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ABSTRACT

The lives of high-mass stars end with core-collapse supernovae, which distribute en-

ergy and chemical elements into the interstellar medium. This process is integral to

the Galactic ecosystem, since stars and planets will form from the enriched interstellar

medium. Since most supernovae are detected at intergalactic distances, opportunities

to examine them in detail are rare. Computer simulations and observations of super-

nova remnants are frequently employed to study these events and their influence on

the universe.

I explore the topic of supernovae using a multi-pronged approach, beginning with

an examination of the core-collapse supernova engine. The radioisotopes 44Ti and

56Ni, produced in the innermost ejecta, provide a probe of this central engine. Us-

ing a three-dimensional supernova simulation with nucleosynthesis post-processing, I

examine the production of these isotopes and their thermodynamic histories. Since

production of 44Ti is especially sensitive to the explosion conditions, insights can

be gained by comparing the model with 44Ti observations from supernova remnant

Cassiopeia A.

Next, I consider supernova remnants as potential sources of high-energy neutrinos

within the Milky Way galaxy. The developing field of neutrino astronomy has yet

to identify the origins of the diffuse neutrino flux first detected by the IceCube Neu-

trino Observatory in 2013. In principle, high-energy Galactic sources like supernova

remnants could contribute measurably to this flux. I also consider Galactic open

clusters, environments which are rich in supernovae and other energetic phenomena.

Statistical analysis finds no evidence of causal association between these objects and

the IceCube neutrino events.

I conclude with a series of asymmetric three-dimensional supernova models, pre-

sented as a comparative analysis of how supernova morphology affects nucleosynthetic
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yields. Both real supernovae and simulations frequently exhibit aspherical morpholo-

gies, but the detailed thermodynamic consequences and the ultimate effects on yields

are poorly understood. The simulations include symmetric and bipolar explosion

geometries for both 15- and 20-solar-mass progenitor stars. Across the spectrum of

models, I show how small changes in the peak temperatures and densities experienced

by ejecta can influence the production of notable isotopes such as 44Ti.
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Chapter 1

INTRODUCTION TO SUPERNOVAE

1.1 Overview

In the aftermath of the Big Bang, nearly all the matter in the newborn universe

was left in the form of either hydrogen or helium atoms. Billions of years later, these

two elements still comprise most of the available matter, but the metallicity of the

universe has increased measurably. The Sun, which formed 4–5 billion years ago,

consists of Z� ≈ 1.4% heavier elements (Lodders, 2010). Today’s universe contains a

variety of chemical elements—including carbon, nitrogen, oxygen, aluminum, silicon,

and iron—which are sufficient to allow for the existence of rocky, life-hosting planets

like Earth. The lengthy story of cosmic chemical evolution that brought about this

fundamental change of composition in the universe has many important characters,

but some of the most significant are high-mass stars and the core-collapse supernovae

that end their lives.

Stars with a mass of ∼10 M� or higher will eventually produce nuclei as heavy

as iron in their cores via nuclear fusion as they reach the final stages of their lives.

Once the star is able to extract no further energy from the process of nuclear fusion,

its core collapses under gravity and the outer layers of the star are violently ejected

in a supernova explosion. The supernova not only distributes the fusion products

produced in the stellar interior during the star’s life, but it also momentarily provides

conditions of extreme temperature (T ∼ 10 GK) and density (ρ ∼ 107 g/cm3) that

allow for the fusion of r-process nuclei far heavier than iron. Material from the

expanding supernova remnant can find its way deep into giant molecular clouds,
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which will eventually collapse to form new stars and planets with greater chemical

diversity.

Studying the products of supernovae in detail can give insights into a range of

astrophysical questions. For example, the distributions of iron and radioactive 44Ti

in a supernova remnant provide a probe of the explosion conditions in the innermost

ejecta, in turn offering clues about the central engine of the supernova itself. Super-

nova remnants also represent the most probable population of Galactic cosmic ray

accelerators (Blasi, 2013). If high-energy neutrino detections were found to spatially

correlate with nearby supernova remnants, it would validate this hypothesis and rep-

resent a major step forward in solving the mystery of cosmic ray origins. Finally, the

wider set of nucleosynthetic yields from a supernova shows cosmic chemical evolution

in the making. Yields are strongly variable, sensitive to properties of the progenitor

star and the morphology of the explosion, and they offer a laboratory for testing the

predictions of nuclear physics models. This list is by no means exhaustive, but instead

has been chosen to highlight the approaches that will be explored in this work.

Regrettably, opportunities for truly detailed study of supernova explosions “in

the wild” are rare, since most supernovae are detected at intergalactic distances.

Supernovae that are near enough to be resolved with telescopes occur with a frequency

of only ∼1 century−1, so a fortunate astronomer can perhaps expect to witness one

such event over the course of a lifetime. Due to these inconvenient limitations, a

large portion of supernova research focuses on either running computer simulations

or observing supernova remnants, since both of these options are generally more

accessible.

Computer simulations are an essential tool for studying the physics and nucleosyn-

thesis of supernovae on human timescales, and they have become more sophisticated

with the increasing availability of computing power since the 1990s. The rise of data
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visualization tools has also enhanced researchers’ ability to interpret and share the

results of complex simulations. These models provide a controlled environment in

which current understanding of the driving physics behind stellar lives and deaths

can be repeatedly tested against observational data. Modern simulations still leave

much to be desired, but the iterative process of pushing models into closer agreement

with observations can ideally help to refine the assumptions that underlie the models.

Supernova remnants are capable of persisting for millennia, working their way

through stages of expansion and evolution long after the brightness of the initial

explosion has waned. There are ∼300 known Galactic supernova remnants with

assorted ages, distances, fluxes, and morphologies (Green, 2014, 2017). Some are

comparatively young and nearby, making for bright astronomical sources that have

been well studied across the electromagnetic spectrum. One prominent example is

Cassiopeia A (Cas A), which is one of the best-studied supernova remnants (e.g.,

Hwang et al., 2004; Krause et al., 2008; Grefenstette et al., 2017). But there are also

scores of little-known wispy specters, ancient by human standards, that are sometimes

barely identifiable as supernova remnants. These are often difficult to observe due to

their extremely low brightness, which limits how much can be learned about them.

1.2 Titanium and Iron

Thirty-four years ago, SN 1987A provided an unparalleled opportunity for as-

tronomers to study a nearby supernova in detail. Observations of 56Ni mixing in the

explosion led to the development of a model for the core-collapse supernova engine

which depends on hydrodynamic instabilities above the forming neutron star (Herant

and Benz, 1992; Herant et al., 1994). This model has weathered the trials of more

than 20 years of verification to become the standard supernova engine paradigm. One

way to begin to understand the finer details of this central engine is to examine the
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isotopes 44Ti and 56Ni, both of which are produced in close proximity to the engine

itself.

Due to emission from radioactive decay, 44Ti is readily observable at X-ray ener-

gies, and its half-life of ∼60 yr means that it can still be detected in remnants that are

hundreds of years old. Production of both 44Ti and 56Ni depends on radiation entropy

and α-rich freeze-out conditions (Thielemann et al., 1996), with yields of 44Ti being

especially sensitive. Since 56Ni is produced under the same conditions and decays

to 56Fe via 56Co with half-lives of less than 90 days, observations of iron abundance

in supernova remnants are often used in concert with 44Ti as diagnostics of the deep

internal supernova conditions. Detailed study of the production of 44Ti and iron (plus

56Ni) in both computer models and supernova remnants can lead to insights about

the thermodynamic conditions in the midst of the explosion.

1.3 Neutrinos

Supernova remnants are also of interest to the field of particle astrophysics, where

their status as energetic sources makes them theoretically well motivated as cosmic

particle accelerators. The Galactic population of supernova remnants is almost cer-

tainly responsible for the bulk of hadronic cosmic rays at energies of up to ∼100 TeV,

though the supporting evidence is indirect (Blasi, 2013). The standard theoretical

framework for this idea is a process known as diffusive shock acceleration (Bell, 2014),

but numerous more exotic scenarios have been proposed to argue that select super-

nova remnants might achieve cosmic ray energies in excess of 1 PeV. Some such ideas

require the combination of supernovae with energetic environments such as compact

star clusters (e.g., Bykov et al., 2015).

The question of cosmic ray origins is an unsolved mystery, especially at energies

above 3 PeV (e.g., Blasi, 2013; Gabici et al., 2019). The secret to obtaining definitive
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evidence may lie in high-energy neutrino astronomy, since cosmic ray accelerators

are expected to also be neutrino sources and neutrinos are not deflected by Galactic

magnetic fields (Ahlers and Halzen, 2018). High-energy neutrino detectors, such as

IceCube (Gaisser and Halzen, 2014), provide data for such investigations. Statisti-

cal correlation of neutrino events with a class of known astronomical sources (such

as supernova remnants) would represent a step towards solving the cosmic ray ori-

gins puzzle. On the other hand, the lack of any such correlation could also reveal

information through its disagreement with theory.

1.4 Asymmetric Explosions

Modern supernova simulations (and the stellar evolution models that necessarily

precede them) regrettably suffer from a wide range of uncertainties and inaccuracies.

Some common problems include inaccurate convection treatment in stellar progeni-

tors (Young et al., 2005), dimensionally oversimplified modeling of inherently three-

dimensional explosions (Young and Fryer, 2007), and inconsistent consideration of

the effects of the explosion mechanism (Fryer et al., 2008). Published nucleosynthesis

results from different research groups, using different stellar evolution or supernova

hydrodynamics codes, rarely agree with one another. Furthermore, simulations often

assume spherically symmetric explosions, whereas remnant observations show that

real core-collapse supernovae frequently have bipolar, unipolar, or other aspherical

morphologies. Changes in morphology can alter thermodynamic conditions inside

the explosion significantly, influencing the elemental yields in ways that are seldom

considered.

Meaningful scientific progress with supernova nucleosynthesis models depends on

resolution of these issues. Newer work should strive to use stellar evolution models

with more accurate treatment of convection (e.g., Young et al., 2003) and fully three-
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dimensional explosion hydrodynamics codes (e.g., Fryer et al., 2006). With full three-

dimensional simulations of supernovae comes the responsibility to also model realistic

three-dimensional explosion asymmetries. This is doubly important for nucleosynthe-

sis studies in particular, since the influence of asymmetries on the thermodynamic

trajectories of material can alter the yields of the simulation in ways that have yet to

be rigorously quantified. Greater understanding of both the causes and consequences

of asymmetry could ultimately help to bring model predictions into agreement with

observations.

1.5 Summary of Chapters

The chapters of this dissertation are organized as follows. Chapter 2 presents an

exploration of the supernova engine via a three-dimensional simulation and its appli-

cations to 44Ti observations of supernova remnant Cas A. Chapter 3 is a statistical

analysis considering both supernova remnants and open clusters as Galactic candidate

sources of high-energy neutrinos. Chapter 4 is a collection of asymmetric supernova

simulations comparing their yields and the effects of the explosion geometry on ther-

modynamic trajectories of the stellar material. Chapter 5 closes the dissertation and

presents the broad conclusions of my work.
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Chapter 2

TITANIUM AND IRON IN THE CASSIOPEIA A SUPERNOVA REMNANT

2.1 Abstract

Mixing above the proto-neutron star is believed to play an important role in the

supernova engine, and this mixing results in a supernova explosion with asymmetries.

Elements produced in the innermost ejecta, e.g., 56Ni and 44Ti, provide a clean probe

of this engine. The production of 44Ti is particularly sensitive to the exact produc-

tion pathway and, by understanding the available pathways, we can use 44Ti to probe

the supernova engine. Using thermodynamic trajectories from a three-dimensional

supernova explosion model, we review the production of these elements and the struc-

tures expected to form under the “convective-engine” paradigm behind supernovae.

We compare our results to recent X-ray and γ-ray observations of the Cassiopeia A

supernova remnant.

2.2 Introduction

Guided by the observed mixing of 56Ni in SN 1987A, astronomers began to de-

velop a model for the core-collapse supernova (CCSN) engine where the efficiency

of potential energy release in the collapse is increased through hydrodynamic insta-

bilities above the proto-neutron star (Herant and Benz, 1992). The first successful

explosion produced by modeling the collapse and engine of a massive star in multiple

dimensions demonstrated that this physics was key to the explosion process (Her-

ant et al., 1994). Twenty-five years later, although the nature of the hydrodynamic

instabilities remains a matter of debate, this engine has now become the standard
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supernova engine (e.g., Fryer and Young, 2007; Takiwaki et al., 2014; Melson et al.,

2015; Burrows et al., 2018). The basic model argues that after the collapse of a

massive star, the core reaches nuclear densities and bounces, driving a shock that

soon stalls. The region between the dense proto-neutron star and the stalled shock is

susceptible to a number of convective instabilities. Convection distributes the energy

from the proto-neutron star’s surface outwards to the edge of the stalled shock, and

it also reduces the mass at the stalled shock by transporting material that was piling

up at the shock inwards to the proto-neutron star. Both of these factors increase the

probability of a successful explosion occurring.

This supernova-engine paradigm has undergone a continuous series of verifica-

tion and validation tests (including a broad range of code-comparison studies such as

those listed in the previous paragraph) comparing model predictions to observations.

For example, driven by the need for explosion asymmetries in models of SN 1987A,

this engine model argued for asymmetries that could develop at low modes, possibly

producing the “kicks” seen in pulsars (Herant, 1995; Scheck et al., 2006). By noting

that the explosion energy for this mechanism is set to the energy stored in the con-

vective region prior to the launch of the shock, engine theorists were able to explain

the fact that although the collapse releases ∼ 1053 erg, typical explosion energies are

∼ 1051 erg (Fryer, 1999). At a time when supernova observations predicted that only

very massive stars would explode (Hamuy and Pinto, 2002), this engine argued that

only stars with masses (neglecting mass loss) below ∼ 23 M� would explode (Fryer,

1999)1. Likewise, in a time when the remnant mass distribution was believed to be a

set of delta functions (Thorsett and Chakrabarty, 1999), this model predicted a range

of neutron star and black hole remnant masses (Fryer and Kalogera, 2001). Both of

these predictions were ultimately confirmed by later observations (Lattimer, 2012).

1Not surprisingly, mass loss can alter this effect and allow more massive stars to explode.

8



With the acceptance of this paradigm, observations could then be turned to better

understand the details of the model. For example, although the convective engine does

not predict a mass gap in the mass distribution of compact remnants, the existence

of a mass gap can place constraints on the uncertainties in the engine (Fryer et al.,

2012). The nucleosynthetic yields also place strong constraints on the supernova

engine. Unfortunately, most elements can only be observed if they are excited by

the reverse shock, and any abundance study must incorporate the uncertainties in

estimating the distributions and masses of the different elements in the ejecta. The

reverse shock is produced as the supernova shock decelerates in the circumstellar

medium, and it is often difficult to distinguish asymmetries in the explosion from

asymmetries in the circumstellar medium in these observations. The exception to

these limitations is the measurement of 44Ti. The decay half-life of 44Ti is ∼ 60 yr,

and hence is ideally suited for studies of 100–1000 yr old remnants. Photons emitted

in the radioactive decay of 44Ti and its daughter products are a direct measurement

of the 44Ti yield, unaffected by uncertain shock dynamics and asymmetries in the

circumstellar medium. In addition, 44Ti is produced in the innermost ejecta, providing

a direct probe of the central core-collapse engine. NuSTAR observations of the 44Ti

distribution in the Cassiopeia A supernova remnant provided the first glimpse of the

asymmetries in the supernova engine, as well as a direct confirmation of the low-mode

asymmetries predicted by the convective supernova engine (Grefenstette et al., 2014,

2017).

