yellow/red supergiant. This transition mass is sensitive to the mass and time
resolution, mass-loss prescription, and treatment of super adiabatic convection in the
outer envelope (Sabhahit et al., 2021).

Another feature in the vHRD of Figure 3.14 is the radial pulsations in the 35
Mo S MzamsS 50 Mg tracks that develop during He shell or C-burning, models with
thin H envelopes, and 3.9 Slog(Ter) S 4.1

C-burning sets the entropy for the continued evolution to CC, by proceeding either
convectively or radiatively (Murai et al., 1968; Arnett, 1972; Lamb et al., 1976). If the
energy released by nuclear reactions is slightly larger than pair production neutrino
losses, then net energy produced is transported by convection (e.g., Cristini et al.,
2017). Otherwise, the core burns carbon radiatively in balanced power (Woosley
et al., 2002; El Eid et al., 2004; Limongi and Chieffi, 2018), where the mass averaged
nuclear energy release nearly balances the mass averaged neutrino losses. For Z=1
Zg, tracks for Mzams< 20 Mg burn carbon convectively (black circles in Figure 3.14)
and tracks with Mzanms > 21 Mg burn carbon radiatively (red circles in Figure 3.14).

The decrease in entropy from thermal neutrino emission that occurs during convec-
tive core C-burning is missing during radiative core C-burning (Weaver and Woosley,
1993). For the Myzanms> 21 Mg tracks that undergo radiative C-burning, the subse-
quent burning phases occur at higher entropy, s oc T°/p o< (M/M)?, at higher tem-
peratures and lower densities. The larger entropy, in turn, drives shallower and more
extended density gradients, larger effective Chandrasekhar masses at core-collapse,
smaller compactness parameters, and thus are more challenging to explode as CC
events (Woosley and Weaver, 1986; Nomoto and Hashimoto, 1988; Sukhbold and
Woosley, 2014; Sukhbold et al., 2016, 2018; Limongi and Chieffi, 2018; Sukhbold and

Adams, 2020; Burrows and Vartanyan, 2021). This entropy bifurcation at C-burning
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may seed a bimodal compact object distribution for single stars that undergo convec-
tive C-burning forming one peak in the compact object initial mass function (neutron
stars) and single stars that undergo radiative C-burning forming a second peak (black
holes) (e.g., Timmes et al., 1996; Heger et al., 2003; Zhang et al., 2008; Piro et al.,
2017; Sukhbold et al., 2018; Vartanyan et al., 2018; Takahashi et al., 2023).

In the terminal phases Y, and u act as guides to the evolution and culminating
fate. A dwindling Y,, catalyzed by electron captures, hastens the core’s contraction
and amplifies energy depletion through neutrino emissions, thereby altering the core’s
structural equilibrium. Concurrently, as Y, oc 1/u, an ascending g signifies a shift
towards fusing isotopically heavier nuclei, requiring ever larger core temperatures and
densities to maintain hydrostatic equilibrium.

In addition, dynamical large-scale mixing on nuclear burning timescales can oc-
cur, as can mergers between the He, C, Ne, O, and Si shells. These shell mergers are
sensitive to the mixing scheme adopted and particularly the treatment of convective
boundary mixing across shell boundaries (e.g., Ritter et al., 2018; Fields and Couch,
2021). An approximate location of these shell mergers is labeled in the vYHRD of Fig-
ure 3.14. Strong coupling between nuclear burning and turbulent convection develop
during late O-burning which requires 3D simulations to establish the fidelity of the
1D convection approximations (Meakin and Arnett, 2007; Couch et al., 2015; Miiller
et al., 2017; Fields and Couch, 2020, 2021). As the Fe core approaches its effective
Chandrasekhar mass, electron capture and photodisintegration of nuclei drive the
onset of CC.

Figure 4.7 shows the components L, for each phase of evolution in the Mzavs=
20 Mg Z =1 Z; model, from shell He-burning on the left to CC on the right. After
CHeD the CO core cools and contracts as a convective He-burning shell forms. The

first panel on the left shows the energy budget becomes increasingly dominated by
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photoneutrino production with L, ~10° L.

At t..~5T4 yr, carbon ignites with L, ~10° L, and the energy budget becomes
dominated by pair annihilation (second panel) . Thermal neutrinos from plasmon de-
cay, bremsstrahlung, and recombination have luminosities several orders of magnitude
smaller.

At t..~13.6 yr the C-shell ignites (third panel), with a sharp increase in L, pue
= L,gr + L,p- ~ 10% Lo. At t..~1.5 yr Ne ignites (fourth panel) also with a
second sharp increase in L, g_ and Ly yue/Ly, ~5%. At t..~0.5 yr (fifth panel) core
O ignites. Convection mixes some of the Ne-shell into the core inducing a third
spike in L, g and L, yue/L, ~15%. At t..~11.5 day (sixth panel) the O-Neon shell
ignites, producing a fourth spike with L, ,,c ~ 10° and L, ~ 10", followed shortly by
a subdued fifth spike marking the depletion of the Ne-shell and the ignition of shell
O-burning. The common reason for these sharp increases (**Ne) is analyzed in detail
below. At t..~11.5 day (seventh panel) the Si-core ignites, yielding another phase
where Ly, e/ L, = 15%. At t..~10 hr (last panel) the Si-shell ignites and °Fe begins
to form through a-capture channels. Shortly after, electron capture and endothermic
burning in the Fe core leads to the onset of CC.

Overall, Figure 4.7 shows thermal processes are the dominant form of neutrino
production until Si-depletion, when neutrinos from [-processes in Fe-group nuclei
become a comparable portion of energy-loss budget until CC. In models which include
more Fe-group nuclei in the nuclear network than we do here, neutrinos from [-
processes surpass thermal neutrino production at the onset of CC (Patton et al.,
2017a,b; Farag et al., 2020).

We calculate an approximate pair-neutrino spectrum (Misiaszek et al., 2006b;
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Leung et al., 2020) from

A e \’ —ae
Gpair(€) = T (kBT> exp </€BT) , (3.14)

where ¢(€) is the number of emissions with energy €, and the fitting parameters are

a=3.180657028, a=1.018192299, A=0.1425776426. This expression assumes the
matter is relativistic and non-degenerate. We also assume all of the neutrinos are
produced at the T, of a model, so our estimates serve as upper limits. The average

pair-neutrino energy is then

1000
<€>pair = /0 €¢pair(€)d€ s (315)

where the integral limits are in MeV. We also cumulatively integrate over the pair-
neutrino spectrum to find the lower 10% and upper 90% of neutrino energies of the
pair-neutrino spectrum.

We also calculate the average electron neutrino energy €, from 7 processes and
average electron antineutrino energy €;, from S~ processes as the sum of the energy
released per second ¢; of each weak reaction ¢ divided by the number luminosity Ly ;

€ = Z(Gz)/ Z(LNZ) ; (3.16)

where N=40 for the low-mass reaction network and N=148 for the high-mass reaction
network of Figure 3.1.

Figure 4.8 shows ¢, and ¢;_ versus T, for different Myzays at Z=1 Z;. During H
and He burning, €,, $1 MeV while ¢;, ~1-1.5 MeV. From C-burning to the onset of
CC, (€)pair remains well below €, and €, .

During C and Ne burning 87 processes are dominated by 2%?2Na—2122Ne from the
Ne-Na cycle, 2Al—2°Mg from the Mg-Al cycle, and supplemented by 2Mg—2?*Na.

These reactions decrease Y, in the core, and produce v, with average energies €, ~ 1.6,
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1.8, and 1.7 MeV respectively. During this phase S~ decays are dominated by
28Gi« Al 2Mg«+2?*Na, and 2" Al+-2"Mg, producing 7, with average energies ¢, ~ 1.6,
2.7, and 0.9 MeV respectively. The total S~ neutrino emission grows from ~20% of
the total $ emission during C burning to ~50% during Ne burning, with €, between
1.6-2 MeV independent of Myaws.

During Ne and O-burning there are windows where the ¢, exceeds the ~1.8 MeV
detection threshold to inverse beta decay of current neutrino detectors (e.g., Simpson
et al., 2019; Harada et al., 2023). Table 2.3 lists the dominant electron anti-neutrino
luminosity sources for the Mzans =20Mg model during the windows where 7, exceeds
current detector thresholds.

The core continues to become more neutron-rich during O-burning primarily from
31S31P, supplemented by 3°P—39Si, 36 Ar—36Cl, producing v, with average energies
€, >~ 2.2-2.4, 2.4-3.0, and 1.4 MeV respectively. [-processes in the He, C, and Ne
shells remain active.

Core and shell Si-burning are the last exothermic burning stages and produce
the Fe-peak nuclei. Initially 3%32S—3L32P and 3536 Ar—3536Cl are the main (-decay
channels, but are quickly replaced by 535455 Fe—53:5455\[ 51.52,53:54\[ 51,52,53,54(C
51,5253, 54\ [y, 51.52.53,54Cp 55,56,57 (13 55,56.5T R 48490 54849 anq
56,57,58,60N—56:57:58.60Cp. Many of the isotopes formed during the final stages undergo
B-processes that continue to make the core more neutron-rich (e.g., Heger et al., 2001;

Odrzywolek, 2009; Patton et al., 2017b) with ¢,, ~2.2 MeV and ¢;, ~ 1.8 MeV.
3.6.2 Six Metallicities

Figure 3.17 shows the tracks of a Myzays =20 Mg model in a YHRD and a vHRD
across all six metallicities. Overall, the low-Z models show the trend of having denser,

hotter and more massive cores with lower envelope opacities, larger surface luminosi-
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ties and larger effective temperatures T, than the high-Z counterparts. The hotter
yet more massive H cores extends their MS lifetimes. High-7Z models show significantly
shorter lifetimes than low-Z models due to their smaller H abundance at the ZAMS.
For example, at the ZAMS, X =0.75 for Z=10"3 Z, and X =0.637 for Z=10%% Z.
The Z=10%5 Z, model also possesses a significantly smaller H reservoir to burn, due
to the large line-driven wind mass-loss prescription (M o< Z) which drives the already
less massive H-burning region to retreat further inward during the MS evolution, re-
sulting in a significantly shorter MS lifetime than any other model. Metal-poor tracks
have lower envelope opacities and do not evolve to as low an T.g as their metal-rich
counterparts. This behavior is especially prominent in the Z=10"3 Z, model, the
purple curve in Figure 3.17, which has a much shorter track in the YHRD and is
prominently offset from the lower-Z models in the vHRD.

The first and second vertical panels in Figure 3.18 show the primary source of
neutrinos during H-burning and He-core burning in a 20 M, model is CNO 7 decays.
At CHeD and the onset of shell He-burning (third vertical panel) L, from § decays
decreases while the CO core contracts and heats up. In higher Z models, the dominant
source of B neutrinos are from *N—22Ne in the growing He-burning shell. In lower
Z models where less "N is present, the dominant source of 3 neutrinos continues
to be from CNO 8% decays in the active H-burning shell. In all models, thermally
excited photoneutrinos in the hot contracting CO core begin to dominate the neutrino
emission until temperatures are high enough, 7,> 7 x 10® K, for pair-neutrinos to
become the dominant energy loss mechanisms.

The accumulation of isotopically heavy ?2Ne during He-burning provides the neu-
tron excess 71 necessary for S~ decays to occur during advanced burning stages. A
fraction of the ?*Ne undergoes *Ne(a,n)*Mg and to a lesser extent ??Ne(a,y)*Mg.

Through CHeD and into C-burning ?Ne(a,n)**Mg is a neutron source for s-process
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nucleosynthesis (Peters, 1968; Couch et al., 1974; Prantzos et al., 1990; Raiteri et al.,
1991b; Kappeler et al., 1989; Gallino et al., 1998; Pignatari et al., 2010; Kappeler
et al., 2011; Wiescher et al., 2023).

The fate of neutron-rich Mg evolves during C-burning (Raiteri et al., 1991a),
which is the fusion of two 2C nuclei to form an excited ?*Mg* nucleus which decays
in three channels (e.g., Woosley et al., 2002)

PC+12C — *Mg* — *Ne+a+v

— PNa+p+7y (3.17)

— BMg+n+7v.
The a- and p-channels occur at similar rates while the n—channel branching ratio of
~1% (Dayras et al., 1977). Uncertainties in the branching ratios and temperature
dependant rates can alter the nucleosynthetic yields during C-burning through the
Ne-Na or Mg-Al cycles and the amount °Ne available for Ne-melting (Bennett et al.,
2012; Pignatari et al., 2013; Zickefoose et al., 2018; Tan et al., 2020; Monpribat et al.,
2022).

The fourth vertical panel in Figure 3.18 shows 26A1—Mg (red curve) makes
a primary contribution to L, from nuclear reactions at all metallicities during C-
burning. The p-channel powers the Ne-Na cycle, producing a neutrino signal through
21.22Na—2122Ne and 2*Mg—23Na 81 decays. Mg is then produced via *Na(p,y)**Mg,
and ’Na(p,a)?°Ne creates stable ??Ne — now available for a later stage of Ne-melting
into 2Mg and 28Si. The Mg-Al cycle is weakly powered by the p-channel 2*Mg(p,v)?>Al
reaction. Instead the a-channel powers the Mg-Al cycle by providing the He nuclei
necessary for Ne(a,n)?**Mg for the cycle to operate. Instead of Mg then being
consumed by 2*Mg(n,v)*Mg, protons from the p-channel power 2Mg(p,y)?°Al which
undergoes 3 decay 26 Al—2Mg, dominating the nuclear neutrino production during

C-burning.
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The larger T, of low-Z models results in a stronger expression of 21?2Na—2122Ne
during C-burning. High-Z models also show a larger S~ luminosity during C-burning
than their low-Z counterparts. This results from differences in the neutron excess
across metallicities. High-Z models enter C-burning with a larger *Ne abundance
available for 22Ne(a,n)?*Mg, which provides most of the free neutrons for an s-process
(Raiteri et al., 1991a; The et al., 2007; Choplin et al., 2018).

Another feature during C-burning is the S~ luminosity declines from ~50% of
the total 8 neutrino luminosity in the Z =10%% Z, model, to ~25% in the Z=1 Z,
model, and < 10% in lower Z models. Independent of metallicity, these 8~ decays are
primarily 2A1—2Si, 2"Mg—27Al, and **Na—2*Mg.

Neon melting is characterized by photodisintegration of Neon into « particles,
which recapture onto a second Neon nucleus to form O and ?*Mg. The fifth vertical
panel in Figure 3.18 shows a-capture onto the remaining ??Ne in the core provides a
spike in the f~ luminosity, and a neutron source for an s-process. A metallicity depen-
dence on the initial ??Ne content of the core affects the strength of 5~ decays at the
onset of Ne-melting. A significant fraction of the Mg also undergoes 2*Mg(a,n)3°P
which then decays to 3°P—30Si.

O-burning is the fusion of two O nuclei to form an excited state of 32S*, which

promptly decays to
160 +160 — 328* — 288i+01+’}/
— P +p+y
(3.18)
— 1S +n+y
— P +d—v.

Branching ratios for the «, p n, and d channels are ~34%, 56%, 5%, and <5%

respectively, and the products of O-burning include 28Si, 32:33:34G, 35,3637 36.3T.38 Ay,
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394041 - and 10442Ca (Woosley et al., 2002). The limited extent of neutron rich
isotopes in the high-mass nuclear reaction network of Figure 3.1 means we do not
capture all these isotopes, including 2*S and 3*P.

The sixth vertical panel in Figure 3.18 shows 3'S—3'P makes a primary con-
tribution to L, from nuclear reactions at all metallicities during O-burning. The
accumulation of 3¢Ar leads to a growing neutrino signal from 36Ar—36Cl. After core
O-depletion, shell Ne-melting occurs before O-shell burning. The a-captures onto
the remaining ??Ne nuclei in the shell provides a second spike in the 3~ luminosity
in Figure 3.18.

From Si burning (Si-«) until CC, the seventh and eighth vertical panel in Fig-
ure 3.18, there are little differences in the relative strength of individual # decays. At
this stage of evolution, the expression of Fe-group f decays is metallicity independent,
and 8~ decays remain subdominant until .. < 107! hr (Patton et al., 2017a,b; Kato
et al., 2017, 2020a; Kosmas et al., 2022).

In Figure 3.19 the average neutrino and anti-neutrino energies are, to first-order,
similar across metallicities for ST and S~ decays in a 20 M model. The largest
differences in anti-neutrino energies occur during C-shell and Ne-core burning, when
the neutron excess provided by ?2Ne is most important. Metal-poor tracks possess
lower Lg-, but higher overall average anti-neutrino energy, since the signal is increas-
ingly dominated by ?*Mg<2*Na as opposed to 2Si+-?*Al. Windows where 7, exceeds
current detector thresholds are listed in Table 2.3 for the Z=1 Z model.

Figure 3.20 shows the fraction of the total neutrino energy produced during differ-
ent phases of evolution in the mass-metallicity plane. The spread reflects the different
fates experienced by stellar models of differing mass-metallicity. Larger spreads oc-
cur for the high-mass models where wind-driven mass-loss and shell-core mergers

contribute.
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Across metallicities in Figure 3.20, the chief nuclear neutrino production in high-
mass models come from the CNO cycle during H-burning, accounting for ~40-90%
of the total neutrino emission with a trend towards larger fractions with increasing
Mzans. Typical fractions for He-burning are < 8%, with an exception for some very
massive models that produce ~10-20% from recurrent mixing of the shell-H into the
He core before CHeD. Typical fractions for C-burning and O-burning are ~5-20%
and ~ 5—30% respectively, with a negative trend toward higher masses. From core-Si
ignition to CC, ~2-10% of the total neutrino emission occurs with a negative trend
toward increasing masses. Overall, most neutrinos are produced during H and He

burning from % decays, especially in the most massive models.

3.7 Integrated Stellar Photon and Neutrino Emission

We explore the time-integrated photon and neutrino emission of a simple stellar
population model. We assume a burst cluster population where all models are born

at the same time and evolve together.

1 Mmaz N
No = — —M, dm , 3.19
’ M® ‘/]\Mmino dm " ( )
1 [Mmer gN
@t:—/ —ao(m,t)dm , 3.20
= | Guotm) (3.20)

We adopt the normalized broken power law initial mass function (IMF) from Kroupa
(2001) for the number of stars per unit mass dN/dm. We integrate over the IMF in
Equation 3.19 to solve for a normalization coefficient such that a cluster of mean mass
1 Mg, is formed in the burst of star formation. The minimum mass M ;0 =0.01 Mg
and the maximum mass M. = 150 M, of the IMF set the integration limits for the
1 Mg, stellar cluster. We then solve Equation 3.20 for ®(¢) the resultant integrated
quantity, where ¢(t) is the quantity we source along an isochrone. The minimum

mass Mo =0.2 Mg and the maximum mass M., = 150 M of the mass-metallicity
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plane set the integration limits.

Figure 3.21 shows L, and L, light curves for each population synthesis model,
sampled at 600,000 points in log(Age) for each metallicity. We overlay a quadratic
power law for each population synthesis model to provide a convenient fitting formulae

for L, and L, as a function of the stellar cluster age and mass

2
log (Li) = [alog (@) —blog <@> +c
® yr yr
+ log (M%@) (3.21)

where the fit coefficients (a,b,c) are listed in Table 3.4.

Figure 3.22 shows the cluster L, and L, light curves and their ratio of L,/L,.
Both L, and L, are slightly larger in low-Z models until ~ 10" Gyr when low-Z
models are depleted of most H-burning and He-burning stellar tracks, and L, and
L, become comparable across all metallicities (except for Z = 10°° Z;). Low-Z
stellar population fits show an overall larger L./L, than high-Z fits until ~ 1010°
Gyr, when the population synthesis models are dominated by very low-mass models
Myzams < 0.8 Mg,

Figure 3.23 shows the €5, €5, B-V color, V-K color, and the light to mass ratio in
the V-band versus cluster age for all six metallicities. Photon and neutrino emission at
early times ~ 107 yr is indicative of high-mass model emissions. By ~ 108 yr, all high-
mass models have reached their final fate, leaving only low-mass models in the stellar
population. Most of a star’s life is spent during H and He burning in which neutrino
emission is dominated by [ processes, therefore it is reasonable to approximate the
average neutrino energy of a simple stellar population by [ processes alone.

The top panel in Figure 3.23 shows the average neutrino energy from a simple

stellar population model ranges from 0.5-1 MeV. Average neutrino energies show a

slight metallicity trend, with low-Z models producing up to 0.5 MeV larger signal
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For Z=10%5 Z,

L, 0.0454 | 1.8499 | 12.1782

L, 0.0157 | 1.4109 | 9.3456
For Z=10%° Z

L, 0.0640 | 2.1469 | 13.4535

L, 0.0368 | 1.7576 | 10.8520
For Z=107"° Z

L, 0.0484 | 1.8839 | 12.4324

L, 0.0198 | 1.4757 | 9.7766
For Z=10"1% Z,

L, 0.0408 | 1.7563 | 11.9527

L, 0.0100 | 1.3157 | 9.1845
For Z=1072° Z,

L, 0.0442 | 1.8098 | 12.1904

L, 0.0056 | 1.2368 | 8.9000
For Z=1073° Z,

L, 0.0452 | 1.8212 | 12.2151

L, -0.0065 | 1.0227 | 8.0339

Table 3.4: Fit coefficients of Equation 3.21.
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than high-Z models between ages of 10" — 10%° yr, then decreasing to ~0.5 MeV
at 10'%5 yr. The second panel shows the average anti-neutrino energy ranging from
0.6 — 1.8 MeV. The anti-neutrino emission at early times, ~ 107 yr, is dominated by

high-mass models reaching up to ~ 1.8 MeV. By ~ 108 yr, the anti-neutrino energy




has reduced to ~0.6 MeV, and remains roughly constant until 10%° yr.

The third and fourth panels in Figure 3.23 shows the Johnson-Cousins B-V and
V-K colors respectively, calculated using the tabulations from Lejeune et al. (1998).
At early times, ~ 107 yr, there is a slight excess in B-V and a relatively large jump
in V-K from the high-Z population models, roughly at the onset of the RSG phase
in the high-mass models (Choi et al., 2016b). The bump in V-K is suppressed in the
lowest metallicity models, which do not evolve toward the RSG branch and instead
remain relatively blue, with RSG color spectra similar to the MS. At late times, > 10°
yr when the population contains only low-mass stars, the B-V and V-K colors show
an overall reddening in high-Z stellar populations.

The V band light to mass ratio in the bottom panel of Figure 3.23 shows a weak
but distinct metallicity trend. At early times, Ly /M is larger in the lower metallicity
populations. This is due to the increased L. in low-Z models. At late times, the
trend is inverted with larger Ly /M the high-Z population models. This is due to the

longer MS lifetimes in the high-Z population models.
3.8 Summary

We explored the evolution of stellar neutrino emission with 420 models spanning
the initial mass 0.2 Mo < Mzans <150 Mg and initial metallicity —3 <log(Z/Z) < 0.5
plane. We found lower metallicity models are more compact, hotter, and produce
larger L, with two exceptions. At He-core ignition on the RGB and He-shell burn-
ing on the AGB, the birth metallicity determines the amount of *N available for
the nitrogen flash "N(a,7)'8F(,e*,)'®0. In high-mass models, the birth metallicity
determines the amount of N and therefore ?Ne available for ?2Ne(a,n)?*Mg, pro-
viding a neutron excess to power anti-neutrino emission during C, Ne and O burning.