Discussion of 44Ti and 56Ni production in the inner ejecta of supernovae dates

back just as far as investigations of the convective supernova engine (e.g. Thielemann

et al., 1990; Hoffman et al., 1995; Diehl and Timmes, 1998). The two topics are nearly

inseparable given the importance of 44Ti and Fe as observational probes of deep inte-

rior supernova conditions. Thielemann et al. (1996) pointed out that the production
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of these isotopes depends on radiation entropy and on the strength of the α-rich

freeze-out. (Hoffman et al., 1999) discussed equilibrium features and sensitivity to

reaction rates. More recently, Magkotsios et al. (2010) presented a detailed grid anal-

ysis of 44Ti and 56Ni production in CCSNe. The bulk of their analysis studied simple

trajectories fitting power laws and exponential decays. A pair of two-dimensional

explosions were briefly examined but not analyzed in detail.

Cassiopeia A (Cas A) is one of the best-studied supernova remnants, with a broad

set of constraints on the progenitor at the time of collapse as well as the explosion

energetics and asymmetries (Young et al., 2006). The existence of nitrogen knots in

the supernova remnant (Fesen and Becker, 1991) argues that the stellar material must

have undergone CNO processing and the helium envelope should have been exposed

(Arnett, 1996). This argues that the explosion was a type-Ib/IIb supernova, a fact

confirmed by spectral and light-curve observations of the light-echo (Krause et al.,

2008). The ejecta mass is more difficult to predict, and is based both on kinematic

properties and emission measures across a wide range of wavelengths. These models

predict ejecta masses between 2 and 4 M�. If the total mass of the star at explosion

was the remnant mass (∼ 1.2–2 M�) plus the ejecta mass, then the progenitor helium

star had a mass of ∼ 3.5–6 M�. This corresponds to an initial progenitor mass of

roughly 13–23 M�, with the majority of the hydrogen envelope being stripped off

by a binary interaction. These constraints also place limits on the explosion energy

(Chevalier and Oishi, 2003).

Current studies of the nucleosynthetic yields of Cas A have only scratched the

surface of what we might learn from this data. For example, Wongwathanarat et al.

(2017) published yields for a model resembling Cas A, but did not include a detailed

description of thermodynamic trajectories. They also assumed a single value of Ye

based on the progenitor composition outside a cutoff radius in their preferred model,
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which was chosen to better match the Cas A remnant. Neutrino processing may affect

the final yields, but assuming a single value of Ye is not realistic (Saez et al., 2018;

Fujimoto and Nagakura, 2019). Couch et al. (2015) simulated the last few minutes

of Si-shell burning in 3D before modeling the collapse and explosion, which they also

ran in 3D with a single octant and a network of 21 isotopes. Their star was evolved to

Si buring using MESA, which suffers from incorrect treatment of mixing (Arnett and

Moravveji, 2017; Arnett and Meakin, 2011; Arnett et al., 2009). Harris et al. (2017)

ran an explosion engine in 2D out to t ∼ 1 s. They use the Woosley and Heger (2007)

progenitor models evolved using KEPLER, which also lacks an accurate treatment of

convection. Eichler et al. (2018) ran two simulations of different masses and examined

how the varying Ye values changed the yields of heaver nuclei well beyond the iron

group, but their 2D models suffer from dimensionality problems with convection in

the explosion.

In this project, we compare the spatial and velocity distributions of the 44Ti in an

explosion based on the convective engine to the observed distributions from NuSTAR

and XMM. We produce a bimodal distribution in the Fe/44Ti ratio, which we argue

could be a common feature of supernova remnants. In addition, we find that deceler-

ation of the shock can re-heat material significantly enough to alter thermodynamic

trajectories and the resulting yields. The methods used in these calculations are de-

scribed in section 2.3, with the 44Ti distributions presented in section 2.4. The 44Ti

yields relative to iron-peak elements (also synthesized in the innermost ejecta) provide

constraining probes of the strength of the engine, but this requires understanding the

detailed thermodynamic trajectories that are produced in these explosions, which are

also discussed in section 2.4. We conclude with a brief discussion of the other yields

of Cas A.
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2.3 Methods

2.3.1 Stellar Models Using Tycho

The progenitor star was simulated using the stellar evolution code Tycho (Young

and Arnett, 2005). Tycho is a one-dimensional stellar evolution code with a hydrody-

namic formulation of the stellar evolution equations. It uses OPAL and revised low

temperature opacities (Iglesias and Rogers, 1996; Alexander and Ferguson, 1994a;

Rogers and Nayfonov, 2002; Ferguson et al., 2005; Serenelli et al., 2009), a combined

OPAL and Timmes equation of state (HELMHOLTZ) (Timmes and Arnett, 1999;

Rogers and Nayfonov, 2002), gravitational settling (diffusion) (Thoul et al., 1994),

general relativistic gravity, time lapse, curvature, automatic rezoning, and an adapt-

able nuclear reaction network with a sparse solver. A 177-element network terminat-

ing at 74Ge is used throughout the evolution. The network uses the latest REACLIB

rates (Rauscher et al., 2000; Angulo et al., 1999; Iliadis et al., 2001; Wiescher et al.,

2006), weak rates from Langanke and Mart́ınez-Pinedo (2000), and screening from

Graboske et al. (1973). Neutrino cooling from plasma processes and the Urca process

is included.

Mass loss uses a choice of updated versions of the prescriptions of (Kudritzki et al.,

1989) or prescriptions based on Vink et al. (2001); Mokiem et al. (2007) for OB mass

loss, Bloecker (1995) for red supergiant mass loss, and Lamers and Nugis (2002) for

WR phases.

Tycho incorporates a description of turbulent convection projected down to 1D

secularly evolving average behavior (Arnett and Moravveji, 2017), which is based on

three-dimensional, well-resolved simulations of convection sandwiched between stable

layers, which were analyzed in detail using a Reynolds decomposition into average

and fluctuating quantities (Meakin and Arnett, 2007; Arnett et al., 2009, 2010; Ar-
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nett and Meakin, 2011; Arnett and Moravveji, 2017). Unlike mixing-length theory, it

has no free convective parameters to adjust. The inclusion of these processes, which

approximate the integrated effect of dynamic stability criteria for convection, entrain-

ment at convective boundaries, and wave-driven mixing, results in significantly larger

turbulently mixed regions. Therefore the extent of material processed by particular

core or shell burning phases is higher, and the stellar core at a given stage is more

massive and denser.

The progenitor used here is a non-rotating 15 M� star with solar composition

from Lodders (2010). The mass of the final model used as the initial condition for

the supernova calculation was 13.15 M�. This model does not include stripping by a

binary companion. The retention of a hydrogen envelope would affect the late time

behavior of the explosion significantly (Ellinger et al., 2013, i.e.), but the production of

44Ti and 56Ni depends only on the structure of the deep interior of the star. Relatively

early mass loss would change the structure of the progenitor star’s core, but the best

candidate for the progenitor of Cas A is a binary with late-time envelope ejection

(Young et al., 2006). Comparing the progenitor model from this calculation with

a stripped model of similar mass, the radial profiles inside the H envelope revealed

the density and temperature differing by less than a factor of 10. We note that

massive star models in the literature suffer from incorrect mixing physics (Meakin

and Arnett, 2007; Arnett et al., 2009, 2010; Arnett and Meakin, 2011; Arnett and

Moravveji, 2017), which leads to significantly greater discrepancies. At minimum, this

difference makes our model no less relevant than models presented in other works.

Evolution was terminated when negative velocities existed throughout the core and

the central temperature rose to T > 5 × 109 K. Figure 2.1 shows the mass fraction

of isotopes plotted against mass coordinate (enclosed mass) for the final model.
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Figure 2.1: Mass fractions for isotopes plotted against mass coordinate (enclosed
mass) for the final progenitor star model.

2.3.2 Collapse and Explosion Models

To model the stellar collapse and ensuing explosion, we use a one-dimensional

Lagrangian code to follow the collapse through core bounce. This code includes three-

flavor neutrino transport using a flux-limited diffusion calculation and a coupled set

of equations of state to model the wide range of densities in the collapse phase (see

Herant et al., 1994; Fryer, 1999, for details). It includes a 14-element nuclear network

(Benz et al., 1989) to follow the energy generation.

The shock is then revived by adding an energy injection following the parameter-

ized method of Fryer et al. (2018). In this model, roughly 5× 1051 erg was deposited

into the inner 0.02 M� in the first 150 ms. Some of this energy is lost through neutrino
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emission and the total explosion energy at late times for this model is 1.5× 1051 erg.

This explosion is then mapped into our three-dimensional calculations, using 1 mil-

lion SPH particles. The mapping took place when the supernova shock had moved

out of the iron core and propagated into the Si-S rich shell at t < 1 s. We note

that our 1D methods employed for modeling the collapse, core bounce, and initial

explosion do not capture the full physics of the central engine (for a discussion, see

Fryer et al., 2018), and this is a source of uncertainty in our yields calculations. The

details of the engine change the shock trajectories, and neutrino chemistry can change

Ye values (Saez et al., 2018; Fujimoto and Nagakura, 2019). The nature of the shock

affects mostly the yields after the shock falls below NSE (before it falls out of NSE,

the yields are set by the equilibrium values, not the time-dependent evolution). Our

model captures one instance of the range of asymmetric trajectories, and it should

be noted that no model at this time is sufficiently accurate to dictate exactly the

properties of the asymmetries (Janka et al., 2016). In addition, any model that does

not include convection-driven asymmetries from the progenitor star cannot properly

capture the asymmetries (Arnett et al., 2015). The 3D explosion model used here also

displays stochastic asymmetries, implying that any manner of convective asymmetry

could generate similar results. If this behavior is universal, it could have important

implications. These points taken together indicate that nucleosynthetic patterns aris-

ing from convection-like behavior are robust, regardless of the driver. As discussed

below, this increases the utility of NSE nucleosynthesis, particularly of 44Ti and 56Ni,

as diagnostics of the conditions in the progenitor star.

The latter point, the Ye values, could alter our results as well (see, e.g., Magkotsios

et al., 2010). Although more detailed models have addressed neutrino interactions

and the evolution of Ye, the neutrino physics is not yet sufficiently accurate to model

this correctly (Saez et al., 2018). In light of this, any nucelosynthetic calculation
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under these conditions is subject to uncertainty. In order to assess the effect of these

uncertainties on the results presented here, we carried out a series of nucleosynthe-

sis calculations using thermodynamic trajectories from the explosion model with a

range of values for Ye. The vast majority of material that reached sufficiently high

temperatures for production of 44Ti and 56Ni saw yield changes of no more than 3–

4% for Ye values from 0.495 to 0.499. This is a larger range of Ye than we would

expect from the material ejected in this particular explosion, so these results provide

a conservative bound on our uncertainties. As discussed later in Section 2.4, many of

our more important results are general enough to be robust to small changes in the

nucleosynthetic conditions, so we expect these uncertainties to not qualitatively alter

our conclusions.

The 3D simulation used the SNSPH smoothed particle hydrodynamics (SPH) code

(Fryer et al., 2006) to follow the long-term evolution of the supernova explosion and

remnant. This code has been extensively used to follow the ejecta of supernovae

(Hungerford et al., 2003, 2005; Young et al., 2009; Ellinger et al., 2012, 2013; Wong

et al., 2014), taking advantage of the adaptive time steps and variable particle scale

lengths in the method. A central gravity source with absorbing boundary was included

to simulate a compact central object (CCO) with an initial mass of 1.35 M� and radius

of 10−4 R�. Total mass, linear momentum, and angular momentum accreted onto

the central object were tracked.

The SNSPH code makes use of a limited nuclear reaction network of 20 isotopes

to expedite the energy calculations for the hydrodynamics. The network terminates

at 56Ni and neutron excess is directed to 54Fe. The network runs in parallel to the

hydrodynamics calculations, and features its own time step subcycling algorithm in

order to not slow down the hydrodynamics. Changes in energy and composition are

fed back into the SPH calculation at each (SPH) time step. It accurately models the
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energy production during explosive burning to within 20%.

2.3.3 Detailed Nucleosynthetic Yields

In order to obtain more accurate nucleosynthetic data, the thermodynamic tra-

jectories of the particles were post-processed using the Burnf code (Young and Fryer,

2007). Burnf is a flexible network (e.g., choice of isotopes, etc.) that employs the

same architecture and microphysics as Tycho. This work is focused on comparisons

with species readily observable in supernova remnants. With this aim, it was possible

to economize on processor time by using a moderately sized network. Calculations

here used a 524-isotope network complete up to 99Tc, which provides accurate yields

through the weak s-process. Reverse rates are calculated from detailed balance and

allow a smooth transition to a nuclear statistical equilibrium (NSE) solver at tem-

peratures T > 1010 K. Neutrino cooling from plasma processes and the Urca process

is calculated. For this work, Burnf chooses an appropriate time step based on the

rate of change of abundances and performs a log-linear interpolation in the thermo-

dynamic trajectory of each zone in the explosion calculation. The initial abundances

are those of the 177 nuclei in the initial stellar model. Only particles that reached

temperatures T > 2× 108 K were post-processed. The individual particle yields from

post-processing with Burnf were recombined with the particle temporal and spatial

information for analysis and visualization. Note that Harris et al. (2017) discuss some

of the inherent issues and uncertainties involved in postprocessing abundances.

In addition to determining isotopic abundances for each individual SPH particle,

we also recorded the peak temperature experienced by each particle over the length of

the simulation and its density at the time of peak temperature. The peak temperature

and associated density are diagnostics of nucleosynthetic conditions in supernova

explosions; they influence nuclear reaction rates, especially for the products of α-rich
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freeze-outs, where rapidly changing conditions terminate nuclear reactions before NSE

can be reached. Production of 44Ti and 56Ni, and their resulting ratio can be very

sensitive to peak temperatures, peak densities, and lepton fraction in the explosion

(Magkotsios et al., 2010), so we expect this ratio to be spatially correlated with those

conditions. High-energy emission lines from the decay of 44Ti can be detected in

young remnants. Under the assumption that most Fe-rich material originating in the

interior of the remnant are dominated by 56Fe from 56Ni decay, the geometry of 56Ni

production and abundance relative to 44Ti can be inferred (e.g., Grefenstette et al.,

2017).