Overall, across the mass-metallicity plane we identify the sequence (Zcno — YN —
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22Ne — Mg — 2°Al — Mg — 3P — 3Si) as making primary contributions to L,
at different phases of evolution.

Simple stellar populations with lower birth metallicities have higher overall L,
than their metal-rich counterparts. We find that most neutrinos from simple stellar
populations are emitted in the form of electron-neutrinos through S decays, with
average energies in the range 0.5 — 1.2 MeV. Lastly, we find that metal-poor stellar
populations produce larger average S neutrino energies (up to 0.5 MeV), though
this trend is much weaker, if resolved, for 5~ neutrino emission.

We close this article by pointing out that there are many potential sensitivities
that we have not investigated. Examples include choosing different convective mixing
prescriptions, mass loss algorithms, and nuclear reaction rate probability distribution
functions (especially 12C(a,7)'®O and triple-a). We also neglected rotation, their as-
sociated magnetic fields, and binary interactions. Future uncertainty quantification
studies could also explore potential couplings between simultaneous variations in un-
certain parameters. We caution that these uncertainties, or missing physics, could

alter the neutrino emission properties of our models.
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Figure 3.1: Coverage in the mass-metallicity plane (center). The x-axis is the initial
7. of a model relative to solar, and the y-axis is Mzanms of a model relative to solar.
Six metallicities, each marked with a different color, and 70 masses at each metallicity
(circles) span the mass-metallicity plane. The nuclear reaction network for low-mass
(left) and high-mass (right) models is illustrated. These x-axes are the difference in
the number of neutrons and protons in an isotope. Positive values indicate neutron-
rich isotopes, the zero value is marked by the red vertical line, and negative values
indicate proton-rich isotopes. These y-axes are the number of protons in an isotope,
labelled by their chemical element names. Isotopes in the reaction network are shown
by purple squares. Reactions between isotopes are shown by gray lines. Note Fe
in the low-mass reaction network does not react with other isotopes. Fe is included
for a more consistent specification of the initial composition, hence any microphysics
that depends upon the composition including the opacity, equation of state, element

diffusion, and neutrino emission.
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Figure 3.2: Light curves for photons (left) and neutrinos (right). Tracks span 0.2—
150 Mg for Z=1Z; and are labeled. Key phases of evolution including the ZAMS
(black circles), TAMS (black circles), core He flashes (light green), thermal pulses,
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respectively.
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Figure 3.6: Components of L, over the lifetimes of a 1 My, 1 Z5 model (top) and a
3 Me, 1 Zg model (bottom). The x-axis is the sequential model number, a non-linear
proxy for time, which begins on the left at core H-depletion and ends on the right
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erg s~! (Prsa et al., 2016D).
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Figure 3.7: Tracks in a YHRD (left panels) and vHRD (right panels) for
Mzams =1 Mg (top row) and 3 M (bottom row) across all six metallicities. Lu-
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Figure 3.8: Components of L, from nuclear reactions over the lifetime of a Myays=
1 Mg model for all six metallicities. The x-axis is the sequential model number, a
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Figure 3.10: Neutrino targets for the nitrogen flash in 1 My models for all six metal-
licities. The x-axis is the time since the first, and strongest, nitrogen flash. The y-axis
is a luminosity relative to Ly = 3.828 x10% erg s™! (Prsa et al., 2016b). Colored
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Figure 3.11: Same format as Figure 3.10 but for the TP-AGB phase of evolution.
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Figure 3.12: Same format as Figure 3.11 but for 3 My models across all six metallic-
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Figure 3.13: Fraction of E, emitted at different phases of evolution for all six metal-
licities (colored circles). From top to bottom, the panels show [E/Eiy), for core H-
burning, shell H-burning, core He-burning prior to any TP-AGB phase, He-burning
through the TP-AGB phase, and during the WD cooling phase.
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Figure 3.15: Components of L, for each phase of evolution of a Myzays =20 Mg, 1

Zsmodel. The x-axis is the time to the onset of CC. Curves show the contributions
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average filter.

Phases of evolution are shown by the colored regions and labeled

above the plot. Boundaries between phases are defined by the ignition of the next

fuel source, when the central mass fraction of the next fuel source decreases by 1073.
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Figure 3.16: Average electron neutrino energy for beta decays (top), and average
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neutrino and anti-neutrino energies are approximately independent of Mzans.
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Figure 3.18: Components of L, from nuclear reactions over the lifetime of a Myzans=
20 Mg model for all six metallicities. The x-axis is the time to the onset of CC.
Evolutionary phases are shown by the colored regions and labelled. Curves show the
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average filter. The average pair-neutrino energy is shown by the black curve, with
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of evolution are shown by the colored panels and labeled. The horizontal dashed
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current neutrino detectors (e.g., Simpson et al., 2019; Harada et al., 2023). The
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Figure 3.20: Fraction of F, emitted at different phases of evolution for all six metallic-
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Figure 3.21: Cluster L, and L, light curves from the evolution models for all six
metallicities. Overlayed are quadratic fitting functions with the coefficients for each

metallicity listed (see Equation 3.21).
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Chapter 4

RESOLVING THE PEAK OF THE BLACK HOLE MASS SPECTRUM

Below is the published work of Ebraheem Farag et al 2022 ApJ 937 112.

4.1 Abstract

Gravitational wave (GW) detections of binary black hole (BH) mergers have be-
gun to sample the cosmic BH mass distribution. The evolution of single stellar cores
predicts a gap in the BH mass distribution due to pair-instability supernova (PISN).
Determining the upper and lower edges of the BH mass gap can be useful for interpret-
ing GW detections from merging BHs. We use MESA to evolve single, non-rotating,
massive helium cores with a metallicity of Z = 107° until they either collapse to
form a BH or explode as a PISN without leaving a compact remnant. We calculate
the boundaries of the lower BH mass gap for S-factors in the range S(300 keV) =
(77,203) keV b, corresponding to the +30 uncertainty in our high resolution tab-
ulated C(a,7)'0O reaction rate probability distribution function. We extensively
test the temporal and mass resolution to resolve the theoretical peak of the BH mass
spectrum across the BH mass gap. We explore the convergence with respect to con-
vective mixing and nuclear burning, finding that significant time resolution is needed
to achieve convergence. We also test adopting a minimum diffusion coefficient to help
lower resolution models reach convergence. We establish a new lower edge of the
upper mass gap as Miower ~ 60732 M, from the £3¢ uncertainty in the 2C(a, )0
rate. We explore the effect of a larger 3-« rate on the lower edge of the upper mass
gap, finding Mjower :691“%1 Mg. We compare our results with BHs reported in the

Gravitational-Wave Transient Catalog.
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4.2 Introduction

The BH initial mass function from single star evolutionary models predict three
physics-driven transitions in the distribution. In order of increasing mass, the first
transition is set by the maximum possible neutron star mass, the second by electron-
positron pair production from energetic photons in the stellar interior of a massive
star, and the third by exothermic photodisintegration reactions which absorb enough
energy in a high temperature stellar core for the model star to, once again, reach core

collapse.
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Figure 4.1: Ilustration of a single star BH mass spectrum.

On the first transition, the maximum observed masses of neutron stars include
about 2.01 M, for PSR J0348+0432 (Antoniadis et al., 2013), about 2.08-2.14 M, for
PSR J0740+6620 (Cromartie et al., 2020; Farr and Chatziioannou, 2020; Riley et al.,
2021; Miller et al., 2021; Fonseca et al., 2021), and about 2.16 My for GW170817
(Abbott et al., 2017a,b; Rezzolla et al., 2018). Integration of the general relativis-

tic equations of hydrostatic equilibrium with a nuclear equation of state predict a
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restricted range of allowed gravitational neutron star masses, with currently favored
equations of state giving ~0.1-2.5 M, (Banik et al., 2014; Marques et al., 2017; Fer-
reira and Providéncia, 2021; Lattimer, 2021). The lower bound is the minimum stable
neutron star mass (Oppenheimer and Serber, 1938; Colpi et al., 1989; Haensel et al.,
2002; Koliogiannis and Moustakidis, 2021), although a more relevant minimum mass
stems from a neutron star’s origin in a supernova (Timmes et al., 1996; Zhang et al.,
2008; Sukhbold et al., 2016; Richers et al., 2017; Sukhbold et al., 2018; Ghosh et al.,
2022; Patton et al., 2022) or accretion induced collapse of a white dwarf (Fryer et al.,
1999; Schwab, 2021; Wang et al., 2022). Less massive neutron star masses can un-
dergo explosive decompression (Page, 1982; Colpi et al., 1993; Sumiyoshi et al., 1998;
Nixon et al., 2020) while more massive ones overcome the repulsive strong force and
neutron degeneracy pressure to collapse into BHs.

In addition, there is an apparent paucity of observed BH candidates in the ~2.5—
5My mass range (Bailyn et al., 1998; Ozel et al., 2010; Belezynski et al., 2012),
hinting at the possible existance of a contested “lower mass gap” (Farr et al., 2011;
Wyrzykowski and Mandel, 2020; Zevin et al., 2020; Mandel and Farmer, 2022). The
“lower edge” of the lower mass gap is set by the maximum possible neutron star mass
while the “upper edge” is set by the minimum observed BH mass. The upper edge
of the lower mass gap, if it exists, is currently uncertain as BHs found in this mass
range may have been created by changes in the growth time of convection during a SN
explosion (Fryer et al., 2022), or by binary neutron star mergers (Thompson et al.,
2019; Abbott et al., 2020; Gupta et al., 2020; Yang et al., 2020; Ye and Fishbach,
2022).

The second and third transitions form the “upper mass gap”, see Figure 4.1.
Models with zero-age main sequence (ZAMS) masses Mzays 2 100 M, reach central

temperatures of T, > 7x10% K. This allows for the production of electron—positron
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pairs from photons, v+v— e~ + e, that soften the equation of state (Fowler and
Hoyle, 1964; Barkat et al., 1967; Rakavy and Shaviv, 1967). These models become
dynamically unstable before core O-depletion as the pair production leads to regions
where the adiabatic index I'; < 4/3 (Fraley, 1968; Ober et al., 1983; Bond et al.,
1984).

The ensuing dynamical collapse results in explosive O-burning, with a variety
of possible outcomes (Glatzel et al., 1985; Woosley et al., 2002; Heger et al., 2003;
Takahashi, 2018; Farmer et al., 2019; Marchant et al., 2019; Marchant and Moriya,
2020; Renzo et al., 2020a; Woosley and Heger, 2021; Mehta et al., 2022; Renzo et al.,
2022). The energy injected can cause a cyclic pattern of entering the pair-instability
region, contracting, burning, and expanding; eventually leading to pulsational pair-
instability supernovae (PPISN) and a BH remnant. The energy injected by a single
strong pulse can also unbind the model without leaving a BH remnant in a pair-
instability supernova (PISN). This transition to a PISN defines the “lower edge”
of the upper mass gap. Models with Myzang =250 M reach T, > 6x10° K, where
endothermic photodisintegration reactions absorb enough energy to prevent the star
from unbinding (Bond et al., 1984; Heger et al., 2003). This third transition defines
the “upper edge” of the upper mass gap.

The ZAMS mass of the second and third transitions depend on the He core-
to-ZAMS mass mapping and thus the rotation, convective boundary mixing, and
mass loss adopted (Vink et al., 2015, 2021; Higgins et al., 2021; Woosley, 2019).
Since roughly half of all massive stars are found in binaries (Sana and Evans, 2011;
Sana et al., 2012), a simple assumption is that binary interactions will strip the H
envelope revealing bare He cores, before He burning commences. This can occur from
Roche lobe overflow and or formation and ejection of a common envelope. All low-

metallicity stars, including those with H-rich envelopes, are also expected to undergo

94



PPISN/PISN and lose part or all of their envelope in the pulses (Woosley, 2017;
Renzo et al., 2020b). We are only interested in determining peak BH masses from
GW sources in isolated systems, so we assume their progenitors are He cores.