2.4 44Ti and 56Ni distribution

The isotope 44Ti is produced in the innermost ejecta of a supernova and provides

an ideal probe of the convective engine behind CCSNe. Unlike 56Ni, the production

of 44Ti, and even the path by which it is produced, depends on the exact conditions of

the explosion. Magkotsios et al. (2010) identified a number of pathways for 44Ti that

produce a wide variation in the ratio of 44Ti to 56Ni, including a “QSE-leakage chasm”

where burning transitions from one QSE cluster to two, resulting in a mass fraction

of 44Ti that is substantially lower than would be the case for slightly higher or lower

peak temperatures. Production of 56Ni is relatively insensitive to small changes in

thermodynamic conditions. The strong sensitivity in the 44Ti production coupled to

the much less sensitive 56Ni production make the ratio of these yields a strong probe

of the details of the explosion mechanism. In this section, we explore the dependency

of the yields and, in particular, the ratio of 44Ti to 56Ni, on our specific explosion

trajectories.

The nature of the convective engine is that it produces strong explosions along

some directions (or lobes) with weaker explosions in between. The α-rich freeze-out
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Figure 2.2: Abundance of 4He (left) and 44Ti (right) in an xy cross-section of the
simulation. Much of the 44Ti production corresponds to α-rich regions in the ejecta.
Additional 4He is present in the Rayleigh-Taylor fingers formed by the reverse shock
from the H-He interface at the base of the envelope traveling through products of
partial He burning.

region that Magkotsios et al. (2010) argued would be the most efficient at producing

44Ti is tied to the strong explosive lobes and can be identified by regions where the

4He abundance fraction is also high. Figure 2.2 (left) shows the 4He abundance in xy

cross-section of our three-dimensional model. The corresponding 44Ti distribution, as

shown in figure 2.2 (right), traces this α-rich region. Regions without a large fraction

of α particles (4He nuclei) did not produce much 44Ti. The isotope 56Ni is produced

in this same region, but the 56Ni/44Ti ratio varies considerably. Figures 2.3 and 2.4

are histograms of all particle Fe/44Ti values for the simulation for particles having

44Ti mass fraction X(44Ti) > 10−6. In figure 2.3, the particles are each weighted by

their total mass. In figure 2.4, the particles are instead weighted by their total iron

mass (including all Fe isotopes and 56Ni, since 56Ni eventually decays to 56Fe). Each

histogram shows two distinct populations of particles: those having Fe/44Ti ratios of

∼ 102.5 and those having Fe/44Ti ratios of ∼ 103.9. There are also minor peaks visible

with Fe/44Ti ratios near 101.0 and 101.8.

To understand the variations in the Fe/44Ti ratio better, we must explore how
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Figure 2.3: Histogram of particle Fe/44Ti ratios for the simulation. Particles are
weighted by their total masses, so each bin displays the sum of the masses of all
particles it contains.

the temperature and density evolution of different ejecta can influence the final 44Ti

yield. Magkotsios et al. (2010) found that the peak temperature and density (at time

of peak temperature) of material ejected from a supernova dictate the final 44Ti and

56Ni yields. While Magkotsios et al. (2010) studied a wide range of peak temper-

ature/density pairs, we focus on the pairs encountered for the specific trajectories

in our simulation. Figure 2.5 shows the 44Ti abundance of our SPH particles as a

function of the peak explosion conditions. This figure was produced by binning all

the simulation particles in two dimensions by their peak temperature and associated

density during the run. The color displayed in each bin indicates the total 44Ti mass
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Figure 2.4: Alternate histogram of particle Fe/44Ti ratios for the simulation. Par-
ticles are weighted by their total iron masses, so each bin displays the sum of the
masses of all Fe isotopes plus 56Ni from all particles in the bin.

fraction Xbin(44Ti) of particles in the bin, which is given by

Xbin(44Ti) =

∑
i∈binmiXi(

44Ti)∑
i∈binmi

, (2.1)

where Xi denotes the mass fraction of a particular isotope or element in particle i,

mi is the total mass of particle i, and summation over i ∈ bin means summing for

all particles i in the bin. Figure 2.5 is scaled and colored in the style of Magkotsios

et al. (2010) for ease of comparison with their results. The corresponding plot for

56Ni production is shown in figure 2.6. Comparing these plots gives a first look at the

conditions that produce the lowest and highest Fe/44Tiratios. The hotter trajectories

are the most efficient at producing 56Ni and 44Ti.

Figure 2.7 is similar to figures 2.5 and 2.6, but instead of displaying one abundance
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Figure 2.5: Two-dimensional histogram of the simulation particles by peak temper-
ature and associated density during the run. Each particle is weighted by its 44Ti
mass divided by the total mass of all particles in the bin, so colors indicate the mass-
averaged 44Ti abundance of all contained particles. This figure is produced in the
style of Magkotsios et al. (2010) for ease of comparison to their work.

in each bin, the colors now indicate the aggregate mass-weighted Fe/44Ti ratio of all

particles in the bin, which is given by

Xbin(Fe) +Xbin(56Ni)

Xbin(44Ti)
=

∑
i∈binmi [Xi(Fe) +Xi(

56Ni)]∑
i∈bin miXi(44Ti)

. (2.2)

This series of figures shows the temperature and density conditions under which 44Ti

and 56Ni production result in the bimodal ratios that appear to be characteristic of

both Cas A and our simulation. Material produced at high temperatures in the α-rich

freezeout region has a very low Fe/44Ti ratio, of order a few hundred. This transitions

rapidly to Fe/44Ti of several thousand or even several times 104 at lower temperatures.
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Figure 2.6: Same as figure 2.5, but colors indicate the combined 56Ni abundance of
each bin.

At even lower temperatures, there is another rapid transition to a small population of

particles with Fe/44Ti of several hundred. In this regime, 44Ti and 56Ni are produced

in similar amounts at mass fractions of order 10−5 by explosive silicon burning. The

Fe/44Ti ratio is still several hundred due to the presence of iron isotopes remaining

from the progenitor star’s initial composition.

Figure 2.8 shows two-dimensional histograms of Fe/44Ti ratio plotted against peak

temperature and peak radiation entropy, where the total mass in each bin is indicated

by the color scales. Peak radiation entropy is defined as the radiation entropy at the

time of peak temperature, which is related to the peak temperature and density via

Srad(Tpeak) =
T 3

peak

ρ(Tpeak)
, (2.3)
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Figure 2.7: Two-dimensional histogram similar to figures 2.5 and 2.6, but with each
bin color indicating the aggregate mass-weighted Fe/44Ti ratio (including 56Ni) of all
particles in the bin.

where Tpeak is the peak temperature and ρ(Tpeak) is the associated density. It can be

seen that region 4, which has very low typical values of Fe/44Ti, represents a small

amount of overall mass relative to the other regions. The regions are well separated

in peak temperature space, but the separation is much less clear in radiation entropy,

since there is considerable degeneracy in T 3/ρ pairs that result in the same value of

Srad.

Employing these plots, we can now better understand the yields from this ex-

plosion. To this end, we have separated the ejecta into four regions in peak tem-

perature/density space that are numbered 1 through 4. Table 2.1 provides precise

definitions for the boundaries delimiting each region, as well as some thermodynamic
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Figure 2.8: Two-dimensional histograms of Fe/44Ti ratio as a function of peak
temperature (left) and peak radiation entropy (right). The colors indicate the sum of
the particle masses in each bin. Regions 1, 2, 3, and 4 (appearing from left to right)
are well-separated in peak temperature.

quantities for the mean thermodynamic trajectories of particles in each. Magkotsios

et al. (2010) identified multiple burning regions, and the yields from our first two

regions can be understood by comparing to these burning regions.

Region 1 includes the outermost ejecta, the coldest material that still produces

44Ti. The conditions in this ejecta correspond to the “Si-rich” zone (incomplete burn-

ing) identified by Magkotsios et al. (2010) to the left of the Ti-depleted chasm. Nuclear

burning in this region produces and destroys 44Ti through a variety of pathways and

is sensitive to many nuclear reactions.

Region 2 is slightly hotter and corresponds to material just to the right of the

QSE leakage chasm. The burning is more complete and the 56Ni production rises

dramatically, but it is still sensitive to some rates and the exact conditions of the

ejecta. Magkotsios et al. (2010) found that, for the same temperature, the 44Ti

production is lower at higher densities (as it approaches the QSE leakage chasm) and

peaks at slightly lower densities than those found in our model. In this way, the 44Ti

abundance is sensitive to the progenitor: the higher the progenitor’s mass, the higher

the density in the trajectories producing a lower 44Ti yield in this region.
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Table 2.1: Thermodynamic properties for the mean trajectories of each region

Region Tpeak log ρ(Tpeak) Tpeak log ρ(Tpeak) logSrad(Tpeak) log(Fe/44Ti)

Number Range Range Mean Mean Mean Mean

— (109 K) [g cm−3] (109 K) [g cm−3] [K3 cm3 g−1] —

1 (3.3, 4.2) (5.9, 6.4) 3.65 6.08 22.61 2.58

2 (4.2, 5.3) (6.1, 6.8) 4.77 6.45 22.59 3.92

3 (5.3, 8.4) (6.6, 7.3) 7.04 7.03 22.51 2.82

4 (8.4, 10.1) (6.5, 7.0) 9.20 6.77 23.12 1.57

NOTE—The second and third columns delimit the extent used in defining each region

of particles.

Region 3 corresponds to α-rich nucleosynthesis produced in the energetic outflows

of our asymmetric ejecta. This material is the least sensitive to uncertainties in

nuclear rates.

Region 4 is characterized by very hot (above ∼ 9 × 109 K) but relatively low-

density material. These conditions are very efficient at producing 44Ti and this

ejecta is responsible for the small amount of material appearing in figure 2.4 near

log(Fe/44Ti) ∼ 1.0 and 1.8. In general, our yields differ only slightly from those of

Magkotsios et al. (2010), but we have much more efficient 44Ti production in our

region 4 than a peak temperature/density solution based on the models of Magkot-

sios et al. (2010). This material is the highest-entropy ejecta caused by the strongest

explosion lobes. This is in the αp-rich region identified by Magkotsios et al. (2010).

In Magkotsios et al. (2010), this region produced 44Ti with the same efficiency as the

α-rich region. In our simulations, this ejecta very efficiently produces 44Ti, yielding

the lowest Fe/44Ti ratios.

26



Figure 2.9: Mean density of thermodynamic trajectories for the 44Ti-rich regions
(region 1 in yellow, region 2 in blue, region 3 in red, and region 4 in green). Shaded
areas represent 1σ spreads for particle densities. Means and standard deviations were
calculated in log space. The t axis is a “symmetric log scale,” which is linear near
zero to more effectively show values at early times.

In the rest of this section, we will study these differences, determining that they

arise from deviations of the evolution of the matter away from a simple power law or

exponential trajectory. Although these simple trajectories are useful for parameter

studies like those of Magkotsios et al. (2010), the sensitivity of 44Ti production to the

thermodynamic trajectory can make it difficult to produce exact yields with analytic

trajectories. Figures 2.9–2.11 show the evolution of mean density, temperature, and

radial velocity with time for the regions of interest. The lightly shaded regions show

the 1σ spread of those quantities around the mean.

After times of 3–5 s, the shock stops accelerating and, in some cases, begins to
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Figure 2.10: Mean temperature of thermodynamic trajectories for the 44Ti-rich
regions (region 1 in yellow, region 2 in blue, region 3 in red, and region 4 in green).
Shaded areas represent 1σ spreads for particle temperatures. Means and standard
deviations were calculated in log space. The t axis is a “symmetric log scale,” which
is linear near zero to more effectively show values at early times.

decelerate. Convective motions result in some material with negative radial velocities

at certain points in the evolution. This causes a pileup of matter, and the densities

and temperatures of the ejecta’s thermal trajectories tend to increase. It is this pileup

that alters the yields, causing differences when compared to expectations based on

studies using power law trajectories. Especially for our hottest ejecta, the pileup

pushes the temperature into a regime where nuclear burning is extremely active, and

it is unsurprising that the 44Ti production varies dramatically for this matter with

respective to the Magkotsios et al. (2010) results for the same peak temperatures and

densities.
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Figure 2.11: Mean radial velocity of thermodynamic trajectories for the 44Ti-rich
regions (region 1 in yellow, region 2 in blue, region 3 in red, and region 4 in green).
Shaded areas represent 1σ spreads for particle radial velocities. Unlike figures 2.9 and
2.10, means and standard deviations in this figure are calculated normally (i.e., in
linear space). Also, the t axis here uses a conventional log scale. Note: radial velocity
data was unavailable for simulation times earlier than 1.25 s.

To understand the dependencies of the yields on the temperature and density

evolution better, we performed nucleosynthesis calculations for trajectories corre-

sponding to the mean trajectories in the four regions. For each of these trajecto-

ries, we start with initial mass fractions of X(16O) = 0.7, X(28Si) = 0.2997, and

X(56Fe) = 1.3× 10−3. For each region, we use two trajectories: the first based on the

mean temperature/density evolution from our simulations and the second based on

the best-fit power laws to each simulated trajectory. Exponential trajectories were

found to be very poor fits to the evolution. The final yields of each of these models
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Table 2.2: Comparison of selected final abundances for nucleosynthesis calculations
using the mean trajectories from each region and the best-fit power law trajectories

Region 1 Region 1 Region 2 Region 2 Region 3 Region 3 Region 4 Region 4

Power Law Mean Traj. Power Law Mean Traj. Power Law Mean Traj. Power Law Mean Traj.

n 2.16× 10−49 1.14× 10−48 3.66× 10−57 1.54× 10−55 1.41× 10−44 9.52× 10−45 2.56× 10−42 3.79× 10−43

p 3.46× 10−31 6.11× 10−34 1.19× 10−26 3.04× 10−29 3.32× 10−13 2.58× 10−15 1.01× 10−12 2.40× 10−14

4He 2.25× 10−16 1.20× 10−16 7.78× 10−11 7.61× 10−11 6.24× 10−2 1.09× 10−1 1.77× 10−1 2.80× 10−1

28Si 5.38× 10−1 7.22× 10−1 1.07× 10−1 2.37× 10−1 9.22× 10−5 1.41× 10−4 3.10× 10−4 2.09× 10−4

44Ti 6.54× 10−6 1.91× 10−7 4.31× 10−5 5.22× 10−5 1.08× 10−3 2.14× 10−3 3.08× 10−3 4.93× 10−2

56Ni 8.46× 10−6 1.56× 10−6 6.50× 10−1 3.93× 10−1 9.00× 10−1 8.42× 10−1 7.86× 10−1 5.75× 10−1

Fe+56Ni 1.13× 10−3 1.15× 10−3 6.82× 10−1 4.18× 10−1 9.01× 10−1 8.44× 10−1 7.89× 10−1 5.88× 10−1

can be found in table 2.2. The final yields can differ between our simulation trajec-

tories and the simple power laws by more than a factor of 2. In the case of 44Ti,

production varies by an order of magnitude in region 4. For region 1, these differ-

ences demonstrate just how sensitive the yields are in the incomplete-burning, Si-rich

phase. In regions 3 and 4, the differences are caused because the pileup alters the

temperature considerably when nuclear burning is still active. Figures 2.12–2.15 show

the evolution (based on the simulation trajectories) of the 44Ti, 56Ni, 28Si, neutron,

proton, and α-particle abundances both plotted against time and plotted against

temperature. Figures 2.16–2.19 show this same evolution for the best-fit power law

models.

Region 1 has the lowest peak temperature, and the pileup occurs when the ejecta is

already quite cool. In this case, the bump in temperature has very little effect on the

final yields. However, the initial rapid temperature evolution (somewhere in between

an exponential decay and a power law decay) means that the burning time frame is

much more abrupt in our simulations with respect to a power law fit, producing less

44Ti. This causes our region 1 yields to be lower than those expected from a power
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Figure 2.12: Mass fraction evolution plotted against temperature (left) and time
(right) for a series of significant isotopes. Temperature and density trajectories used
were the mean of the region 1 particles. (See figures 2.9 and 2.10.)

Figure 2.13: Same as Figure 2.12, but for the region 2 particles’ mean trajectories.

Figure 2.14: Same as Figure 2.12, but for the region 3 particles’ mean trajectories.
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Figure 2.15: Same as Figure 2.12, but for the region 4 particles’ mean trajectories.

Figure 2.16: Mass fraction evolution plotted against temperature (left) and time
(right) for a series of significant isotopes using best-fit power law trajectories for
temperature and density of the region 1 particles.

Figure 2.17: Same as Figure 2.16, but using best-fit power law trajectories of the
region 2 particles.
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Figure 2.18: Same as Figure 2.16, but using best-fit power law trajectories of the
region 3 particles.

Figure 2.19: Same as Figure 2.16, but using best-fit power law trajectories of the
region 4 particles.

law profile. The same abrupt evolution occurs in region 2, causing slightly different

final yields. As with region 1, the increase in the temperature when the material is

hit by the reverse shock has only a minimal effect on the final yields.

Regions 3 and 4 are hotter than the first two regions and most of the 44Ti pro-

duction occurs when the trajectory is well mimicked by a power law. However, the

reverse shock drives the temperatures in these two regions sufficiently high to alter

the late-time burning, altering the final yields. In these cases, this phase increases

the net 44Ti production.

In the very broad α-rich freezeout region both 56Ni and 44Ti have a weak de-
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pendence on thermodynamic conditions and converge on a low Fe/44Ti ratio, the

exact value of which can be altered by dynamics that deviate from an analytic tra-

jectory. The transition to the QSE-leakage chasm is extremely sharp in temperature.

Within the chasm, many particles have log(Fe/44Ti) ∼ 3.9, and very little mate-

rial with intermediate Fe/44Ti is produced. On the Si-burning side of the chasm

44Ti abruptly rises, though not to the level seen in the α-rich freezeout. At lower

temperatures, production of both 56Ni and 44Ti are similar and much reduced, but

the presence of Fe in the star’s original composition conspires to maintain a ratio of

log(Fe/44Ti) ∼ 2.6. This low temperature, low 56Ni material should, in principle, be

distinguishable from high temperature production with a similar log(Fe/44Ti) ∼ 2.6

by the presence of significant amounts of Si. For material in a Population I supernova

with ρ(Tpeak) < 1.0×108 g cm−3, a broadly bimodal Fe/44Ti distribution like that ob-

served in Cas A is a natural consequence of the nucleosynthesis. Since the formation

of this bimodal distribution in Fe/44Ti is so robust to details of the trajectories, we

should find observationally that this distribution is a common feature of supernova

remnants.

These studies of the yields production confirm the basic trends in Magkotsios

et al. (2010) with the yields depending on different physics in different regions, but

the final results do depend on the temperature/density evolution of the ejecta. In

some cases, an exponential decay followed by a power law decay may be a better fit for

the trajectories, but neither of these trajectories account for the pileup and heating

of the ejecta which, for some cases, can significantly alter the yields. It is important

to gain intuition from simple trajectories, but quantitative results will require studies

using simulated temperature/density evolution.
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2.5 Summary

In this paper, we studied the 44Ti and 56Ni production in a three-dimensional su-

pernova explosion model. For the most part, these two isotopes are both produced in

the innermost ejecta of the explosion, and their distributions reflect the asymmetries

in the supernova engine. Figure 2.20 shows the 44Ti distribution at late times in our

model. The asymmetries in this distribution trace asymmetries in the explosive en-

gine. The total iron distribution (shown in figure 2.21) extends beyond the 44Ti, but

also traces the asymmetries in the explosive engine. Figure 2.22 shows the Fe/44Ti

ratio in regions with 44Ti mass fraction X(44Ti) > 10−6. As shown in Figures 2.3

and 2.4, the Fe/44Ti ratios of particles in the explosion form a largely bimodal distri-

bution with peaks at log(Fe/44Ti) ∼ 2.5 and log(Fe/44Ti) ∼ 3.9. This formation of

such a distribution is robust under a range of conditions, so it would be expected as

a common feature of supernova remnants.

The Fe/44Ti ratio provides additional clues into the nature of the supernova ex-

plosion. We have shown how the density and temperature evolution affects this ratio.

Asymmetric supernovae like our model produce a wide range of conditions that can

produce Fe/44Ti ratios that vary from as low as log(Fe/44Ti) ∼ 1.0 (up to ∼ 10% of

the total mass of iron in 44Ti) to high log(Fe/44Ti) values exceeding 5.0 (very little

44Ti). In general, the trends in these yields follow the trends studied by Magkot-

sios et al. (2010) where the α-rich freezeout region produces the most 44Ti (lowest

Fe/44Ti value). Material produced in the chasm or in the incomplete-burning (i.e.,

silicon-rich) region produces higher Fe/44Ti values. High 44Ti abundances in maps

of supernova remnants like those done by NuSTAR (Magkotsios et al., 2010) probe

strong shock regions.

However, the density and temperature evolution can vary dramatically from the
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Figure 2.20: Rendering in 3D of the 44Ti distribution tracing the asymmetries in
the supernova engine. The color intensity indicates the log of the mass fraction of
44Ti. The distribution of the 56Ni traces the same regions.

simple power law or exponential decays studied in most parameter studies. In our

asymmetric explosions, shocks can cause some ejecta to re-heat while still undergoing

nuclear burning, and these alterations in the evolution can significantly alter the final

yields. Detailed three-dimensional studies such as those presented here are essential in

using details in the observed abundances to probe the exact conditions of the shocks.

In this work, we also demonstrate that full 3D supernova models are capable

of developing stochastic large-scale asymmetries driven by convection from fallback

of material onto the proto-neutron star. Since this asymmetry formed on its own

and was not imposed by the model setup, it seems likely that other 3D models could

independently develop similar behaviors. Indeed, this behavior could be an important
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Figure 2.21: Rendering in 3D of the total iron distribution, consisting of all Fe
isotopes plus 56Ni. As with figure 2.20, the color intensity indicates the log of the
mass fraction. The total iron production in our model extends beyond the 44Ti
distribution (see figure 2.20).

universal feature of supernovae. The uniformity of this nucleosynthetic behavior

under the effect of stochastic motions from convective processes implies that the

details of circulation of material from any early time process, whether convection from

the engine, changing gravitational potential, or pre-explosion progenitor convection,

are not the dominant controllers of Fe/44Ti. We should expect a bimodal Fe/44Ti

distribution in the majority of supernovae with ejecta that reaches NSE temperatures.

Uniformly low Fe/44Ti would indicate that only very high density material reached

NSE temperatures. In order for lower density material to produce only low Fe/44Ti,

little QSE processing can take place despite material being heated to NSE. Therefore
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Figure 2.22: Rendering in 3D of the spatial Fe/44Ti ratio in our model. The color
intensity indicates the log of the ratio.

a low Fe/44Ti unimodal distribution requires a very massive progenitor to produce the

requisite densities and a strongly asymmetric explosion to excavate the high density

material without heating shallower, lower density regions to NSE temperatures.

Many remnants are too distant to be resolved with high-energy telescopes. How-

ever, we can use the Doppler broadening of lines to study the structure in the ejecta.

Figure 2.23 shows the velocity distribution of the 44Ti, 56Ni, and the Fe + 56Ni ejecta

for a few different lines of sight in our simulation. The structure in these velocity

distributions can provide evidence of asymmetries in the explosive engine. Hard X-

ray and γ-ray missions that have good energy resolution may be able to resolve these

features. As the sample of such observations grow, we will be able to study the level
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Figure 2.23: A visualization of 56Ni, 44Ti, and total iron distribution plotted against
line-of-sight velocity for a sample of three lines of sight (parallel to the x axis, parallel
to the y axis, and parallel to the z axis.

of asymmetry in core-collapse supernovae.

Other abundances also depend on the shock strength (figure 2.24), and observing

the variations of these abundances in different regions of the remnant can also probe

properties of the explosion. Figure 2.24 shows both the total yield distribution as well

as the yield distributions in each of our four regions independently. The hotter regions

visibly produce heavier elements in greater abundance, but we defer a detailed study

of these abundances to a later paper. Our models do not include late-time engine

interactions that are seen in many multi-dimensional models (e.g., Harris et al., 2017).

These effects will also alter the yields, and much more work is needed to understand

the full yields from supernovae.
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Figure 2.24: Total and specific abundances plotted against isotope proton number
Z for all four discussed regions in our explosive ejecta.
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Chapter 3

SEARCHING FOR A GALACTIC COMPONENT IN THE ICECUBE

TRACK-LIKE NEUTRINO EVENTS

3.1 Abstract

Searches for spatial associations between high-energy neutrinos observed at the

IceCube Neutrino Observatory and known astronomical objects may hold the key to

establishing the neutrinos’ origins and the origins of hadronic cosmic rays. While ex-

tragalactic sources like the blazar TXS 0506+056 merit significant attention, Galactic

sources may also represent part of the puzzle. Here, we explore whether open clusters

and supernova remnants in the Milky Way contribute measurably to the IceCube

track-like neutrino events above 200 TeV. By searching for positional coincidences

with catalogs of known astronomical objects, we can identify and investigate neu-

trino events whose origins are potentially Galactic. We use Monte Carlo random-

ization together with models of the Galactic plane in order to determine whether

these coincidences are more likely to be causal associations or random chance. In all

analyses presented, the number of coincidences detected was found to be consistent

with the null hypothesis of chance coincidence. Our results imply that the combined

contribution of Galactic open clusters and supernova remnants to the track-like neu-

trino events detected at IceCube is well under 30%. This upper limit is compatible

with the results presented in other Galactic neutrino studies.
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3.2 Introduction

The observed spectrum of cosmic rays extends to energies in excess of 1018 eV

(Beatty and Westerhoff, 2009), raising fundamental questions about the nature of

cosmic ray origins. Especially above the spectral feature known as “the knee” at

∼3 × 1015 eV (3 PeV), it is still unknown where or how particles are accelerated

to such high energies (e.g., Blasi, 2013; Gabici et al., 2019). Cosmic rays at these

energies are deflected by Galactic magnetic fields en route to Earth, scrambling their

arrival directions and greatly complicating the task of source identification (Halzen

and Hooper, 2002).

High-energy neutrino astronomy may hold the key to overcoming this problem,

since cosmic accelerators are also expected to be astrophysical beam dumps. In

an astrophysical beam dump, accelerated cosmic rays encounter ambient matter or

photons in close proximity to the cosmic ray source, resulting in pp or pγ interactions

which can produce neutral and charged pions (π0, π±) (Gaisser, 1990; Ahlers and

Halzen, 2018). Subsequent pion decays yield gamma ray photons and neutrinos (as

well as antineutrinos), which constitute secondary emission that can be used to trace

the location of the accelerator (Halzen and Hooper, 2002). Neutrinos are of particular

interest, since they can reach Earth without deflection by magnetic fields and, in most

cases, without flux attenuation due to intervening matter or background photons.

In 2013 and 2014, the IceCube Collaboration published the first evidence of high-

energy extraterrestrial neutrinos (IceCube Collaboration, 2013; Aartsen et al., 2014b).

A diffuse flux of neutrinos with energies of 0.01–2 PeV was detected, and its origins

are still largely a mystery (see, e.g., Aartsen et al., 2017a,e, 2019; Albert et al.,

2020). With the exception of the blazar TXS 0506+056 (IceCube Collaboration et al.,

2018; Mirzoyan, 2017; Ojha and Valverd, 2018) (possibly PKS 1502+106 (IceCube
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Collaboration, 2019) and NGC 1068 (Aartsen et al., 2020b) as well), the majority of

IceCube’s neutrino events remain unattributed to any known astronomical sources.

Despite the prominence of the TXS 0506+056 result, an analysis by the IceCube

Collaboration concluded that the combined diffuse neutrino flux contribution of all

blazars listed in the 2nd Fermi-LAT AGN Catalog (2LAC) could be no more than

27% (Aartsen et al., 2017b), so the search continues for contributions from other types

of sources.

In principle, the diffuse neutrino flux should have components of both Galactic

and extragalactic origin. Observations so far are consistent with isotropy, suggesting

that any Galactic component is sub-dominant (Aartsen et al., 2017a). Still, it is

plausible that ∼10–20% of the flux originates within our Galaxy, with the overall

neutrino spectrum having a softer Galactic component concentrated at energies .

100 TeV and a harder extragalactic component accounting for most of the highest-

energy events (Palladino and Vissani, 2016). It has been claimed that an excess of

the IceCube neutrino flux above 100 TeV comes from the Galactic plane (Neronov

and Semikoz, 2016), but the IceCube Collaboration found that this excess flux is still

compatible with the flux observed from other regions of the sky with a p-value of

∼43% (Aartsen et al., 2016). A more recent analysis by IceCube constrained the

Galactic component to less than 14% of the total flux above 1 TeV (Aartsen et al.,

2017e). Other works, including those using the neutrino detector ANTARES, have

found constraints that are either similar or even more restrictive (< 9.5% with 90%

confidence) (e.g., Mandelartz and Becker Tjus, 2015; Denton et al., 2017; Albert et al.,

2017).

Two main techniques have been used in attempts to associate high-energy neutri-

nos with Galactic or extragalactic sources: spatial association and neutrino emission

modeling. Studies searching for spatial associations often use statistical techniques
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to search for excesses in the number of neutrino events arriving from the directions

of known objects or from pre-selected regions of the sky (e.g., Emig et al., 2015; Mo-

harana and Razzaque, 2015; Neronov and Semikoz, 2016; Moharana and Razzaque,

2016; Aartsen et al., 2017b,e; Lucarelli et al., 2019; Hooper et al., 2019; Lunardini

et al., 2019; Kheirandish and Wood, 2019; Moharana et al., 2020). Since gamma ray

emission due to π0 decays is also expected from high-energy neutrino sources, gamma

ray catalogs are often used to provide physically motivated lists of known objects for

these types of analyses. In the neutrino emission modeling approach, authors deter-

mine the expected neutrino flux from specific classes of sources (either individually

or collectively) and compare their theoretical predictions with the empirical flux lim-

its and spectral indices provided by neutrino observatories (e.g., Yuan et al., 2011;

Ahlers and Halzen, 2014; Bednarek et al., 2014; Anchordoqui et al., 2014; Mande-

lartz and Becker Tjus, 2015; Bykov et al., 2015; Ahlers et al., 2016; Bai et al., 2016;

Chakraborty and Izaguirre, 2016; Murase and Waxman, 2016; Halzen et al., 2017;

Gupta and Razzaque, 2017; Bykov et al., 2018; Palladino et al., 2018; Sudoh et al.,

2018). Many such predictions are not yet testable and will require additional years

of data or the increased sensitivity of future neutrino detectors such as KM3NeT

(Adrián-Mart́ınez et al., 2016) or IceCube-Gen2 (IceCube-Gen2 Collaboration et al.,

2014).