While the three transitions are set by nuclear and particle physics, the total num-
ber of BHs as well as their distribution with mass is a consequence of stellar evolution.
A number of uncertain factors make a straightforward determination challenging. For
example, current estimates of the BH initial mass function from single stars chiefly
rely on parameterized explosion models (Spera et al., 2015; Patton and Sukhbold,
2020; Zapartas et al., 2021; Patton et al., 2022; Fryer et al., 2012, 2022; Renzo et al.,
2022). Models for the evolution from the ZAMS also still rely on effective mixing
length theories for convection, including ours. Finally, BHs in either mass gap may
occur through mechanisms other than those involving a single star. Examples include
isolated binary star evolution (de Mink and Mandel, 2016; Spera et al., 2019; Breivik
et al., 2020; Belczynski, 2020; Santoliquido et al., 2021; Fuller and Lu, 2022; van Son
et al., 2020), dynamical formation in dense star clusters (Portegies Zwart and McMil-
lan, 2000; Di Carlo et al., 2020; Fragione et al., 2022; Renzo et al., 2020a), mergers
in higher multiplicity systems (Antonini and Perets, 2012; Liu and Lai, 2018; Hamers
and Samsing, 2019), mergers of compact binaries in galactic nuclei (O'Leary et al.,
2009; Bartos et al., 2017; Wang et al., 2021), and mass loss from putative progenitors
above the PISN regime (i.e., super-kilonova Siegel et al., 2021). Contributions from
the different populations may be unraveled as the number of detected gravitational
wave events increase (Perna et al., 2019; Zevin et al., 2021; Renzo et al., 2021; Mandel
and Broekgaarden, 2022).

This article focuses on the second transition, the lower edge of the upper mass
gap. The predicted BH mass at the lower edge from single naked He core models are

generally robust with respect to model uncertainties (Takahashi, 2018; Farmer et al.,
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2019; Marchant and Moriya, 2020; Farmer et al., 2020; Renzo et al., 2020c), but de-
pend sensitively on the *C(a,7)'®0 reaction rate (Farmer et al., 2020). The masses
and spins of merging binary BHs from LIGO/Virgo/Karga (LVK, LIGO Scientific
Collaboration et al., 2015; Acernese et al., 2015; Akutsu et al., 2021) observations
probe the location of the lower edge of the upper mass gap. The observed lower edge
can then be used to place a constraint on the ?C(«,7)'¢O reaction rate (Farmer et al.,
2020). However, we caution that LVK merging BHs might have a very complex as-
trophysical history (e.g., binary evolution and stellar dynamics) which might blur the
mass gap, and the mass gap may not appear at all with the LVK BHs. Furthermore,
we caution that there are competing effects at the lower edge of the mass gap (e.g.,
overshooting, collapse of the H-envelope) that might have the same effect as varying
2C(a,7)'90 reaction rates.

The main novelty of this article is a new effort, initiated by Farmer et al. (2020)
and refined in Mehta et al. (2022), aimed at showing convergence in the sequence
of models used to define the lower edge of the upper mass gap as a function of the
He-burning reaction rates. Section 4.3 describes our models, Sections 4.4 and 4.5

describe our results, and Section 4.6 summarizes our conclusions.
4.3 Models

We use MESA version r11701 to evolve single, non-rotating, massive He cores with
a metallicity of Z = 107" until they either collapse to form a BH or explode as a PISN
without leaving a compact remnant. We adopt a low metallicity so that stellar winds
are irrelevant (Farmer et al., 2019), and to avoid the possible numerical complications
of resolving models with winds (Renzo et al., 2017). Low metallicity environments are
also likely to form some of the most massive stellar mass BHs that can be detected as

GW sources (Mapelli, 2021; Vink et al., 2021; Mandel and Farmer, 2022; Spera et al.,
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2022). Metallacities as low as Z =0.02 Z, are enough to yield final He core masses of
up to 140 My when adopting recently updated and physically motivated Wolf-rayet
mass loss schemes (Higgins et al., 2021).

We use the same MESA inlists and run_star_extras.f90 used in Farmer et al. (2020)
and Mehta et al. (2022) to calculate BH mass spectrum across the lower edge of the
upper mass gap. We also use a 21-isotope nuclear network with nuclear reactions
rates from the NACRE compilation (Angulo et al., 1999) and JINA reaclib database
(Cyburt et al., 2010a). The tabulated 2C(a,7)'O reaction rates were originally
provided by deBoer et al. (2017) and refined in Mehta et al. (2022). A total of
1750 models were run that consumed ~ 3,000,000 core-hours. Full details of the
MESA models and reaction rate files to reproduce our results are available at doi:
https://doi.org/10.5281/zenodo.6930577.

Preceding any individual pulse, we use MESA’s implicit hydrodynamic solver. As
a model evolves into the pair-instability region we switch to MESA’s Hartan-Lax-van
Leer-Contact hydrodynamic solver (HLLC, Toro et al., 1994; Paxton et al., 2018) to
resolve shocks during the dynamic phase of evolution. The switch generally occurs
when central temperatures exceed 10° K and the volumetric pressure-weighted average
adiabatic index (I'y) — 4/3 < 0.01 (Stothers, 1999; Marchant et al., 2019; Farmer
et al., 2019). We then follow the core as it gravitationally unbinds on the first pulse
as a PISN, or contracts and rebounds repeatedly until all shocks have reached the
surface of the model (Yoshida et al., 2016; Woosley, 2017; Marchant et al., 2019;
Renzo et al., 2020c). Individual pulses can eject between ~0.01 My and ~30 Mg
with surface velocities up to20000 km s~ *.

Once hydrostatic equilibrium is reached again, the unbound material is removed,
the remaining mass is relaxed to a new stellar model with an identical entropy and

chemical profile. This is possible since the removed mass is already moving at speeds
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beyond both the escape velocity and the surface sound speed, so no back-reaction
on the remaining material is expected (Marchant et al., 2019). The evolution then
continues with the implicit solver. The new model contracts as it loses energy due
to radiation and neutrino emission until it undergoes an additional pulse or collapses
to form a BH. At the onset of core collapse (CC), the HLLC solver is activated to
capture the dynamics of the infalling core. We define CC to occur when any part

of the model begins collapsing with velocities v > 8000 km s~*

, S0 as to capture any
pulse that might be ejected during CC. The mass of the BH is defined as the mass
of bound material at CC (Renzo et al., 2020c). These BHs masses are upper limits
due to uncertainties in BH formation (Fryer et al., 2001; Branch and Wheeler, 2017;
Uchida et al., 2019; Mandel and Broekgaarden, 2022; Renzo et al., 2022) and weak

shock generation (Nadezhin, 1980; Ferndndez et al., 2018; Ivanov and Fernéndez,

2021; Rahman et al., 2022).
4.4 Convergence of the Peak BH Mass Spectrum

Mapping the final evolutionary phases of massive stars remains challenging given
the difficulty in resolving the interplay between convection, nuclear burning, rotation,
convective-core overshooting, radiative transport, internal waves, mass loss eruptions,
and binary interactions (Quataert and Shiode, 2012; Shiode and Quataert, 2014;
Matzner and Ro, 2021; Vink et al., 2021; Tanikawa et al., 2021; Jacobson-Galan
et al., 2022; Wu and Fuller, 2022). All else equal, mass resolution is an important
consideration to accurately control for changes in stellar structure (Farmer et al.,
2016). Assessing the sensitivity to mass resolution is a necessary practice to ensure
robust predictions. The evolution of PPISN stars are characterized by short episodes
of strong nuclear burning in their core rapidly changing their composition and density.

We will control changes in the central density for temporal resolution. PPISN stars
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also eject large amounts of material at and beneath escape velocity. We will control
the spatial mesh resolution of our models to resolve this material.

The goal of this section is to assess the numerical convergence the MESA models
used to determine the lower edge of the upper mass gap with respect to spatial and
temporal resolution. During hydrostatic phases of evolution when the implicit solver is
active, we control the number of cells with max_dq, the maximum fractional mass in a
cell. That is, the minimum number of cells is 1/max_dq. During the dynamic phases
of evolution when the HLLC solver is active, we control the number of cells with
split merge amr nz baseline. For both phases of evolution we primarily control
the timestep with delta 1gRho_cntr_limit which limits the timestep such that the

change in the logarithm of the central density is less than a specified fraction.
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Figure 4.2: As in Figure 4.1, but with an example of a calculated BH mass spectrum
(teal line and diamonds). A magenta line marks Mpy = Mpy.. The peak BH mass is
labeled. Smaller masses, just left of the peak, show weak pulses. Larger masses, just

right, show strong pulses.
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In the following sections we indicate a “strong” pulse as a single pulse that arises
from (I'y —4/3) < 0 and results in the ejection of >0.1 M, of material. We indicate
“weak” pulses as any rebounding pulse formed while the model relaxes from a strong
pulse. Weak pulses also arise at or just above (I'y —4/3) = 0 from dynamical behavior
that is not strong enough to remove >0.1 M, of material with a single shock, yet
can remove > 0.1 My in a series of several or significantly more weak pulses which
compound shocks near the surface. Strong pulses typically develop on a timescale of
< 50 seconds, while typical periods for the contraction and bounce of a single weak
pulse can range between, but are not limited to, 102~103 seconds. In this paper, a
PPISN is any model in which a single strong pulse or a series of weak pulses is able
to remove > 0.1 My of material from the surface. Figure 4.2 illustrates a sample BH

mass spectrum with weak and strong pulses.
4.4.1 Global mixing floors

Because of the finite-size of the Lagrangian mesh representing a star in numerical
models, sharp gradients (e.g., in chemical composition or thermal properties) can be
hard to resolve. This can lead to unphysical “spikes” that can have an oversized and
resolution-dependent effect on stellar processes depending on those gradients (e.g.,
mixing instabilities). To mitigate this effect, a global minimum chemical mixing
diffusion coefficient D,;, can be used. Physically, D,;, may be interpreted as a
small amount of mixing arising from small scale perturbations not captured in one-
dimensional models. The global evolution of a model is unaffected when the associated
diffusive mixing timescale 7 = L? /Diin, where L is the characteristic length-scale
over which the mixing is active, is significantly longer than the lifetime of the stellar
model. Choosing Dy, =1072 em? s7!, min Dmix in MESA, and a typical PPISN

radius of Ry =1-10Ry, the global mixing timescale is 7 ~ 107 yr. A 50M, He
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Figure 4.3: Both panels share the same x-axis, the logarithmic time to core-collapse
(CC) in seconds. The top panel shows the neutrino luminosity and Kelvin-Helmholtz
timescale, normalized to account for the energy lost to neutrinos, which dominates
over photon cooling in the evolutionary phases shown. The integrated (I'y — 4/3) is
shown in the bottom panel to illustrate when the models are evolving dynamically.

Hatched regions indicate where C-shell, O-core, and Si-core burning take place.
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Figure 4.4: Difference in convection and nuclear burning between three stellar models
in Section 4.4.1. Figures in the left column are shown versus model number from He-
burning to CC. Figures in the right column are shown versus logarithm of the time
to CC, beginning at the onset of shell C-burning. The different fuels burning are
labelled. Each figure shows the signed logarithm of the net specific power, sign(é,,c —
€,) logyo(max(1.0, |euc—€,|)), where €, is the specific energy generation rate and e, is
the specific energy loss from neutrinos. Purple regions denote strong neutrino cooling
and red regions denote regions of strong nuclear burning. Light blue regions indicate
standard mixing length convection, grey regions indicate convection with reduced
mixing because of shorter convective timescales, and for model 2 beige-orange regions
(e.g. near the surface) indicate where the diffusive mixing coefficient is set to D

= 1072 cm?/s.
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core has a lifetime of ~ 10° yr, about 12 orders of magnitude smaller than this global
mixing timescale. Thus, we do not anticipate a significant global impact with this
value of D;,, while it smooths local composition gradients. Nevertheless, models
at the boundaries of different physical behaviors (e.g., core-collapse or pulsational
pair-instability) may differ qualitatively.

Figure 4.3 and 4.4 illustrate the difference in evolutionary behavior between three
My, =50 Mg models from the advent of shell C-burning to CC. The thermal evolu-
tion of these models is dominated by neutrino cooling and therefore all three models
remain in local thermodynamic equilibrium. Figure 4.3 compares the luminosities,
timescales, energies, and integrated (I'y —4/3) of three 50 M, He core models as they
evolve to CC. Figure 4.4 displays the convective and nuclear burning behavior of these
models. Model 1 uses the same mass and temporal resolution as Farmer et al. (2020):
max_dq=14-3
split_merge_amr _nz baseline =6000
delta_lgRho_cntr_1limit=2.5d4-3

min D mix=0.

Model 1 uses ~2000-3000 cells during the hydrostatic phases, ~2500-3500 cells
during the dynamic phases, and ~ 13000 timesteps to reach CC. Model 2 is the
same as Model 1, but sets min D mix=1d-2. Model 2 uses ~2000-3000 cells during
the hydrostatic phases, ~2500-4200 cells during the dynamic phases, and =~ 9000
timesteps to reach CC. Model 3 is the same as Model 1, but with about twice the
mass resolution and 25 times the temporal resolution: max_dq=2d-4
split_merge_amr nz baseline=12000
delta_lgRho_cntr_limit=1d-4

min D mix=0.
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Model 3 uses ~3500-4000 cells during the hydrostatic phases, ~5000-10,000 cells
during the dynamic phases, and ~ 740,000 timesteps to reach CC.

In model 1, 2, and 3 off-center C-ignition occurs at log(t.. —t) ~ 7.4, log(t.. —t) ~
6.5, log(t.e — t) ~ 6.4. In model 1, the chemical evolution of the core is interrupted
by a dynamical episode at log(t.. —t) ~ 7.3. Shell C-burning is an insufficient energy
source to combat the dynamical instability as only a fraction of the >C in the shell
in burned before a I'y instability leads to a core contraction. During this contraction
the He-burning shell propagates inward, mixing and burning alongside Ne, Mg, and
Si in the O-rich shell, stabilizing the core until CC.

Models 2 and 3 smoothly evolve through shell C-burning and undergoing weak
dynamical behavior, and a steady decrease in total energy as their cores smoothly
evolve toward CC. With Dy, =1072 cm? s7!, model 2 experiences minimal mixing
between the He-rich shell and the C-O core commensurate with model 3. Models
2 and 3 both smoothly burn through most of the ?C in the C-O shell while their
cores burn through oxygen. This convective C-burning shell stabilizes the star long
enough to prevent a dynamical contraction that disrupts core burning, unlike model
1. When the mass fraction of carbon, X (*2C), in the shell drops below ~ 1072, shell
burning is no longer strong enough to prevent I'y instability from pair-production.
The shell begins to contract outward-in rebounding off the core from brief episodes of
explosive O-burning. These explosive burning episodes drive weak shocks outward,
momentarily stabilizing the shell until the shocks reach the surface and the shell
contracts again. During each contraction, the temperatures and densities increase
causing Ne and Mg burning in the outer shell to reach deeper within the model with
every contraction, and recede back toward the surface during each pulse. As the core
evolves further toward CC, Si-burning contributes to each episode. These pulsations

can be seen in the oscillations of (I'y — 4/3) and the oscillatory convection in Figures
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4.3 and 4.4. Model 2 manages to resolve a few pulsations before core-collapse, each
ejecting a small amount of mass, resulting in Meject> 0.01 M. The higher resolution
of model 3 is able to resolve > 140 pulses before reaching CC, each pulse releasing a
small amount of mass, resulting in Meject™ 0.45 M.

Adopting D, = 1072 ecm? s~! improves the rate of numerical convergence of low
resolution models akin to a slight increase in temporal resolution. While model 2
can resolve core burning reasonably well, the timesteps are too large to fully resolve
nuclear burning in the shell or the coupling between the core and shell that gener-
ates oscillatory burning in the core during later stages, as in model 3. Because our
timesteps are primarily limited by delta 1gRho_cntr_limit, small changes in cen-
tral density resulting from the dynamical contraction between each core and shell
burning episode can be fully resolved in model 3 but not in models 1 or 2. Only the
strongest, largest core-shell contractions can be resolved at the lower resolution of
model 2. Since each contraction does not change the core density at an appreciably
large level, timesteps taken by model 2 skip or smooth over many of these pulsations.
This suggests that Dy, = 1072 cm? s=! improves the rate of convergence of models
run with lower resolutions, but cannot fully recover the convective behavior generated
by models which use significantly greater temporal resolutions. Next we continue our
exploration of Dy, =1072 cm? s! at higher resolutions to better characterize the

impact across the entire BH mass spectrum.
4.4.2 Resolution Testing The Single Star BH Mass Spectrum

In Farmer et al. (2019), Marchant et al. (2019), Renzo et al. (2020a) and Mehta
et al. (2022), brief explorations of enhanced mass and temporal resolution were con-
ducted, but further work was needed to assess the convergence of these models across

the entire BH mass spectrum. In this section we take on the challenge of exploring
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Figure 4.5: BH mass spectrums for the resolutions in Table 4.1 and Table 4.2. All
panels share a similar x-axis, Initial He Core Mass My, in Mg, and y axis, BH Mass
in M. Resolutions only shown at their respective peak BH mass are labeled with
asterisks. Horizontal dashed and solid lines indicate the location of the peak BH mass

for each resolution.
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Name min D | max_dq | splitnz | diogp, | Mre(Ma) | Meo X(*20) g
1m_1h _1t* 0 1d-3 6000 2.5d-3 53 47.59 | 0.1807
2m_1h_2p5t® | 0 5d-4 6000 1d-3 60 54.51 | 0.1699
im_1h 2p5t | 0 1d-3 6000 2.5d-3 58 52.53 | 0.1730
2m_2h 2p5t | O 5d-4 12000 2.5d-3 54 53.76 | 0.1757
2m_2h 5t 0 5d-4 12000 5d-4 60 54.50 | 0.1696
2m 2h 5t D | 1d-2 5d-4 12000 5d-4 60 54.15 | 0.1694
2m_2h_ 25t 0 5d-4 12000 1d-4 62 56.24 | 0.1670
5m 2h 2p5t | 0 2d-4 30000 1d-3 55 48.92 | 0.1687
5m 5h 2p5t | 0 2d-4 30000 1d-3 55 48.92 | 0.1687
5m_5h_5t 0 2d-4 30000 5d-4 57 50.34 | 0.1688
5m_5h 5t D | 1d-2 2d-4 30000 5d-4 57 50.28 | 0.1719
5m_2h_10t 0 2d-4 12000 2.5d-4 62 56.29 | 0.1672
5m_2h_ 10t D | 1d-2 2d-4 12000 2.5d-4 62 56.39 | 0.1673
bm_2h 25t 0 2d-4 12000 1d-4 62 56.17 | 0.1674
5m_bh 25t 0 2d-4 30000 1d-4 62 56.17 | 0.1674
5m_5h 25t D | 1d-2 2d-4 30000 1d-4 62 56.17 | 0.1674

for the models producing the peak BH mass below the upper mass gap. (Farmer

et al., 2020), °(Mehta et al., 2022)

< 1Mg level. We focus on resolution testing the BH mass spectrum for He cores with

the 0 =0 C(a,7)'%0 reaction rate provided by deBoer et al. (2017) and updated
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Table 4.1: Initial He core mass, composition at He depletion, and resolution controls

the numerical convergence of MESA stellar models computed across the BH mass spec-

trum. The goal of this section is to achieve convergence in the peak BH mass at the




Name Pulses Mps (M)
1m_1h_1t° 0 52.77
2m_1h 2p5t® | 1 strong, 6 weak 59.17
im_1h_2p5t | 1 strong, ~ 6 weak 57.40
2m_2h_2p5t | 4 strong, > 50 weak 52.3
2m_2h 5t 1 strong, ~ 7 weak 59.07
2m_2h 5t D | 1 strong, ~ 7 weak 59.23
2m_2h 25t 1 strong, ~ 9 weak 60.61
5m_2h 2p5t | 0 04.76
5m_65h 2p5t | 0 54.76
5m_5h 5t 1 strong, ~ 10 weak | 53.43
5m 5h 5t D | 1 strong, ~ 5 weak 55.41
5m 2h 10t 1 strong, ~ 10 weak | 60.17
5m 2h 10t D | 1 strong, ~ 10 weak | 60.07
5m_2h 25t 1 strong, ~ 10 weak | 60.55
5m_5h 25t 1 strong, ~ 10 weak | 60.32
5m_5h 25t D | 1 strong, ~ 10 weak | 60.37
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Table 4.2: Extension of table 4.1. *(Farmer et al., 2020), °(Mehta et al., 2022)

to 2015 temperature points in Mehta et al. (2022), corresponding to an approximate
astrophysical S-factor S(300 keV) = 140 keV b. We also investigate the inclusion of
a minimum diffusive mixing floor D,,;, on the BH mass spectrum.

Our testing consists of 16 different model resolutions, each modified using some
variation of max_dq, split_merge_amr nz baseline, and delta 1gRho_cntr_limit to

control for mass and temporal resolution. In Table 4.1 and Table 4.2 we summarize




the adopted resolution and associated peak BH spectrum mass. In Figure 4.5 we plot
the BH mass spectrum for each resolution listed in Table 4.1 and Table 4.2. The
baseline resolution of 1m_1h_1t represents the resolution adopted in Farmer et al.
(2020). All other models are scaled up from 1m_1h_1t. Generally models with 1m, 2m,
and 5m have between 2000-3000, 3500-4000, and 7000-8000 cells respectively during
the hydrostatic phase of evolution. Models with 1h, 2h, and 5h have between 2500-
4500, 5000-10000, and 12000-25000 cells respectively during the hydrodynamic phase
of evolution. The number of cells typically increases from the lower bound to the
higher bound as a model evolves and the average density of the model generally
increases (except during pulses). Models with timesteps set by 1t, 2p5t, 5t, 10t,
and 25t generally take between 8000-40000, 15000-150,000, 20,000-200,000, 40,000-
500,000, and 100,000-1,800,000 timesteps to reach CC depending on the number of
pulses encountered during the evolution. Models that produce the peak of the BH
mass spectrum tend to be the most stable and undergo less pulsational behavior than
neighboring models to the left and right of the peak. At 2m_2h 25t, models with My,
= 50-58 M undergo many weak and some strong pulsations reducing the BH mass
and deviating from a linear growth in the BH mass. My, = 60-62 M, models are the
most stable resulting few pulsations, and at My, > 63 My, strong pulses mixed with
weak pulses result in much less massive BH masses.

All models were run on 8-core nodes and allotted 32GB of RAM. Wall-clock times
are generally between 1-4 days for low resolution models (e.g. 1m_1h 1t - 2m 2h 5t),
1-3 weeks for intermediate resolution models (e.g. 5m_5h_2p5t - 5m_2h_10t), and 1-
10 weeks for the highest resolution models (e.g. 2m 2h 25t). The highest resolution
models take between 1-3 weeks near the BH mass spectrum peak, between 3-10
weeks to the left of the peak where hundreds of weak pulsations occur, and 3-10

weeks to the right of the peak where strong pulsations are intermixed with weak

109



pulsation episodes. The computational cost of 2m 2h 25t limited us from computing
full spectrums at higher mass resolutions such as 5m_5h_25t. These models could not
feasibly be calculated anywhere except at the BH spectrum peak in this work as they
would take between 3-9 months to complete. Any model which did not reach CC or
result in a PISNe is not included in this work.