In this work, we use a spatial association approach to search for a Galactic contri-

bution among the track-like subset of neutrino events detected at IceCube (Aartsen

et al., 2016). We restrict our Galactic search to two classes of energetic objects, both

of which have seen consideration as potential high-energy neutrino sources: open

clusters (OCs) (e.g., Odrowski et al., 2013; Bednarek et al., 2014; Bykov et al., 2015;

Gupta and Razzaque, 2017; Bykov et al., 2018) and supernova remnants (SNRs) (e.g.,

Yuan et al., 2011; Mandelartz and Becker Tjus, 2015; Ahlers et al., 2016; Aartsen
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et al., 2017e, 2020a). The track-like IceCube neutrino events and our chosen astro-

nomical catalogs of Galactic OCs and SNRs are discussed fully in Section 3.3. The

statistical analysis that we present is a variation of the well-known “nearest neigh-

bor” method, which has seen previous use searching for coincidences with candidate

neutrino sources (e.g., Emig et al., 2015; Moharana and Razzaque, 2015; Lunardini

et al., 2019). In section 3.4, we discuss our method in detail and explain how its

capabilities have been expanded for application to the Galactic plane. Our results

are presented and discussed in Section 3.5, and we close with some brief conclusions

in Section 3.6. Our findings are broadly consistent with upper limits on Galactic

sources as quoted by other studies (Aartsen et al., 2017e; Denton et al., 2017; Albert

et al., 2017). The results act as a cross-check with previous SNR results by other

authors, and also represent the first time that OCs have been considered in a spatial

association neutrino search with a catalog of objects.

3.3 Data

3.3.1 IceCube Track-like Neutrino Events

The IceCube Neutrino Observatory is made up of of 5160 photomultiplier tubes

frozen into 1 km3 of Antarctic ice at the South Pole (Aartsen et al., 2017c). When a

high-energy neutrino (or antineutrino) of any flavor interacts with an atomic nucleus

in the ice, relativistic charged particles are produced, emitting Cherenkov light that

IceCube detects (Aartsen et al., 2017d). Neutrino events in the detector have either a

track-like signature or a cascade signature; the latter are produced by neutral-current

interactions of all three neutrino flavors, as well as by charged-current interactions of

electron and tau neutrinos (Aartsen et al., 2017d). Cascades yield particle showers

of range . 20 m (Aartsen et al., 2014a) with a light signature that is nearly spheri-
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cally symmetric, so the angular uncertainty of cascade event reconstructions is & 10◦

(Aartsen et al., 2017d). In contrast, a charged-current interaction of a muon neutrino

yields a high-energy muon which typically travels several kilometers through the ice

(Chirkin and Rhode, 2004), producing a track-like signature with typical angular

resolution of . 1◦ in reconstruction (Aartsen et al., 2017d).

Our analysis uses 29 track-like neutrino events published by the IceCube Collab-

oration after six years of operation (Aartsen et al., 2016). All of these events have

observed energies of 200 TeV or more, an imposed energy cut which results in an ex-

pectation of roughly twice as many astrophysical events as background atmospheric

events. Each neutrino event is published with angular errors on the reconstructed ar-

rival direction corresponding to 50% and 90% confidence levels that are asymmetric

in both right ascension and declination. For the purposes of our statistical analysis,

we create circular error regions centered on each event with the same area as the orig-

inal error ellipse by using the geometric mean of all four angular errors at the 90%

confidence level (see Section 3.4.1). We use circularized errors because our statistical

method is primarily sensitive to the total area of the error ellipse, and circular errors

simplify the angular separation calculations required. Note that we do not consider

cascade events in this work due to their large angular uncertainties—the smaller errors

of the track-like events make them better-suited to point source searches using posi-

tional coincidence, since chance associations become less likely when the collection of

all error ellipses covers a smaller solid angle on the sky.

The reconstructed arrival directions of the 29 track-like neutrinos are concentrated

in the lower latitudes of the Northern Hemisphere (declinations −5◦ < δ < +50◦, see

Figure 3.1). Most datasets published by the IceCube Collaboration require that

the vertex of neutrino interaction occur within the instrumented detector volume,

but this set of track-like events allows for interactions both inside and outside the
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Figure 3.1: Sky map in Galactic coordinates showing the distribution of arrival
directions (black dots) and angular errors (blue circles) for the 29 track-like neutrinos
(Aartsen et al., 2016). The displayed errors have been circularized as described in
the text. The dashed light blue line shows the celestial equator.

detector. This increases the effective area of the detector due to the long range of the

muons produced by muon neutrino interactions, but makes it necessary to restrict

the field of view to the Northern Hemisphere (below IceCube’s horizon) where the

Earth efficiently filters out the background noise of atmospheric muons.

3.3.2 Candidate Sources: Open Clusters

OCs are one class of Galactic source which has been suspected of playing host

to high-energy cosmic accelerators. Many such OCs represent compact collections of

dense interstellar matter grouped together with energetic objects such as massive OB

stars, compact massive binaries, pulsars (often with associated pulsar wind nebulae),

and SNRs (Bednarek et al., 2014). Several of these types of objects have been inves-

tigated as suspected cosmic ray accelerators by themselves. For instance, Galactic

SNRs are likely the principal source of cosmic rays at energies below the knee (see

Section 3.3.3). The Eta Carinae binary system in Trumpler 16 has been detected in
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gamma-ray observations up to ∼100 GeV and has been studied as a potential ac-

celerator (Tavani et al., 2009; Abdo et al., 2009; Farnier et al., 2011; Bednarek and

Pabich, 2011; Gupta and Razzaque, 2017). Massive X-ray binaries (microquasars)

including Cyg X-3 and LS 5039 have been proposed as Galactic neutrino emitters

(Bednarek, 2005; Anchordoqui et al., 2014). A few notable star clusters have been

found to produce TeV gamma-ray emission, including Cygnus OB2 (Aharonian et al.,

2002) and the larger Cygnus X star-forming region (Yoast-Hull et al., 2017; Abey-

sekara et al., 2021), Westerlund 2 (Aharonian et al., 2007), Westerlund 1 (Abramowski

et al., 2012), and Cl* 1806-20 (H. E. S. S. Collaboration et al., 2018). Such emission

could be indicative of π0 decays associated with hadronic neutrino production. Sev-

eral theoretical studies of star clusters have examined neutrino detection prospects,

and the results suggest fluxes detectable by IceCube or by next-generation detec-

tor KM3NeT, especially if several acceleration mechanisms are simultaneously active

within the same cluster (Bednarek et al., 2014; Bykov et al., 2015, 2018).

A wide variety of physical accelerator scenarios have been proposed in order to

explain the observed TeV gamma-ray emission from select OCs. These scenarios fre-

quently involve powerful winds from massive stars, supernova shocks from the deaths

of those stars, and/or compact objects from the collapsed cores of exploded stars

interacting with dense regions of ambient gas and dust within the star cluster (e.g.,

Bednarek et al., 2014, and references therein). In massive binary systems, parti-

cle acceleration may occur in the region where the two stars’ stellar winds collide

(Bednarek and Pabich, 2011; Bednarek et al., 2014; Gupta and Razzaque, 2017).

Galactic microquasars are powered by accretion disks whose associated jets could

transfer considerable kinetic energy to relativistic nuclei (Bednarek, 2005; Anchordo-

qui et al., 2014). The collision of a supernova shock with the cumulative stellar winds

of a compact cluster of young stars might theoretically be capable of accelerating
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protons to energies in excess of 1 PeV (Bykov et al., 2015, 2018). At this time, it is

unclear which of these processes (if any) contribute most to the high-energy budget

of a star cluster; indeed, the answer may vary from one cluster to the next (Bednarek

et al., 2014).

For our investigation of OCs, we employ two datasets: (1) an extensive, gen-

eral catalog of Galactic OCs and (2) a more restricted list of massive, young OCs

which may provide an optimal accelerator environment for producing neutrinos and

gamma-ray emission. Below, we briefly describe each list of candidate sources and

our motivations for selecting those objects.

• New catalog of optically visible open clusters and candidates (Dias et al., 2002)

OPENCLUST is a list of Galactic OCs which was first compiled in 2002 from a

combination of older catalogs (Lauberts, 1982; Lyng̊a, 1987; Mermilliod, 1995)

and several isolated papers published more recently (for a full list, see Dias et al.,

2002). Many objects were visually checked by the authors using Digitized Sky

Survey1 (DSS) plates in order to verify their coordinates and existence. The

list includes fundamental parameters and kinematic data where available, and

is designed to be an efficient tool for use in OC studies, since all of the included

data is stored in a single machine-readable table. The catalog is regularly

updated online2—the version used in this work contains entries for a total of

2167 OCs and OC candidates, at least 89% of which represent robustly identified

OCs.

This extensive collection of objects is useful for testing a broad hypothesis of

potential causal association that is more model-independent: if there is a strong

1https://archive.stsci.edu/dss/
2HEASARC implementation: https://heasarc.gsfc.nasa.gov/W3Browse/all/openclust.

html
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causal connection between IceCube neutrinos and Galactic OCs—regardless of

the underlying physical reasons—this catalog could reveal the existence of that

connection. In addition, OPENCLUST lists the apparent angular size of each

OC, which is important for our statistical analysis. OPENCLUST will also

provide the framework for constructing a probabilistic model of the spatial

distribution of OCs in the Milky Way (see Section 3.4.2); its sheer size makes

it an ideal data set for this task.

• “Accelerator-dominated” open clusters (Odrowski et al., 2013)

This data set consists of 36 “accelerator-dominated” open clusters (ADOCs)

compiled in 2013 by the IceCube collaboration. The ADOCs are selected from

among the 650 Galactic OCs documented in the Catalog of Open Cluster Data

(COCD) (Kharchenko et al., 2005b) and its First Extension (Kharchenko et al.,

2005a). The authors limit their study to sources in the Northern Hemisphere,

since that is where the sensitivity of IceCube is highest, and they also do not

consider sources farther than 3–4 kpc from the Sun, with the goal of eliminating

OCs with imprecise distance estimates or identifications. The primary selection

criterion used to identify OCs in an “accelerator-dominated” phase was their

evolutionary status—to be included, an OC must have a turn-off mass above

9 M�, corresponding to an age of less than ∼40 Myr. OCs much older than

this are assumed to be deficient in potential particle accelerators since massive

stars will have died and their supernovae will have long since dispersed into the

interstellar medium. The final list includes a range of young OCs with total

masses between ∼400 M� and 3 × 104 M�, which are largely concentrated in

three cluster complexes associated with spiral arms of the Galaxy.

The ADOC list is a narrow set of sources assembled with the specific aim of
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using IceCube to test the hypothesis of young OCs as cosmic ray accelerators

and high-energy neutrino emitters. If cosmic ray acceleration within OCs con-

tributes significantly to a Galactic neutrino flux component at IceCube, then

these 36 OCs are the most likely candidates for detection. Like OPENCLUST,

the COCD which the ADOCs were selected from also provides apparent angular

sizes of each OC for our analysis. Finally, we note that Table 1 of Odrowski

et al. (2013) lists IC 1448 among the 36 selected ADOCs, but this object is a

galaxy (better known as NGC 7308) and is not present in the COCD. We will

assume that the authors meant to refer to IC 1848 instead.

3.3.3 Candidate Sources: Supernova Remnants

As stated in Section 3.3.2, Galactic SNRs are likely to be the primary source of

hadronic cosmic rays with energies at least up to ∼100 TeV, as indicated by a large

yet circumstantial body of evidence (Yuan et al., 2011; Blasi, 2013; Bykov et al.,

2015). Gamma-ray spectra observed from several SNRs including W44 (Ackermann

et al., 2013), IC 443 (Ackermann et al., 2013; Tavani et al., 2010), Cassiopeia A

(Araya and Cui, 2010), Tycho’s SNR (Morlino and Caprioli, 2012; Berezhko et al.,

2013), and others (e.g., Ohira et al., 2011) have been found to favor hadronic emission

models (i.e., π0 decay) over leptonic explanations such as inverse Compton. There

are also SNRs such as RX J1713.7−3946 (Abdo et al., 2011) which have gamma-ray

spectra that are more compatible with leptonic models. Therefore, the observation of

a neutrino flux from SNRs with hadronic gamma-ray emission would offer another tool

for differentiating between the two scenarios. The presence of accelerated particles in

SNR shocks has been inferred in many cases from X-ray evidence of magnetic field

amplification (Völk et al., 2005; Vink, 2012; Bykov et al., 2012, 2013; Schure et al.,

2012) and observations of unusual Hα line widths (Blasi, 2013; Heng, 2010).
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The common theoretical framework for cosmic ray acceleration in SNRs is diffusive

shock acceleration (DSA) at the supernova shock (for a review, see Bell, 2014). The

general predictions of DSA are a power law spectrum E−Γ of cosmic ray energies with

spectral index Γ ≈ 2.0–2.4 up to a cutoff energy, which might extend as high as the

knee in some cases (Villante and Vissani, 2008). As cosmic ray energies approach

PeV scales, the role of Galactic SNRs becomes less certain; the ability of DSA to

reach energies as high as the knee has been repeatedly questioned (e.g., Bell, 2014;

Bykov et al., 2015). Hence, a number of more complex scenarios have been proposed.

It has been argued that only certain kinds of supernovae (Ptuskin et al., 2010; Bell,

2014) or supernovae exploding in particular environments (Bykov et al., 2015; Binns

et al., 2005) provide the conditions necessary to reach knee energies. Magnetic field

amplification is likely to be one piece of the puzzle (Schure et al., 2012), and the

answer may also include plasma instabilities or alternative shock arrangements (e.g.,

Bell, 2014; Bykov et al., 2015, and references therein). The SNR G40.5−0.5 has been

proposed as a potentially detectable point source in IceCube given sufficient exposure

over a period of ∼10 yr (Mandelartz and Becker Tjus, 2015). A few other Galactic

SNRs, including Cassiopeia A, IC 443, Vela Junior, W33, and W41, have also been

proposed as neutrino emitters, but theoretical predictions do not expect these to be

detectable as point sources in IceCube above the atmospheric backgrounds (Yuan

et al., 2011; Mandelartz and Becker Tjus, 2015).

For our SNR study, we make use of another pair of catalogs: (1) a comprehensive

list of every known Galactic SNR and (2) a limited subset of SNRs which have been

detected at gamma-ray energies and are therefore more likely to play host to high-

energy accelerators. The remainder of this subsection describes both of these catalogs

and justifies their use.