In Table 4.1 and Table 4.2 all models except 1m_1h t possess central X('2C)g,
mass fractions within 0.01 of each other at core He-depletion, regardless of the initial
He core mass My.. The C-O core mass Mco pe at He-depletion primarily depends on
Mpye. Models with similar initial My, develop values of Mo ge within 1 Mg of each
other regardless of the adopted resolution. Our CO and He core mass boundaries are
defined as the outermost location where X(*He)< 0.01 and X(*H)< 0.01, respectively.

Across all resolutions, the behavior of each PPISN model shown in Figure 4.5 is
similar. Regardless of He core mass, each model undergoes He core burning followed
by shell He-burning as the core beneath contracts. In all cases, the contracting
core is momentarily stabilized by central C-ignition radiatively burning outward and
leaving behind an O-Mg rich core, with traces of Si. The next evolutionary phase is
primarily determined by the total mass of the C-O core at the end of He-burning which
scales linearly with My,, and X(*2C) of the shell which is identical to X(**C)ye, the
X(*2C) mass fraction at He-depletion. If the core is not massive enough or X(*2C)y,
is large enough, a convectively burning Carbon shell will form and the core will
undergo stable convective O-ignition to maintain hydrostatic equilibrium. This sort
of evolution is characterized by a smooth transition from C to O/Ne/Mg and then
Si/S/Ar and eventually Fe-burning in the core. This leads the star to CC without
any dynamical contractions or pulses driven by I'; instability. These stellar models
only lose mass through winds during He-burning, Meject < 0.3 M, and thus produce a

linear growth in the BH spectrum in correspondence with the initial He core mass. For
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o[?C(a,7)'®0]= 0 the left side of the BH mass spectrum is stable up to My, ~47 M,
at which point the lower edge of the pulsational pair-instability strip is encountered.
Models that are slightly more massive than My, ~47 Mg and or with slightly lower
X(*2C)ge begin to suffer from pair-instability in their interiors fueling a dynamic
evolution toward CC. Just above My, ~ 47 M, pair-production in the interior of these
stellar cores softens the equation of state, and dynamical contractions begin to drive
weak pulses that remove material from the surface of these models. As My, increases,
weak pulses increase in frequency and number until strong pulses develop, unbinding
Meject=> 1 Mguntil the peak of the BH mass spectrum is encountered. More detail on
the characteristics of weak pulsations encountered before the peak have been discussed
in Woosley (2017); Renzo et al. (2020a), although not at the highest resolutions
explored in this work. Weak pulsations begin to develop when convective shell C-
burning can not supply the energy needed to stabilize the shell long enough for smooth
O-ignition in the center. The onset of this instability has been discussed in detail in
the behavior of the 50 My, He cores from section 4.4.1. stronger pulsations near to and
at the peak of the BH mass spectrum typically involve a short episode of convective
shell C-burning while a portion of the central O-core convectively burns. Once 2C is
nearly depleted from the shell, I'; instability leads to a dynamical contraction followed
by a thermonuclear explosion of a significant mass fraction of the O-rich core. When
the shock reaches the surface of the model, multiple contractions and bounces occur as
the star relaxes back to hydrostatic equilibrium. After a dynamical episode, stable O-
burning can ensue in the core, followed by burning of heavier isotopes and eventually
CC.

To the right of the BH mass spectrum peak, all models with larger My, are unable
to develop sufficient pressure from shell C-burning to enable smooth O-ignition in the

core. The convective growth of the C-burning shell is undercut by a I'y instability
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resulting in an infalling core that radiatively burns through most of its neon on a
timescale of < 50 — 70 seconds followed by explosive burning of the central O-core
in the next < 50 seconds. Nearly all of the central 60O is burned in this explosive
burning episode, removing between ~ 5-30 M, of material after just one strong pulse
and the weak pulses that follow. These pulses are so strong they temporarily perturb
the model for 1 — 10® years. After the model relaxes back into hydrostatic equilib-
rium, nuclear burning recommences and one or several more strong and weak pulsing
episodes may follow depending on the strength of the initial pulse and the amount of
unburnt 190 remaining in the core. For models with My.> 72 M, the O-rich core ex-
plodes in a single thermonuclear pulse driving a supersonic shock with energy greater
than the total binding energy of the model, disrupting the entire model after a single
pulse, and leaving no compact remnant in a PISNe.

In panel 1 of Figure 4.5 we compare the BH mass spectrum at three resolutions
with increasing mass resolution and otherwise equal temporal resolution. Models
with Mp.<47 Mg do not appear to encounter pulsational pair-instability according
to panel 1, as this appears to be the lower edge of the pair-instability strip. The
first resolution to display PPISN behavior is 5m_5h 2p5t, followed by 5m_2h 2p5t,
2m_2h_2p5t, and then 1m_1h 2p5t. Increasing the mass resolution appears to smooth
out the peak of the BH mass Spectrum, however this could be due to a lack of temporal
resolution to accurately resolve models with greater mass resolution. The erratic
behavior near the peak for 1m_1h 2p5t is likely due to being slightly under-resolved.
Convergence in the peak BH mass is observed between 5m 5h_2p5t and 5m_2h 2p5t.
Both resolutions predict a BH mass peak of Mpy~54.8 M, satisfying our criteria
for convergence at the <1Mg level. This convergence is slightly suspect though, as
both models evolved from a 55 M, He core that does not enter the hydrodynamic

solver during core O-burning, remaining in the implicit hydrostatic solver until the
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HLLC hyrodynamic solver is turned on at CC, refer to Marchant et al. (2019) for a
discussion of the criterion to turn on the HLLC solver. Directly right of the peak, all
the model resolutions appear to fall within 1-2 My, of one another.

In panel 2 of Figure 4.5 we compare our previously converged mass resolution
models with two additional resolutions at twice the temporal resolution with and
without a minimum diffusive mixing floor, 5m_5h_5t and 5m_5h_5t_D. This comparison
illustrates that while the mass resolution might be converged, increasing the temporal
resolution and including a minimum diffusive mixing floor changes the peak BH mass
at >1 Mg, level indicating our models are not fully time resolved near the peak. There
is a wide spread in BH mass across the entire peak, another indication that increasing
the temporal resolution of these models might be warranted.

In panel 3 we conduct a test of the temporal resolution of these models by control-
ling for changes in the central density per timestep. Increasing from 2m_2h 2p5t to
2m_2h 25t, an order of magnitude increase in temporal resolution, leads to a change in
the BH mass of ~8M,. This is a significant increase in the peak BH mass demonstrat-
ing the importance of time resolution in resolving the convective burning behavior of
our PPISN models. To the left of the peak, the number of weak pulses resolved is also
particularly sensitive to time resolution. This is one of the primary reasons 2m_2h 25t
takes >1,000,000 time steps in models between 50-58 M. These models are able to
resolve hundreds of weak pulses creating small shocks that unbind between 0.5-1 M,
of material. In several cases (e.g. Mpe.= 53,54, 55,59 M) these weak shocks precede
the development of an episode of strong shocks which can go entirely unresolved at
resolutions lower than 2m 2h 25t, straying from the trend of linear growth in Mpy
observed at lower resolutions. Hundreds of weak shocks are also observed on the right
side of the BH mass spectrum peak. Between each strong shock hundreds of weak

shocks can remove multiple M, of additional material.
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In panel 4, we show the resolved peak of the BH spectrum from our highest
temporal resolution models and confirm its existence at our highest adopted mass
resolution. By comparing our highest temporal resolution 2m_2h 25t with 5m_2h 10t
and 5m_2h_ 10t D we confirm that 10x the temporal resolution is needed to resolve
the BH mass spectrum peak to within <1Mg. We confirm the convergence of these
models by including the peak BH masses from 5m 2h 25t, 5m 5h 25t, 5m_5h 25t D.
In conjunction with Table 4.1 and Table 4.2, Panel 4 illustrates that the adoption
of a minimum diffusion coefficient D,,;, changes the peak BH mass at the <0.1 Mg
level. Models with D,,;, also tend to be more numerically stable than models run
without, encountering less overall crashes, and typically achieving their final fate in
less timesteps and therefore a generally lower wall-clock time, even for similar BH
masses.

Looking at all four panels, we are able to differentiate between the importance
of mass and temporal resolution. The amount of mass resolution needed to resolve
the peak is limited by the amount of temporal resolution available. For example,
models run with 2m_2h 5t are more stable than models run with 5m_5h_5t displaying
respective peak BH masses of Mgg~59.1 My and Mpgp~53.4 M. We find that an
adequate amount of temporal resolution is necessary to resolve the peak at a given
mass resolution. Models with large mass and low time resolution tend to produce the
most smeared peaks with the lowest overall peak BH mass, where as models with the
low mass resolution and high temporal resolution display the largest overall peak BH
mass. This explains why 1m_1h 2p5t is able to resolve a larger peak BH mass than at
any other mass resolution with similar time resolution. Increasing mass resolution in
a vacuum is not advised, without comparable increases in temporal resolution. Panel
4 indicates that time steps limited by at least 614g,, < 2.5 X 10~* are needed to resolve

the peak BH mass, and d10g,, < 10~ is needed to accurately resolve the shape of the
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BH mass spectrum, while the amount of mass resolution needed is rather unclear.
Marchant and Moriya (2020) and Woosley and Heger (2021) found that the effi-
ciency of angular-momentum transport changes the lower edge of the BH’s mass gap
at the ~10% level. Farmer et al. (2019) found that the lower edge of mass gap was ro-
bust at the ~ 10% level to changes in the metallicity, wind mass loss prescription, and
treatment of chemical mixing. In Renzo et al. (2020c) on convection during pulses,
we showed that the treatment of time-dependent convection does not directly affect
the maximum BH mass. In Mehta et al. (2022), we claimed our models for the peak
BH mass were robust with respect to mass and temporal resolution at the ~10%
level. In this section we have gone further to show that by adopting a resolution of
5m 2h 10t or 5m_2h 10t D our peak BH mass models are robust to mass and temporal

resolution at the ~ 1% level at o['*C(a,7)'®0] = 0.
4.5 The Rate Dependent Single Star BH Mass Gap

During the core He-burning phase of stellar evolution, a competition between
the (3-a) process 1He(, )*Be(a, )12C*(,27)*2C and 2C(a,7)*0 establishes the C/O
ratio of the stellar core for later C and O burning phases. The evolution of He
cores through advanced burning stages depends sensitively on the C/O ratio of these
models at He-depletion. Reducing the uncertainty in the 2C(a,y)'®O reaction rate
probability distribution function is a goal of forthcoming experiments (deBoer et al.,
2017; Smith et al., 2021). A common approach to investigating the C/O ratio of
differing stellar cores is to explore a modified 2C(a,7)'®O during He-burning, and
tracing it’s effect on the BH mass distribution (Takahashi, 2018; Farmer et al., 2020;
Costa et al., 2021; Mehta et al., 2022). In this section, we will continue with a similar
exploration of this rate albeit at a significantly higher model resolution than similar

works previously conducted in MESA. We will explore variations in the 2C(a,7)0 at
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Figure 4.6: ?C(a, ) reaction rate ratios, o;/0g, as a function of temperature. o;
spans -3.0 to 3.0 in 0.5 step increments, with oy being the current nominal rate.
Negative o; are gray curves and positive o; are green curves. The +1,2,3 o; curves
are labeled. The blue band show the range of temperatures encountered during core

and shell He burning.

the 0.50 level, with the 2C(a,7y)'®0O rate provided by deBoer et al. (2017) and updated
in Mehta et al. (2022), see Figure 4.6. o, represents the median rate consistent with an
astrophysical S-factor of S(300 keV) = 140 keV b with a 10 = 21 keV b uncertainty.
By exploring +30, we effectively explore the range S(300 keV) = (77,203) keV b,
where positive and negative ¢ indicate a stronger and weaker rate than the median
value, respectively.