• Catalogue of Galactic supernova remnants by D. A. Green (Green, 2014)
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The Green SNRs catalog is a compilation of all currently known Galactic SNRs,

which has seen numerous published versions since 1984 (for a list, see Green,

2014). Here, we make use of the updated June 2017 version (Green, 2017),

which is available online.3 The catalog lists 295 Galactic SNRs together with

observational data on each object’s position, angular size, morphology, radio

emission spectral index, and derived flux density at a frequency of 1 GHz. Most

of these objects have been detected through their radio emission due to rela-

tivistic electrons, which is free of Galactic extinction. More than 93% of the

catalog’s SNRs have been sufficiently observed in the radio that their flux den-

sity at 1 GHz can be determined and included. Due to Galactic absorption at

other wavelengths, only ∼40% of the SNRs have been detected in X-rays and

∼30% in the optical. The catalog’s completeness is influenced by some selection

effects, primarily those affecting radio wavelengths (e.g., Green, 2015). The cat-

alog is complete only down to a surface brightness of ∼10−20 W m−2 Hz−1 sr−1

at 1 GHz, and a higher limit likely applies near the Galactic center, where the

background Galactic radio emission is brightest (Green, 2014, 2015).

Despite any limitations, the Green SNRs catalog is the largest available listing of

Galactic SNRs. Much like OPENCLUST, the sheer number of objects present

makes this collection ideal for testing the broadest class of hypotheses that

connects IceCube neutrinos to Galactic SNRs. The angular size estimates in

the catalog are relevant for our statistical analysis as presented in Section 3.4.

We will also use the distribution of these SNRs to generate our probabilistic

model of the distribution of SNRs in the Milky Way.

• First Fermi LAT supernova remnant catalog (Acero et al., 2016)

3See http://www.mrao.cam.ac.uk/surveys/snrs/.

53

http://www.mrao.cam.ac.uk/surveys/snrs/


The Fermi LAT SNRs are the result of a systematic effort to characterize the

1–100 GeV gamma ray emission within 3◦ of all known radio SNRs from the

Green SNR catalog (Green, 2014, 2017). A total of 30 candidate sources were

found to have sufficient significance and spatial overlap with known radio SNRs

to be classified by the authors as GeV counterparts of the associated radio

SNRs. An additional 14 candidates were designated as “marginally classified”

due to lower degrees of significance and/or spatial overlap, and a further 245

flux upper limits were presented in other cases. By scrambling the Galactic

longitudes of known SNRs to create a mock catalog, the authors determined an

upper limit of 22% for the fraction of candidates that were falsely identified as

SNRs.

In this work, we use both the classified and marginally classified candidates from

the Fermi LAT SNRs catalog for a grand total of 44 objects. The inclusion of the

marginally classified candidates did not qualitatively change our results. The

catalog provides positional data and angular radius estimates for each object,

both of which are used for our analysis as presented in Section 3.4. Much

like the ADOC list presented in Section 3.3.2, this catalog has the advantage

that it carries greater physical motivation in terms of cosmic ray acceleration

and neutrino emission. Since gamma-ray emission can result from the same

hadronic processes, these Galactic SNRs are more likely to be neutrino emitters

than most of the Green SNRs.
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3.4 Methodology

3.4.1 Statistical Method of Coincidences

Our analysis technique is a variant of the well-established “nearest neighbor”

method. Such methods have a history of use in both astronomy (e.g., de Ruiter

et al., 1977; Windhorst et al., 1984; Sutherland and Saunders, 1992) and astroparticle

physics (e.g., Virmani et al., 2002; Moharana and Razzaque, 2015; Emig et al., 2015;

Lunardini et al., 2019). Here, we summarize the important concepts, focusing mainly

on the newest additions. We refer to our previous work (Emig et al., 2015; Lunardini

et al., 2019) for a more extended presentation.

We begin with a collection of N neutrino events and M candidate sources. For

each event νi, where i = 1, . . . , N , we define the unitless quantity ri as

ri = min
j

(
Si,j − aj
σν,i

)
, (3.1)

where j = 1, . . . ,M runs over the set of candidate sources. The quantity Si,j is the

angular separation between νi and the center of the jth candidate source, aj is the

angular radius of the jth candidate source, and σν,i is the angular error associated

with event νi. To simplify the calculation of ri, the neutrino event error ellipses and

the candidate sources are both treated as circular (which may cause individual values

of ri to be underestimated or overestimated). Where necessary, their shapes were

circularized using the geometric mean of the available dimensions to yield a single

angular radius for a circle with the same area as the original ellipse.4 If the angular

extent of a candidate source is unavailable, then we take the conservative approach

of treating it as a point source with aj = 0.

4By approximating small circles and ellipses on the spherical sky with their Euclidean equivalents,

we can show that Acircle = πr2 = π(
√
ab)2 = πab = Aellipse.
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The quantity ri can be regarded as the normalized angular separation between

the arrival direction of νi and the edge of the nearest candidate source. From here

onward, the index i will be dropped for simplicity, and the notation r will be used

to indicate the normalized angular separation. For any catalog of candidate source

positions and angular sizes, we can empirically calculate the r values, one for each of

the N neutrino events. To test for a causal relationship between the candidate sources

and the neutrinos, we compare the distribution of r values with a null distribution,

which is the expected distribution of r values in a scenario where there exists no

causal relationship and any apparent correlations are due to random chance. The

null distribution is obtained using a Monte Carlo procedure which generates K = 106

randomized realizations of the N values for r.

Our primary strategy to compare the two distributions is to use the number of

coincidences Nc as a test statistic. We define a coincidence as the occurrence of a

neutrino event having r < 1, so the number of coincidences is an integer such that 0 ≤

Nc ≤ N . Many of the K Monte Carlo realizations of the null distribution will include

coincidences that occur by random chance. We define Nbetter to be the number of

Monte Carlo realizations which happen to produce at leastNc coincidences. Then, p =

Nbetter/K is our p-value, the approximate probability that a number of coincidences

larger than or equal to the observed Nc is realized in the null distribution. If Nc

greatly exceeds the typical number of coincidences expected in the null hypothesis,

then p� 1, which could be indicative of a causal relationship between the neutrinos

and the candidate sources.

As an alternative approach, we also study the entire distribution of r using a

Kolmogorov-Smirnov (K-S) test. Using a two-sample K-S test, we evaluate the hy-

pothesis that the N empirical r values were drawn from the same underlying distri-

bution as the set of KN values drawn from the null distribution. If the test’s p-value
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is near zero, it suggests that the empirical r values were drawn from an underlying

distribution which differs from the null distribution in a statistically significant way.

Such a result could indicate a relationship between the chosen candidate sources and

the neutrinos, but not necessarily a causal one. While the first approach using the

number of coincidences is a more direct way of discovering spatial correlations in

the data, the K-S test approach is a more general check for consistency between the

real data and the null distribution. We note that the p-values resulting from both

strategies are pre-trial values, since they do not take into account the total number

of hypotheses that were tested. Post-trial p-values would be larger, i.e., they would

have lower significance.

3.4.2 Galactic Null Distributions

The Monte Carlo procedure for generating null distribution realizations approaches

the problem by randomizing the positions of the M candidate sources while leaving

the arrival directions of the N neutrino events fixed. Extragalactic sources can, in

most cases, be assumed to have an isotropic distribution on the sky (Emig et al., 2015;

Lunardini et al., 2019), which we imitate by choosing points uniformly distributed on

the surface of a sphere. Since the candidate sources used in this work are Galactic

sources, they are not distributed isotropically, but are instead heavily concentrated

along the Galactic plane. For each candidate source catalog that we use, 96% or more

of its objects are within 20◦ of the Galactic plane, i.e., they have Galactic latitudes

b satisfying −20◦ < b < +20◦. In addition, the SNR catalogs show a greater con-

centration of objects towards the Galactic center at Galactic longitude ` = 0◦ and a

correspondingly lower concentration towards the Galactic anticenter at ` = ±180◦.

Therefore, the Monte Carlo randomization must take all these physical realities into

account.

57



Using the procedure known as transform sampling (e.g., see Section 7.2 of Press

et al., 1992), random values are generated from any desired probability distribution.

To model the probability distribution function (PDF) of Galactic objects on the sky,

we used Bayesian parameter estimation with the dynesty software package (Speagle,

2020) to obtain median posterior parameter values for a set of model distributions.

Since dynesty also provides estimates of the Bayesian evidence, we were able to

compare the models to one another using odds ratios and select those which showed

the best agreement with the available data. We consider a factorized PDF having

the form F (b, `) = B(b)L(`), where B(b) and L(`) are assumed to be independent

functions. This is accurate to first order, since the latitude and longitude distributions

of objects in the Galactic disk arise from two distinct physical mechanisms (Binney

and Dehnen, 1997; Oort, 1932), even if a mild interdependence may exist on small

scales.

For the latitude distribution B(b), the best model (as determined via odds ratios)

used a functional form inspired by the plane-perpendicular blue-light distribution of

edge-on galaxy disks (de Grijs et al., 1997):5

B(b) = Ab

[
f1 sech

(
b− b0

hb1

)
+ f2 sech

(
b− b0

hb2

)]
f1 + f2 = 1 f1, f2 ≥ 0.

(3.2)

This model surpassed eight other models including a cosine, an exponential, a single

hyperbolic secant, a hyperbolic secant squared, a Gaussian, and the full functional

form proposed for edge-on galaxy disks (de Grijs et al., 1997). The four independent

parameters are b0, hb1, hb2, and f1 = 1−f2. The value Ab is the normalization, chosen

so that B(b) integrates to 1 over the interval −90◦ ≤ b ≤ +90◦. The parameter b0

represents the offset position of the central peak, about which the distribution is

5Note that sechx is the hyperbolic secant of x, defined as sechx ≡ 1/ coshx = 2/(ex + e−x),

where cosh is the hyperbolic cosine.
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symmetric. Such an offset from the Galactic plane is expected due to the vertical

position of the Sun within the Galactic disk. The parameter hb1 is the (relatively

narrow) angular width of the first sech distribution (representing the thin disk of the

Galaxy), and hb2 is the (relatively broad) angular width of the second sech distribution

(representing the thick disk). The parameters f1 and f2 are the fractional amplitudes

of the two sech distributions, which together comprise a single independent parameter.

The longitude distribution L(`) varied by catalog. For some catalogs, the depen-

dence on longitude was weak enough that the best model was a uniform distribution

with the functional form

L(`) =
1

360◦
. (3.3)

This model has zero parameters, and the constant value 1/360◦ is the necessary

normalization so that L(`) integrates to 1 over the interval −180◦ ≤ ` < +180◦.

Other catalogs were better modeled by a standard exponential disk model (e.g., see

Section 2.2 of Sparke and Gallagher, 2007) of the form

L(`) = A` exp

(
−|`− `0|

h`

)
, (3.4)

where the periodic longitude angle is always chosen such that −180◦ ≤ `−`0 < +180◦.

The two independent parameters are `0 and h`, with the value A` serving as the

normalization. The `0 parameter represents any necessary offset between the central

peak of the distribution and the Galactic center at ` = 0◦, and h` is an angular scale

height related to the radial scale height of the Galactic disk. No additional longitude

distribution models were considered.

For each class of Galactic sources considered in this work—OCs and SNRs—we

used the largest catalog of sources—i.e., OPENCLUST (Dias et al., 2002) and the

Green SNRs (Green, 2014, 2017), respectively—for the dynesty distribution fitting,

since the largest sample is likely to provide the best representation of the true distri-
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Table 3.1: Median posterior values for the four parameters in the OC latitude model
(Equation 3.2), including the corresponding normalization value. For each parameter,
the 68% interval shows the 16th and 84th percentiles of posterior samples.

Parameter Description Median Value 68% Interval Units

b0 Center offset −0.349 [−0.416,−0.284] deg

hb1 Scale height 1 1.83 [1.77, 1.90] deg

hb2 Scale height 2 10.1 [9.51, 10.8] deg

f1 Amplitude fraction 0.950 [0.943, 0.956] —

Ab Normalization 0.142 [0.138, 0.146] deg−1

bution. Both OPENCLUST and the Green SNRs involve selection effects as discussed

in Section 3.3, but these can mostly be overlooked, since our primary goal is to pro-

duce a randomized facsimile of the catalogs themselves, rather than a fully accurate

Galactic model. The best latitude models for both the OPENCLUST data and the

Green SNRs data used the double hyperbolic secant given in Equation 3.2, but the

best longitude model for the OPENCLUST data was the uniform model of Equa-

tion 3.3, while the Green SNRs data was a better match to the exponential disk of

Equation 3.4. Figure 3.2 shows how the best distribution models visually compare

with the data from all four catalogs using cumulative distribution functions (CDFs)

which show the cumulative integrated area of the PDF. The median posterior param-

eter values for each model as obtained by dynesty are presented in Tables 3.1–3.3.

The top two panels of Figure 3.2 show the best-fit models for the OPENCLUST

data using Equations 3.2 and 3.3. The largest visible discrepancies occur in the longi-

tude distribution between ` ' −120◦ and ` ' +60◦. The OCs listed in OPENCLUST

are all visible at optical wavelengths, implying that they are all close enough to still

be observable after accounting for interstellar dust extinction. More than 95% of

OPENCLUST sources that have tabulated distances are within 6 kpc of Earth, with
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Figure 3.2: Empirical cumulative distribution functions (ECDFs) for each catalog
of candidate sources plotted against Galactic latitude (left column, blue lines) and
Galactic longitude (right column, green lines). Rows from top to bottom: OPEN-
CLUST (Dias et al., 2002), ADOC list (Odrowski et al., 2013), Green SNRs (Green,
2014, 2017), and Fermi LAT Classified and Marginally Classified SNRs (Acero et al.,
2016). The black lines overlaid on each plot show the CDF of the distributions which
were used to model the catalog data when generating the null distributions, as de-
scribed in the text. The horizontal axes of the Galactic latitude plots have been
constrained in order to show details near the Galactic plane.
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Table 3.2: Same as Table 3.1, but for the SNR latitude model.

Parameter Description Median Value 68% Interval Units

b0 Center offset −0.0814 [−0.124,−0.0383] deg

hb1 Scale height 1 0.384 [0.335, 0.438] deg

hb2 Scale height 2 2.58 [2.28, 2.94] deg

f1 Amplitude fraction 0.921 [0.899, 0.938] —

Ab Normalization 0.568 [0.517, 0.625] deg−1

Table 3.3: Same as Tables 3.1 and 3.2, but for the SNR longitude model (Equa-
tion 3.4).