In this Section, we will explore a range of MESA stellar model resolutions across
the rate dependant upper mass gap. In section 4.5.1 we extend our resolution study
to resolve the tip of the BH mass spectrum at the <2Mg, level at o['2C(a,7)'0] =
—3,+3 and we recompute a new resolved lower edge to the BH mass gap. In section

4.5.2, we discuss the impact of a newly calculated “He(2, )'2C (3-a) reaction rate on
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the location of the lower edge of the C(a,7)'0 rate-dependant mass gap. We then
recompute a resolved lower edge to the rate-dependent mass gap with inclusion of
this revised 3-a rate. We end this section by comparing our new lower BH mass gap
edge with recent measurements of binary black holes (BBH) mergers detected in the
third Gravitational-Wave Transient Catalogue (GWTC-3) by (The LIGO Scientific

Collaboration et al., 2021a).
4.5.1 Resolving the *C(a,y)'*O Dependant BH Mass Gap

By varying the 2C(«,7)®O rate, we probe the convergence of models with differing
C/O cores. We then establish a new resolved lower edge of the upper mass gap as
Miower =~ 60732 M from the 43¢ uncertainty in the 2C(a,7)'%0. In Figure 4.7 we
compute the BH mass spectrum and their associated peak BH masses at five different
resolutions found in Table 4.1. In each panel we display the BH mass spectrums
produced by adopting the model resolutions found in Farmer et al. (2020) (1m_1h_1t),
Mehta et al. (2022) (2m_1h_2p5t), our highest feasible temporal resolution 2m_2h_25t,
and 5m_2h_10t_D which we’ve shown to reproduce the BH mass spectrum peak to
within <1Mg, at o[**C(a,7)'®0] = 0. We opt to only compute BH mass spectrums
across the peak for 5m 2h 10t D as these models tend to be much more numerically
stable than models run with 5m_2h_10t, encountering less overall crashes than models
which do not adopt Dy,;,. In each panel only the peak BH mass is shown for 5m 2h 10t
to illustrate similar agreement with 5m_2h_ 10t _D.

In the top panel of Figure 4.7, we show the BH mass spectrum for models with
o[C(a,y)'®0] = —3. These models possess larger C/O mass fractions with typ-
ical X('2C)~ 0.32. The larger ?C mass fraction of these He cores allows for the
development of strong convective shell C-burning which manages to counter the af-

fects of pair-instability in these cores long enough for them to reach CC (Takahashi,
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Figure 4.7: The BH mass spectrum for different values of the ?C(a,7)°0O rate; left
(0 = =3), right (0 = +3), and center (o = 0), for five of the resolutions listed in
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indicate the location of the peak BH mass for each resolution.
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Figure 4.8: The location of the lower edge of the BH mass gap as a function of the
temperature-dependent uncertainty in the ?C(a,7)®O reaction rate. Each line marks
the lower mass-gap boundary predicted by the adopted ?C(a,y)®O rate uncertain-
ties. The magenta/pink line mark the lower mass-gap boundary, as found in Figure 5
of Farmer et al. (2020), predicted by the Kunz et al. (2002) rate as expressed in the
STARLIB reaction-rate library (Sallaska et al., 2013). The dark purple line marks the
lower mass-gap boundary predicted by models adopting the resolution from Farmer
et al. (2020) and the original 52 temperature point 2C(a,y)'®O rate provided by de-
Boer et al. (2017). The coral blue line marks the lower mass-gap boundary using the
updated 2C(a,7)*O calculated and implemented in Mehta et al. (2022). The dark
blue line marks the revised lower mass-gap boundary calculated in this work using
the updated 2C(,7)'%0O adopted in Mehta et al. (2022). Note that o[**C(a,7)'°O]

represent different astrophysical S-factor’s for each rate source.
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2018; Woosley and Heger, 2021). There is little shape to this spectrum as models
are stable up until they undergo PISNe. If the true cosmic C(a,7)'%0 rate was
in fact this weak, we would not expect to observe any PPISN stars as the lower
edge of the pair instability strip is synchronous with the lower edge of the BH mass
gap. Here, Farmer et al. (2020) (1m_1h_1t), Mehta et al. (2022) (2m_-1h_2p5t), and
2m_2h 25t produce BHs of identical mass, Mgy ~93.4 M. Models 5m_2h_10t and
5m_2h 10t _D appear to agree with one another, producing BHs with identical masses
Mgy ~91.4 Mg,. Interestingly our lowest resolution illustrates better agreement with
out highest resolution than our moderate resolution models. As a check, we have
computed an additional model with 5m_2h 25t and found the peak BH mass remains
Mgy ~93.4 Mg,. It is unclear why our lowest resolution models agree with our highest
resolution models here, however in a stellar evolution model there are many choices
that are made which interact highly non-linearly with one another. It is possible that
our experiment varying only a few parameters does not capture all the possible varia-
tions necessary. Nonetheless, the location of the BH mass spectrum peak is sensitive
to temporal resolution due to its discontinuous nature. In this case, we are able to
resolve the peak BH mass spectrum at lower resolutions, but we can only be confident
in our peak BH mass estimate to within <2 Mg with 5m_2h_10t_D.

In the middle panel of Figure 4.7, we show the BH mass spectrum for models
with ¢[*?C(a,7)*®0] = 0. The behavior of models with these C/O mass fractions,
X(*2C)~ 0.17, were previously discussed in section 4.4.2. Within the context of our
MESA models, Mehta et al. (2022) has shown the dependence of the BH mass spectrum
on the tabulated temperature resolution of the o =0 2C(a,7)'®O reaction rate at
2m_1h 2p5t. When the reaction rate was defined by 52 temperature points, the BH
mass spectrum reaches a maximum BH mass of 49.6 M at an initial He core mass

of 55.0 M. When the reaction rate is defined by 2015 temperature points, the BH
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mass spectrum reaches a maximum BH mass of 59.1 M at an initial He core mass of
60.0 M. In this work, we have confirmed the maximum BH mass to be 60.3-60.4 M,
with an initial He core mass of 62 Mg at our highest resolution, 5m_5h_25t. Mehta
et al. (2022) happened to choose a combination of mass and temporal resolution to
be able to resolve the peak of the BH mass to within 2 My of the resolved value. As
a result, the ability of the 2015 point rate to produce models which sustain a linear
trend of larger BH masses with larger initial He core masses was not just a result of
the improved tabulated resolution of the 2C(c,7)'O reaction rate, but also largely
due to the resolution of the models used to calculate the peak in Mehta et al. (2022).
In this work, the peak of the o[*?C(a,7)'®0] = 0 BH mass spectrum can only be
resolved to within <1Mg with 5m 2h_10t_D or greater resolutions.

In the bottom panel of Figure 4.7, we show the BH spectrum for models with
o[?C(a,7)'°0] = +3. These models possess the lowest overall C/O mass fractions
with typical X(*?C)~ 0.07. Given the small C/O mass fractions present in these
cores, most of these models undergo at least one strong pulse. At the lower end of
the BH mass spectrum a notable difference in the location of the lower edge of the
pair-instability strip can be seen between 2m_2h 25t and all other resolutions. From
this panel, we find that the lower edge of the pair instability strip is ~32 M at
2m_2h 25t, ~5 M lower than at any other resolution. Temporal resolution appears
to be of critical importance in establishing the lower edge of the pair-instability strip
for models with low C/O mass fractions. Models with low temporal resolution are
unable to resolve the hundreds of weak pulses which which culminate in a strong pulse
for models with My, as low as 32 M. Across the mass spectrum, a large spread in
the BH masses is found at varying resolutions with the primary difference being owed
to the shear number of weak pulsation episodes intermixed between strong pulses.

Models run at 2m_2h 25t are able to resolve many more weak pulses than at any
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other resolution, leading to BH masses which are typically lower than those predicted
by lower resolutions. At o[**C(a,y)'®O] = +3, we are able to resolve the peak BH
mass to within <1 Mg with 5m_2h_10t_D, although we cannot resolve the entire shape
of the BH mass spectrum.

Figure 4.7 shows that the temporal resolution during the hydrodynamic phase of
evolution is most important for resolving the peak of the BH mass spectrum. This is
due to a tight coupling between the nuclear burning and convection at each timestep.
Models with o [**C(a,7)'®0] = —3 spend the least amount of time in the hydrodynamic
phase, while models with o["2C(a,y)'®0] = +3 spend the most. The BH mass spread
between different temporal resolutions is larger the longer these models spend in
the hydrodynamic phase. Models with stronger ?*C(a,7)'O rates undergo stronger
nuclear burning episodes and convection, requiring the highest temporal resolutions
to resolve.

Given the large computational cost of computing models with 2m_2h 25t, we adopt
5m_2h 10t D as our highest resolution moving forward, with numerical convergence
in peak BH mass at the < (2, 1, 1) Mg, level for o[**C(a,7)'%0] = —3,0,+3. More
specifically, models run with 5m_2h_10t_D appear to underestimate the peak BH mass
by <2Mg at ¢ = —3 and overestimate the peak BH mass by <1Mg at ¢ = 3. In
Figure 4.8 we compute the lower edge of a resolved ?C(a,7)'®O rate-dependant BH
mass gap and compare to previous work. In Farmer et al. (2020), using a default reso-
lution of 1m 1h 1t, a 60 temperature point ">C(a,y)'®O from STARLIB (Kunz et al.,
2002) was calculated and discussed along with the deBoer et al. (2017) *C(a,7)*0O
rate at 0 = —1,0, 1. In this work we extend that calculation across the lower edge of
the mass gap to show the result of adopting the original 52 temperature point deBoer
et al. (2017) 2C(a,y)'®0 rate at 1m_1h_1t. While the agreement between (deBoer

et al., 2017) and (Kunz et al., 2002) was <3Mg at 0 = —1,0, 1, the difference be-
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Figure 4.9: The location of the lower edge of the BH mass gap as a function of
the temperature-dependent uncertainty in the '2C(a,y)'®O reaction rate. The dark
purple line marks the revised lower mass-gap boundary calculated in this work using
the updated ?C(a,y)'®O adopted in Mehta et al. (2022) and f3, = 1 (Angulo et al.,
1999). The orange line marks the revised lower mass-gap boundary calculated in this
work using the updated ?C(a,7)'°0 adopted in Mehta et al. (2022) and f3, = 1.378
(Kibédi et al., 2020). The white region denotes the mass gap and the yellow-orange
regions highlight differences between models computed with f3, =1 and f3, =1.378
at the same uncertainty in *C(a,7)'%0. All BH masses with Mpy> 45 M, included in
GWTC-3 are shown with dark red points and blue error bars showing the uncertainty
in their inferred mass. The approximate astrophysical S-factor corresponding to each

probability distribution function sourced o value is labeled on the top x axis.
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tween both rates grows appreciably large between o = —1,—3. This is due to the
fact that o does not represent the same physical quantity, the astrophysical S-factor,
for different sources of the reaction rate.

In Mehta et al. (2022), a revised deBoer et al. (2017) reaction rate probability
distribution function defined by 2015 temperature points at each o; was adopted and
implemented at an improved resolution of 2m_1h 2p5t. This small improvement in
model and reaction rate resolution substantially increased the lower edge of the BH
mass gap between 0 = —2,+3. The resolved lower edge computed with 5m_2h_10t
shows reasonable agreement with the results of Mehta et al. (2022) at the <4 M

level across the lower edge of the BH mass gap.
4.5.2 The Impact of 3-o on the BH Mass Gap and GWTC-3

The 3-a process is primarily carried out by the fusion of three « particles to form
2C in the Hoyle-state (Hoyle, 1954), a resonant 07 second excited state of 2C at
~7.65 Mev, which then decays into the ground state. The currently adopted rate for
3-a in many stellar evolution codes currently comes from Nomoto et al. (1985) which
adopted T'pq= 3.7 meV (i.e., 3.7x107% ev) as the radiative branching ratio width
of the Hoyle-state. All three 3« rates available for use in MESA adopt this value of
['yaq in their calculation: CF88 (Caughlan and Fowler, 1988), NACRE (Angulo et al.,
1999), and JINA REACLIB (Cyburt et al., 2010a). We have up to this point adopted
the NACRE formulation for 3-« rate though it should be noted that the CF88 and
JINA rate are always smaller than the NACRE rate at He-burning temperatures (0.2-
0.4 GK), see Figure ?? in Appendix A. More recently Freer and Fynbo (2014) have
performed an up to date review of the relevant literature to affirm the recommended
value to as I';,g= 3.7 meV. Recent measurements of by Eriksen et al. (2020); Kibédi

et al. (2020); Cook et al. (2021) have measured and proposed a revised width of
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o2C(a, ) | Mge (M) | Mg (M) | X(*2C) | Pulses Mpu(Mg)
fao =1

-3.0 92 82.80 0.3156 | O 91.45
-2.5 85 76.57 0.2816 | 1 weak 84.51
-2.0 80 72.12 0.2510 | O 79.55
-1.5 73 72.61 0.2278 | 1 strong, ~ 10 weak 71.84
-1.0 65 58.93 0.2105 | > 100 weak 64.41
-0.5 65 59.03 0.1855 | 1 strong, ~ 10 weak 63.03
0 62 56.39 0.1673 | 1 strong, ~ 10 weak 60.07
0.5 58 52.37 0.1508 | 1 strong, ~ 9 weak 56.47
1.0 26 49.73 0.1280 | 4 strong, > 100 weak | 50.01
1.5 56 50.10 0.1160 | 3 strong, > 80 weak 48.55
2.0 56 49.69 0.0972 | 3 strong, > 30 weak 47.94
2.5 55 49.07 0.0840 | 3 strong, > 30 weak 46.63
3.0 55 48.89 0.0729 | 3 strong, > 20 weak 45.88

Table 4.3: MESA BH mass gap He core explosive behavior for Figure 4.9

[rag= 5.1(6) meV. If true, this would imply an upward revision in the 3« rate at the
37.8% level. An increase of this magnitude would warrant a large revision to the BH
mass gap and could improve the overall agreement between recent gravitational wave
detection of BBHs and the theorized existence of pair-instability stars. In Rolfs and

Rodney (1988) the 3-a reaction rate is quoted as being known to a 15% accuracy,

and to a 10% accuracy in West et al. (2013) and Austin et al. (2014).

We explore the impact of the 3-a reaction rate by implementing a 37.8% larger

rate as a multiplicative factor on the currently adopted NACRE rate.
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o2C(a,y) | Mge (M) | Mg (M) | X(*2C) | Pulses Mex(Mo)
f3a = 1.378

-3.0 104 93.70 0.3689 | 0 103.34
-2.5 96 86.49 0.3356 | O 95.41
-2.0 90 81.07 0.3061 | O 89.47
-1.5 85 76.58 0.2800 | O 84.51
-1.0 81 73.04 0.2564 | 0 80.54
-0.5 76 68.60 0.2370 | > 90 weak 75.41
0 70 63.27 0.2216 | 1 strong, ~ 9 weak 68.61
0.5 65 59.03 0.2057 | 1 strong, ~ 9 weak 63.53
1.0 63 57.31 0.1877 | 1 strong, ~ 9 weak 61.35
1.5 62 56.42 0.1700 | 1 strong, ~ 10 weak 60.27
2.0 60 54.57 0.1553 | 1 strong, > 100 weak | 57.29
2.5 57 51.70 0.1437 | 2 strong, > 20 weak 52.73
3.0 55 48.72 0.1274 | 2 strong, > 100 weak | 51.18

Table 4.4: Extension of Table 4.3 showing MESA BH mass gap He core explosive

behavior for Figure 4.9

NACRE rate is represented by f3, =1, while the revised rate denoted by f3, =1.378.
Figure 4.9 shows the location of the lower edge to the >C(a,7)'¢O rate-dependant BH
mass gap at a resolution of 5m_2h 10t D for f3, = (1, 1.378), supplemented with the
data provided in Table 4.3 and Table 4.4. Figure 4.9 also shows all BHs that with M
>45Mg in GWTC-3 (The LIGO Scientific Collaboration et al., 2021b). Testing at a
resolution of 5m_2h_25t for ¢ = —3 confirms that the peak BH mass of Mgy =103.3 M

for f3,=1.378 remains within <2 Mg of Mgy = 105.3 M, the value found by models
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calculated with 5m_2h 25t. The BH mass gaps shown in Figure 4.9 are likely to be
numerically resolved with <2 Mg as compared to models run at our highest temporal
resolution. At o[*?C(a,y)'°0] = —3,0,+3, using f3, =1.378 results in an increase in
the lower edge of the upper stellar mass gap of Mgy = (11.9, 8.4, 5.3) M, respectively,
yielding Miower ~ 69734 /Msun.

In rotating stars the pulsational instability region is shifted by the additional
centrifugal force. This causes the BH masses to increase, depending on the efficiency
of angular momentum transport. Marchant and Moriya (2020) showed that under
assumptions that maximize the impact of rotation on the gap (no angular momentum
transport and fast rigid rotation at He ignition), the shift in the peak BH mass is
< 10%, similar to the findings of Woosley and Heger (2021).

Assuming GW190521 formed as an isolated M =95.3 M, BH implies an S-factor
of 277keVDb (or 8keVb with an enhanced 3-« rate). This is consistent with the
731 keV b inferred by Farmer et al. (2020), which used the Kunz et al. (2002)
2C(a,7)'80 reaction rate. The next most massive BH, GW190929 with M = 80.8 M,
implies an S-factor 2 98keVb (or 119keV b for an enhanced 3-« rate). This is con-
sistent with Aadland et al. (2022) who suggest that observations of WO-type Wolf

Rayet stars are best matched by models with a 25-50% reduced ?C(a,7)®O rate.
4.6 Conclusions

Three physics driven transitions in the BH initial mass function are predicted by
single star stellar evolution. We have have focused this work on the lower edge of the
upper BH mass gap, the second transition. By evolving He cores from He-ZAMS to
their final fate we have explored physically motivated mixing floors, varying spatial
and temporal resolutions, and a wide range of C/O core compositions to assess the

numerical convergence of our MESA stellar evolution models. We find:
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e The inclusion of Dy, =1072 cm?/s improves the rate of convergence of models
run with lower temporal resolution, but cannot fully recover the convective

behavior generated by models which use higher temporal resolutions.

e The mass resolution needed to resolve the peak of the BH mass spectrum is
limited by the amount temporal resolution available. Models with high mass
and low temporal resolution smear out the BH mass spectrum peak. Models
with lower mass resolution and higher temporal resolution display the largest
overall peak BH mass. In MESA timesteps limited by djog,. < 2.5 x 107* are
needed to resolve the peak BH mass to within <1Mg, and diggp, < 10~ are

needed to accurately resolve the shape of the BH mass spectrum.

e By adopting a resolution of 5m_2h 10t or 5m_2h_10t_D our peak BH mass models
are robust to mass and temporal resolution at the ~ 1% level at o[**C(a,y)'%0] =0
and ~2% level across the mass gap. This resolution underestimates the peak
BH mass by <2M at 0 =—3 and overestimate the peak BH mass by <1Mg
at 0 =3. The resolved lower edge shows reasonable agreement with the results
of Mehta et al. (2022) at the <4 M, level across the lower edge of the BH mass
gap. We establish a new lower edge of the upper mass gap as Migyer 60fi’i Mg
from the 30 uncertainty in the 2C(a, )90 reaction rate probability distri-

bution function (Mehta et al., 2022).

o At o["?C(a,7)'0] = —3, the BH mass spectrum grows linearly with initial He
core mass until models undergo PISNe. If the true 2C(a,y)'®O rate is in fact
this weak, we do not expect to observe any Z=10"° PPISN stars as the lower
edge of the pair instability strip is synchronous with the lower edge of the
BH mass gap. At o['2C(,7)'%0]=0, the lower edge of the pair instability

strip is Mpe ~47Mg. At o[**C(a,y)'°0] =43, our highest resolution models
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(2m_2h_25t) indicate the lower edge of the pair instability strip could be as low
as Mye >~ 32 Mg, about 5 Mg, lower than at any other resolution. High temporal
resolution is necessary to resolve the lower edge of the pair-instability strip for

models with low C/O mass fractions.

Increased temporal resolution is important during the hydrodynamic phase due
to a tight coupling between the nuclear burning and time dependant convection.
Models with larger 2C(a,)'O rates yield cores with low C/O mass fractions
which undergo stronger nuclear burning episodes and convection and experience

hundreds of pulses.

We explored stronger 3-a reaction rates by implementing a 37.8% larger rate as a
multiplicative factor on the currently adopted NACRE rate. At o[**C(a,7)'®0]
= —3,0, 43, adopting a stronger 3-a rate results in an increase in the lower edge
of the Upper stellar mass gap of Mgy = 11.9, 8.4, 5.3 Mg, respectively, yielding
Miower = 69738 M.

Future efforts to explore the resolved evolution of PPISN stars and their BH mass

spectrum could consider coupling the temperature dependant uncertainties in the

2C(a,7)'%0 and 3-« rate probability distribution functions (e.g., Fields et al., 2018),

larger nuclear reaction networks, time dependent convection models (Kupka et al.,

2022; Jermyn et al., 2022), and variations in the prescriptions for wind driven mass

loss, angular momentum transport, convective-core overshooting (Vink et al., 2021;

Tanikawa et al., 2021) and binary interactions.

A goal of forthcoming low-energy nuclear experiments is to further reduce the un-

certainty in the '2C(a,7)'0O reaction rate probability distribution (deBoer et al., 2017;

Smith et al., 2021; Aliotta et al., 2022). Partnering with this laboratory astrophysics

quest are other avenues for placing astrophysical constraints on the *?C(a,7)®O reac-
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tion rate from the period spectrum of variable carbon-oxygen white dwarfs (Chidester
et al., 2022), lifetimes of He core burning stars (Imbriani et al., 2001; Jones et al.,
2015), and the surface abundances of WO-type Wolf-Rayet stars (Aadland et al.,
2022).
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Chapter 5

SUMMARY

Stars generate a variety of multi-messenger signals throughout their evolution. They
radiate photons from their stellar surface, neutrinos from their interior, and recently-
discovered gravitational waves during binary mergers. These signals give us impor-
tant clues about the composition, nuclear physics, and convective transport in stellar
interiors, enabling us to solve major problems such as identifying the efficiency of
convection, strength of Helium burning nuclear reactions, and the ultimate struc-
ture of white dwarf and pre-supernova stars. My thesis has focused on analysing the
multi-messenger signals resulting from stellar evolution.

I have calculated the neutrino emission from stars of all masses and metallicities
to provide stellar targets for current and forthcoming neutrino detectors Farag et al.
(2020, 2024). I've integrated these stellar tracks over an initial mass function and time
to investigate the neutrino emission from a simple stellar population. I've studied the
evolution of the most massive stars which result in pair-instability supernovae and
made predictions for the cosmic BH mass spectrum. Current and future gravitational
wave detectors will be able to sample from the BH mass spectrum and constrain the
nuclear physics of BH progenitors. In particular, gravitational wave signals of merging
binary black holes can be used in conjunction with my thesis work to constrain the
most uncertain nuclear reaction rates in all of astrophysics: the 2C(a,y)'%0 and
triple-a helium burning nuclear reactions which set the C and O composition of the

cosmos (Mehta et al., 2022; Farag et al., 2022).
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