Parameter Description Median Value 68% Interval Units

`0 Center offset 7.96 [5.27, 10.7] deg

h` Scale height 48.4 [45.1, 52.1] deg

A` Normalization 0.0106 [0.00991, 0.0113] deg−1

a thin tail extending out to ∼15 kpc. These distances are too short to reveal large-

scale asymmetries in the disk structure of the Milky Way, so we expect the longitude

distribution to be uniform to first order, with a few discrepancies due to the relative

positions of the local spiral arms. Since the ADOC list also consists of Galactic OCs,

we expect those 36 OCs to follow the same distribution with some additional scat-

ter due to the small number of objects. One complication here is that the ADOC

list consists only of OCs which are north of the celestial equator, so their longitude

distribution is uniform, but has a gap between ` ' −147◦ and ` ' +33◦ where the

Galactic plane dips south of the equator. This issue is addressed by composition of

the factorized PDF F (b, `) with an additional step distribution PDF that excludes the

southern hemisphere. The second row of Figure 3.2 shows an approximation of the

resulting longitude CDF with this step distribution filter included—the distribution

models are otherwise identical to those used for OPENCLUST.
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The third row in Figure 3.2 shows the best models for the Green SNRs data

using Equations 3.2 and 3.4. When compared to the OC distributions, there are

two important differences for this case. Firstly, the SNR latitude distribution has a

narrower spread about the Galactic plane than the OC distribution. Comparing the

hb1 and hb2 values in Tables 3.1 and 3.2, the SNR distribution is narrower by a factor of

∼4–5 in both parameters. This difference is a consequence of the scale heights of young

and old stars in the Galactic disk. Stars form in the thin disk, which has a scale height

of about 280–350 pc, but older stars diffuse into the thick disk, which has a larger scale

height of about 0.75–1 kpc (see, e.g., Section 2.2 of Sparke and Gallagher, 2007). SNRs

are the remains of high-mass stars, which live short lives and die before they have time

to diffuse into the thick disk, so the SNRs are typically found near stellar formation

sites in the thin disk. The second big difference for SNRs is the form of the longitude

distribution, which follows an exponential instead of a uniform distribution—there are

more SNRs visible when looking towards the Galactic center than away from it (for

an in-depth discussion, see Green, 2015). This is because the Green SNR catalog was

primarily compiled using observations at radio wavelengths, which detect SNRs via

their synchrotron radiation. Since long wavelengths are subject to minimal extinction

from interstellar dust, large-scale asymmetries in the star formation activity of the

Galactic disk are more apparent. The fourth row of Figure 3.2 shows that the 44

objects from the Fermi LAT Classified & Marginally Classified SNRs catalog also

conform to the same distribution whose parameters were obtained from the Green

SNRs data. Again, the smaller number of objects produces some additional scatter.

3.5 Results and Discussion

In this section, we present the results of our analyses. For each candidate source

set, we present a sky map in Galactic coordinates showing the arrival directions of
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the IceCube neutrino events (with circularized errors at the 90% confidence level) as

well as the positions of the relevant candidate sources. We also include comparative

histograms showing the empirical r distribution and the Monte Carlo null distribu-

tion of r as described in Section 3.4.1. The null distribution histograms display the

averaged distribution over K = 106 Monte Carlo realizations. We note that negative

r values can occur when the most probable arrival direction of a neutrino falls within

the angular extent of a candidate source. For our histograms, any r < 0 will be

rounded up to r = 0 and then tabulated in the first bin (covering 0 ≤ r < 1), so that

the first bin always represents Nc, the total number of coincidences. In the interest of

focusing on neutrinos with small r values, the histograms are truncated to the range

r < 40. For each analysis, we report ∆Nc, the number of excess coincidences in the

empirical r distribution when compared with the averaged null distribution, as well

as pNc , which is the p-value associated with ∆Nc. For each catalog, we also present

the complementary results of a K-S test applied to the two histogram distributions,

with its p-value denoted by pK-S. For both types of statistical analysis, we choose

α = 0.01 as our significance threshold—if pNc < α or pK-S < α, then we will consider

the disparity between the empirical and null distributions to possibly be indicative of

a causal connection between the candidate sources and the neutrinos.

3.5.1 Open Cluster Analyses

The top two panels of Figure 3.3 show the analysis results for the hypothesis of

causal association with the OPENCLUST (Dias et al., 2002) candidate sources. The

empirical r distribution has Nc = 7 coincidences, which is an excess of ∆Nc = 0.7

coincidences over the averaged null distribution expectation. Table 3.4 gives specific

information regarding each of the seven coincidences, as well as the four additional

cases in which r < 3. While these cases are not coincidences, they are near enough
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Figure 3.3: Top left: Sky map showing the positions of OC candidate sources
(orange circles) from OPENCLUST (Dias et al., 2002). Black dots mark the arrival
directions of track-like neutrinos (Aartsen et al., 2016), with blue circles showing
their circularized angular errors. The dashed light blue line is the celestial equator.
Top right: Histogram of r values for the analysis of the OPENCLUST sources. The
empirical distribution of r values is shown in blue, with the averaged null distribution
overplotted in semi-transparent green. See text for details. Bottom left: Same as top
left, but showing the positions of the 36 ADOCs (Odrowski et al., 2013) instead (red
circles). Bottom right: Same as top right, but showing r distributions for the ADOCs
analysis.

to potentially be of some interest. The fraction of Monte Carlo null distribution

realizations which yielded at least seven coincidences by chance was pNc = 0.430,

which is far too large to be considered significant at the α = 0.01 level. Likewise, a

K-S test comparing the two distributions resulted in pK-S = 0.973, suggesting that

the empirical r distribution is in excellent agreement with the null distribution.

The two lower panels of Figure 3.3 show the results of our analysis using the

ADOC list (Odrowski et al., 2013) with 36 objects. The empirical r distribution did

not result in any coincidences at all, in contrast to the averaged null distribution
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Table 3.4: List of the eleven track-like neutrino events having r < 3 with OPEN-
CLUST (Dias et al., 2002) sources. The dashed line separates coincidences (r < 1)
from events with 1 < r < 3. The ν ID and Eν columns list the IceCube neutrino
ID number and energy proxy taken from Table 4 of (Aartsen et al., 2016). The σν
column is the circularized 90% confidence level error on the neutrino arrival direction
bν , `ν , which is listed in Galactic coordinates. The nearest candidate source is listed
with its position b, `, angular radius a, and center-to-center separation S from the
neutrino event.

r ν ID Eν (TeV) σν (◦) bν (◦) `ν (◦) Source b (◦) ` (◦) a (◦) S (◦)

0.102 2 250 0.438 −7.93 +50.52 NGC 6837 −8.01 +50.52 0.038 0.083

0.195 26 340 1.276 +3.61 −146.67 NGC 2324 +3.30 −146.55 0.088 0.337

0.364 28 210 0.882 −0.03 −152.21 NGC 2269 +0.30 −152.11 0.025 0.346

0.429 21 670 0.881 −1.61 −164.23 FSR 0940 −1.29 −164.45 0.012 0.389

0.530 6 770 10.248 +34.07 +33.47 Dol Dzim 7 +29.17 +36.29 0.025 5.457

0.597 8 660 0.530 −34.30 +70.61 NGC 7193 −34.28 +70.09 0.108 0.425

0.902 5 230 2.156 −10.13 +62.97 NGC 6938 −10.74 +64.91 0.060 2.005

1.089 9 950 0.340 −12.12 −153.96 NGC 2112 −12.61 −154.13 0.150 0.520

1.202 17 200 1.020 +82.97 +77.71 Latham 1 +84.59 +72.32 0.500 1.726

1.440 10 520 0.961 −1.31 +37.15 NGC 6755 −1.69 +38.60 0.117 1.500

1.996 14 210 5.187 −25.98 +54.33 NGC 7036 −21.44 +64.54 0.033 10.387

Table 3.5: Tabulated details for the one track-like neutrino event having r < 3 with
an ADOC (Odrowski et al., 2013). Columns are the same as in Table 3.4.

r ν ID Eν (TeV) σν (◦) bν (◦) `ν (◦) Source b (◦) ` (◦) a (◦) S (◦)

1.442 28 210 0.882 −0.03 −152.21 Collinder 106 −0.40 −153.96 0.520 1.791

expectation of ∼0.6 coincidences, so we find ∆Nc = −0.6. Table 3.5 provides a few

details for the single case where r < 3 in this analysis, which had r = 1.442. Since

all null distribution realizations will necessarily produce zero or more coincidences,

pNc = 1.0 for this analysis. The associated K-S test result was pK-S = 0.442, which

also greatly exceeds the significance threshold. In summary, we find no evidence of

causal association between the neutrino events and the ADOCs.

It is interesting to note that none of the OPENCLUST coincidences in Table 3.4
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involved young OCs: five out of the seven coincident sources have ages of 1 Gyr or

older, placing them among the oldest 25% of OPENCLUST sources with tabulated

ages. In fact, NGC 7193 (aged 4.47 Gyr) is in the top 2%. The youngest two coincident

OCs are NGC 2324 and NGC 2269, both of which still have ages over 200 Myr. All

eleven OCs in Table 3.4 are older than the threshold of ∼40 Myr that was used to

select the 36 ADOCs (Odrowski et al., 2013). NGC 6755, with r = 1.440 and an age

of 52 Myr, is the only OC in the table that is younger than 100 Myr.

In addition to being old, the OPENCLUST sources in Table 3.4 are also preferen-

tially nearby, being below the catalog’s median distance of 1800 pc for OCs with tab-

ulated distances, with the exception of NGC 2324 (3800 pc) and FSR 0940 (2421 pc).

However, the OCs in Table 3.4 are not preferentially those having the largest angular

sizes. Five of the eleven OCs listed have angular diameters below the catalog median

of 5.0 arcmin (radius 0.042◦). Those five OCs include FSR 0940, which is among

the smallest 10% of OCs with tabulated angular sizes due to its diameter of only

1.4 arcmin (radius 0.012◦). Despite being a comparatively small target, FSR 0940

found itself in a coincidence at r = 0.429 with neutrino ID 21.

OPENCLUST is such a broad catalog that many objects it includes have not

been studied in detail. Typical OCs are rarely mentioned in literature outside of

large studies that survey tens to thousands of objects. For instance, a recent study

concludes that NGC 7193 and NGC 7036, both of which appear in Table 3.4, are

most likely to be asterisms (Cantat-Gaudin and Anders, 2020). While their stars

appear in the same direction on the sky, they do not form a convincing cluster in

either parallax or proper motion space, so they are not likely to be physical clusters

of gravitationally bound stars with a common origin. The status of NGC 6837 is

similarly dubious (Krone-Martins et al., 2010). None of these eleven OCs have been

explicitly considered as potential neutrino sources in past literature.
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While the ADOC analysis produced no coincidences, there is one case of r <

3 documented in Table 3.5. The relevant ADOC, Collinder 106, is among the 10

ADOCs that are within the Local Arm of the Galaxy, and it has a larger angular size

(radius 0.52◦) than two-thirds of the ADOCs. The OC is located in the Monoceros

Loop within the larger Monoceros star-forming region (Costado and Alfaro, 2018). It

has also been proposed that Collinder 106 is associated with the gamma-ray pulsar

J0633+0632 (Danilenko et al., 2020). The COCD, which the ADOCs were selected

from, lists Collinder 106 with an age estimate of 5.50 Myr, which would place it

among the youngest 25% of ADOCs. However, the same source is also cataloged in

OPENCLUST, where it has a dramatically different age estimate of 7.94 Gyr. This

inconsistency suggests the need for further study of this object.

There are also trends among the track-like neutrino events that appear in Ta-

bles 3.4–3.5. Neutrino ID 28 appears in both tables, which may be due in part to the

fact that it is the closest of the 29 neutrino events to the Galactic plane (bν = −0.03◦).

This same event also has one of the lowest energy proxies in the IceCube data set—all

of the track-like events were selected to have energies of at least 200 TeV, and ID 28

with Eν = 210 TeV is close to that threshold. Neutrino IDs 10, 21, and 26 (which all

appear in Table 3.4) are the next closest events to the Galactic plane, with |bν | < 4◦

for their most probable arrival directions. The closest coincidence in the OPEN-

CLUST analysis (Table 3.4) is neutrino ID 2 at r = 0.102 from NGC 6837. ID 2 is

within 10◦ of the Galactic plane and also has a small energy proxy at Eν = 250 TeV.

The only neutrino event appearing in either Table 3.4 or Table 3.5 that has |bν | > 35◦

is ID 17. At bν = 82.97◦, it is the farthest of the 29 neutrino events from the Galactic

plane, making its near-coincidence with an OC something of an unusual result. We

also note that neutrino ID 6, which has an OPENCLUST coincidence (Dol Dzim 7) in

Table 3.4, has the largest circularized error among the 29 neutrinos at σν = 10.248◦.
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The correspondingly large area that its error ellipse covers on the sky increases the

likelihood of its involvement in chance coincidences.

3.5.2 Supernova Remnant Analyses

The top sky map and histogram in Figure 3.4 show the analysis results when

using the Green SNRs catalog (Green, 2014, 2017) as the list of candidate sources.

There were Nc = 3 coincidences in the empirical r distribution, yielding an excess

of ∆Nc = 2.0 over the null expectation of only about 1.0 coincidence. The three

coincidences are listed with details in Table 3.6 along with two additional cases where

r < 3. The p-value was pNc = 0.018, which is close to being significant at the

threshold level of α = 0.01. Alternatively, the result of a K-S test comparing the

two distributions was pK-S = 0.444, which leads us to conclude that this case is also

consistent with a null distribution.

The lower sky map and histogram in Figure 3.4 show the analysis results for

the Fermi LAT Classified and Marginally Classified SNRs (Acero et al., 2016). The

number of coincidences present was Nc = 1, which is an excess of ∆Nc = 0.7 over

the null distribution expectation. The one coincidence is detailed in Table 3.7, as is

one other case of r < 3 occurring in this analysis. The fraction of null distribution

iterations producing at least one coincidence was pNc = 0.243, which is well above

the threshold. The K-S test result of pK-S = 0.699 for the two distributions similarly

indicates consistency between the data and the Monte Carlo null case.

A noteworthy detail in regards to these SNR results is that the associated can-

didate sources are preferentially those that cover larger areas on the sky, which is

suggestive of chance coincidences. The median circularized angular diameter of the

entire catalog of Green SNRs is 17 arcmin (radius 0.14◦). Of the six total SNRs

appearing in Tables 3.6–3.7 (G205.5+0.5 appears twice), all have circularized angular
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Figure 3.4: Top left: Same as sky maps in Figure 3.3, but showing positions of
the 295 Green SNRs (Green, 2014, 2017) with green diamonds. Top right: Same
as histograms in Figure 3.3, but showing the relevant r distributions for the Green
SNRs analysis. Bottom left: Sky map of the 44 Fermi LAT Classified and Marginally
Classified SNRs (Acero et al., 2016). Classified SNRs are indicated with green squares,
and marginally classified SNRs are indicated with magenta diamonds. Bottom right:
Histogram of r distributions for the Fermi LAT SNRs analysis.

Table 3.6: List of the five track-like neutrino events having r < 3 with Green SNRs
(Green, 2014, 2017). The dashed line separates coincidences (r < 1) from events with
1 < r < 3. Columns are the same as in Table 3.4.

r ν ID Eν (TeV) σν (◦) bν (◦) `ν (◦) Source b (◦) ` (◦) a (◦) S (◦)

−1.116 24 850 0.555 +6.42 +66.66 G65.3+5.7 +5.66 +65.18 2.273 1.654

0.270 28 210 0.882 −0.03 −152.21 G205.5+0.5 +0.21 −154.27 1.833 2.072

0.649 10 520 0.961 −1.31 +37.15 G36.6−0.7 −0.69 +36.59 0.208 0.832

2.140 26 340 1.276 +3.61 −146.67 G213.0−0.6 −0.36 −146.69 1.247 3.977

2.444 14 210 5.187 −25.98 +54.33 G70.0−21.5 −21.54 +70.03 2.345 15.023
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Table 3.7: List of the two track-like neutrino events having r < 3 with Fermi LAT
SNRs (Acero et al., 2016). The dashed line separates the coincidence (r < 1) from the
event with 1 < r < 3. Columns are the same as in Table 3.4. Both candidate sources
appearing in this table are listed among the 30 classified SNRs in (Acero et al., 2016)
(as opposed to the 14 marginally classified SNRs).

r ν ID Eν (TeV) σν (◦) bν (◦) `ν (◦) Source b (◦) ` (◦) a (◦) S (◦)

−0.276 28 210 0.882 −0.03 −152.21 G205.5+0.5 −0.82 −154.09 2.280 2.037

2.410 10 520 0.961 −1.31 +37.15 G34.7−0.4 −0.44 +34.66 0.310 2.627

sizes larger than the median, and four of the six are among the largest 5% of objects in

the Green SNR catalog. In particular, G70.0−21.5 is actually the largest Green SNR

in the catalog, having a circularized angular diameter of 280 arcmin (radius 2.3◦).

Interestingly, the same SNR also has the distinction of being located at |b| = 21.5◦

from the Galactic plane, which is the most extreme Galactic latitude of any Green

SNR.

One more notable result is the appearance of G34.7−0.4 in the Fermi LAT SNRs

analysis (Table 3.7). Better known as W44, this source is one of two SNRs whose

gamma-ray spectra were found to display a characteristic pion-decay signature, pro-

viding evidence of cosmic ray proton acceleration in SNRs (Ackermann et al., 2013).

This SNR also appears to be interacting with nearby molecular clouds (Claussen

et al., 1997; Chevalier, 1999). At r = 2.410, our analysis does not show a coincidence

involving this object, but W44 is not the only SNR in Tables 3.6–3.7 to have been

previously considered as a cosmic ray accelerator. The coincident SNR G65.3+5.7

has been considered as a potential cosmic ray accelerator in the past (e.g., Kobayashi

et al., 2004; Delahaye et al., 2010), but it is suspected to be a leptonic cosmic ray

source, which would be inconsistent with the pion-decay model for production of

high-energy neutrinos. G205.5+0.5 has also been studied as a particle accelerator

candidate (e.g., Fiasson et al., 2008), as well as for possible interactions with the
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nearby Rosette Nebula (e.g., Delahaye et al., 2010; Xiao and Zhu, 2012; Su et al.,

2017). G213.0−0.6 is also a candidate for interaction with molecular clouds in its

proximity (e.g., Su et al., 2017).

Both of the SNR analyses found a coincidence between neutrino ID 28 and the

candidate source G205.5+0.5, also known as the Monoceros Nebula, Monoceros Loop,

or Monoceros SNR. Of the five SNRs appearing in Table 3.6 for the Green SNRs

analysis, G205.5+0.5 is the only one to appear in the Fermi LAT SNRs catalog

(Acero et al., 2016) as either a classified or marginally classified SNR. The gamma-

ray source detected by Fermi LAT above 1 GeV has an apparent angular radius of

∼2.3◦, nearly 30% larger than the ∼1.8◦ radius observed in the radio (Acero et al.,

2016), which accounts for most of the difference in r values observed between our two

analyses. The gamma-ray source is also offset slightly in the direction of the Rosette

Nebula (Acero et al., 2016), which slightly reduces the separation angle S between

it and the neutrino arrival direction. Since the publication of Acero et al. (2016),

there has also been a detailed analysis of the GeV morphology of this SNR by Fermi

LAT which concluded that the decay of neutral pions could explain the observed

gamma-ray emission (Katagiri et al., 2016).

As with the OC analyses, we close this discussion by examining trends in the

track-like neutrino events that appear in Tables 3.6–3.7. Neutrino ID 28 is notable

for having appeared in all four analyses, coincident with G205.5+0.5 in both SNR

analyses, coincident with NGC 2269 in the OPENCLUST analysis, and having r =

1.442 with Collinder 106 in the ADOC analysis. Also notable is neutrino ID 10,

which appears in three out of four analyses, though only in the Green SNRs analysis

(Table 3.6) was it close enough to a candidate source to have a coincidence (SNR

G36.6−0.7). In the Fermi LAT SNRs analysis (Table 3.7), ID 10 was associated with

a different SNR and only at r = 2.410. Neutrino IDs 26 and 14 also appeared in more
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than one analysis—both appeared in the OPENCLUST analysis (Table 3.4), though

only ID 26 had a coincidence (NGC 2324), and both appeared without coincidences

in the Green SNRs analysis (Table 3.6). We note again that neutrino IDs 28, 10,

and 26 all have arrival directions within 4◦ of the Galactic plane, which makes chance

coincidences with Galactic candidate sources more likely. In a similar vein, neutrino

ID 14 has the second-largest circularized neutrino error at σν = 5.187◦. The closest

coincidence in the Green SNRs analysis (Table 3.6) was neutrino ID 24, which has

r = −1.116 with SNR G65.3+5.7 and appears in no other analyses. ID 24 is still

within 10◦ of the Galactic plane, and is unusual in that it has one of the highest

energy proxies in the track-like neutrino data set at Eν = 850 TeV.

3.6 Conclusions

Neutrino astronomy is a growing field which is expected to help illuminate the

origins of cosmic rays above the knee and provide insights into the physical mecha-

nisms powering their accelerators. As the field matures, diverse approaches are being

developed to address questions regarding the origins of the high-energy neutrinos ob-

served by IceCube. One fundamental question to be answered is that of a possible

Galactic component, i.e., whether there exists some non-negligible fraction (& 5%) of

the neutrino flux which can be attributed to the Milky Way.

In our previous work (Emig et al., 2015; Lunardini et al., 2019), we adopted the

“nearest neighbor” method to search for positional associations (or coincidences) of

IceCube neutrino events with candidates from specific classes of extragalactic astro-

nomical objects. In the present paper, we developed this method further in order to

accommodate candidate neutrino sources that are not uniformly distributed across

the sky. This new version of the method was applied to search for IceCube track-like

neutrino coincidences with specific classes of Galactic objects, namely open clusters
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(OCs) and supernova remnants (SNRs). As in the past, we assess the compatibility

of our results with the null hypothesis of no causal relationship using Monte Carlo

randomization and Kolmogorov-Smirnov tests.

In particular, this work presents the first statistical analysis of Galactic OCs as

candidate neutrino sources. Using a catalog of 2,167 OCs observed at optical wave-

lengths (Dias et al., 2002), seven coincidences were found, a result that is statistically

consistent with the null case. The overall distribution of the r parameter, which

represents the normalized angular distance from a neutrino to the nearest candidate

source, is consistent with the null hypothesis as well. The analysis was then repeated

with a restricted set of 36 Galactic “accelerator-dominated” open clusters (ADOCs)

(Odrowski et al., 2013) which were identified as likely neutrino producers on theoret-

ical grounds. Zero coincidences were found and the overall r distribution was again

consistent with the null hypothesis.

We have identified the coincident neutrino events and OCs appearing in both of

these analyses (Tables 3.4–3.5). It is interesting to note that our results defy the

physical motivations that were used to select the 36 ADOCs—none of the ADOCs

were coincident with a neutrino event, and the coincident objects from the larger

OC catalog were far older than the ADOC age threshold of ∼40 Myr. This fact can

perhaps be regarded as secondary confirmation that the coincidences are consistent

with random chance. While at this time there is no evidence that these OCs are

Galactic high-energy neutrino sources, they might be worth further monitoring in the

future.

In our analysis of Galactic SNRs, we found three coincidences between neutrinos

and the 295 objects in Green’s catalog (Green, 2014, 2017), the most complete catalog

of Galactic SNRs available. This result was only narrowly consistent with the null

case, but the overall distribution of the r parameter was in good agreement the
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null hypothesis expectation. As with the Galactic OC analysis, we also took the

opportunity to investigate a smaller set of SNRs which were selected to be more

likely neutrino sources. When restricting our analysis to 44 SNRs observed in gamma

rays by Fermi LAT (Acero et al., 2016), only one coincidence was found, and again

the final results were consistent with the null hypothesis.

In Tables 3.6–3.7 we have identified those neutrino events and SNRs which pro-

duced coincidences in each SNR analysis. Once again, we find that the results are in

tension with the scenario of hadronic neutrino production, in which we expect gamma-

ray counterparts due to π0 decay. G205.5+0.5 was the only SNR in the Fermi LAT

catalog found to produce a coincidence in our analyses. The other coincident SNRs

from Green’s catalog have not been detected at gamma-ray energies. Our SNR results

are overall consistent with the null results from other works, in particular the stack-

ing analysis performed by the IceCube collaboration using 7 years of data (Aartsen

et al., 2017e), where p-values of 0.25 and higher were obtained for three different sets

of 4–10 SNRs each. Those SNRs were selected based on age and TeV gamma ray

observation, and were sorted into sets based on environment (e.g., molecular cloud,

pulsar wind nebula).

More broadly, our Galactic neutrino findings are compatible with the general

conclusion of the IceCube Collaboration that less than 14% of the astrophysical flux

is due to Galactic sources(Aartsen et al., 2017e). Across our four analyses, we found

a total of 11 coincidences involving 9 unique neutrino events from the data set of 29

track-like neutrinos (Aartsen et al., 2016). If we assume that all these neutrinos are of

Galactic origin, then we can estimate the Galactic component due to OCs and SNRs

at 9/29 ∼ 31%. This assumption is too generous to be realistic, but it does provide

a qualitative upper limit.

Future data from IceCube will likely yield improved limits on the Galactic com-
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ponent. More direct measurements of the exact fraction may also be forthcoming

once sufficient statistical power is available. This would also allow greater scrutiny

into the question of which types of Galactic sources are most responsible for the neu-

trino flux. However, if the Galactic component is found to be negligible, this would

also have important implications for Galactic OCs and SNRs, which are theoretically

well-motivated as particle accelerators. The lack of any observable Galactic neutrino

flux would certainly warrant a theoretical investigation.
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Chapter 4

DEPENDENCE OF SIMULATED SUPERNOVA YIELDS ON EXPLOSION

MORPHOLOGY

4.1 Abstract

Both observed supernova remnants and many modern supernova models have

explosion morphologies that deviate significantly from simple spherical symmetry.

These variations can have significant consequences for supernova nucleosynthesis via

their effects on the burning conditions in the explosion, but their influence is still

not fully understood. To examine the results of asymmetries in supernova explo-

sions, we employ supercomputer simulations of supernovae in three dimensions using

the SNSPH code, with additional post-processing used to predict total and spatially

mapped yields over a network of 524 isotopes. We impose initial asymmetries on the

explosions, in order to present comparative analysis and visualizations of the yields

produced in models with spherically symmetric, unipolar, and bipolar geometries

for 15- and 20-solar-mass progenitors. Of particular interest, we examine how small

changes in the peak temperatures and densities experienced by the supernova ejecta

can influence the production of the radioisotopes 44Ti and 56Ni in α-rich freezeout con-

ditions. Emission lines from the decay of these isotopes are observed in Cassiopeia A

and other supernova remnants, so our simulations may be able to shed light on the

conditions that existed in the midst of these real explosion events.
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4.2 Introduction

The inclusion of imposed asymmetries in models of core-collapse supernovae is

now a common method for explaining observations of features present in supernova

remnants. For instance, asymmetric explosion models with global jet-like, equatorial,

or single-lobe morphologies were necessary in order to explain the amount of mixing

observed in SN 1987A (Hungerford et al., 2003, 2005). These sorts of large-scale

asymmetries can be the result of pre-existing convective imbalances in the progenitor

star, angular momentum of stellar rotation, or the supernova engine mechanism itself.

Similar pursuits were what led to the development of the convective supernova engine,

where neutrino-driven convection in the region above the proto-neutron star revives

the supernova shock and imprints low-mode asphericities on the explosion (Herant

and Benz, 1991, 1992; Colgate et al., 1993; Herant et al., 1994). These asphericities

are intrinsic to the supernova engine itself (Fryer et al., 2017), and it has been argued

that such intrinsic effects are equally important for mixing when compared with

extrinsic influences like interactions of ejecta with the circumstellar medium (Ellinger

et al., 2013). Interactions with the surrounding medium can produce reverse shocks

and Rayleigh-Taylor (RT) instabilities, as can steep entropy gradients within the

progenitor star, but the supernova engine seeds the instabilities from the start. RT

instabilities produce mushroom- and finger-shaped structures in the ejecta at angular

scales of no more than 10–15◦, as opposed to large-scale global asphericities. The

full extent to which any of these effects can influence the explosion is not yet well

understood, especially as applied to nucleosynthetic yields.

Intrinsic explosion asymmetries can cause further asymmetries to develop in the

supernova reverse shock, and they arguably have a stronger effect on yield asymme-

tries than extrinsic factors do. When asphericities in the supernova engine produce
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large-scale angular asymmetries in the explosion, even pockets of material that begin

at the same radial position in the progenitor star can experience drastically differ-

ent thermodynamic trajectories (Fryer et al., 2005). Full dimensionality in super-

nova models is important for capturing many of these effects, since lower-dimensional

models can produce unrealistic convection effects that artificially affect the explosion

results (Radice et al., 2018). In addition, Young and Fryer (2007) showed that 1D

supernova models can be made to produce non-unique yields. There is a necessity

to explore the uncertainties encountered in 3D supernova models, and to evaluate

how asymmetries in these models affect yields predictions. Some other recent work

exploring nucleosynthesis in the context of asymmetric supernovae includes Orlando

et al. (2016), Janka et al. (2017), and Grimmett et al. (2018).

In relatively nearby supernova remnants, detailed observations of spatially re-

solved yields are available. The supernova remnants Cassiopeia A (Cas A) and

G292.0+1.8 (G292) have one- and half-megasecond observations respectively from

the Chandra X-ray Observatory (Hwang et al., 2004; Park et al., 2007) and massive

amounts of other observational data from radio to gamma ray wavelengths. Emission

from nuclear decay lines of 44Ti in Cas A has been imaged by NuStar (Grefenstette

et al., 2017). These NuStar observations, combined with measurements of Fe from

Chandra, provide a sensitive diagnostic of the thermodynamic conditions under which

explosive burning took place, and therefore insight into the explosion mechanism. As

both detailed observations and 3D simulations become more common, the possibili-

ties for producing predictive yields and quantifying yield uncertainties in supernova

models will expand.

Here, we present the results of several fully 3D hydrodynamic simulations of core-

collapse supernova explosions. Our models include two stellar progenitors, and we uti-

lize a variety of symmetric and asymmetric initialization schemes. In post-processing,
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we produce detailed nucleosynthetic yields for our models, and use these to visualize

the spatial distribution of isotopes in the ejecta. By comparing our models to each

other, and to observations of spatially-mapped yields in supernova remnants, we en-

deavor to isolate some of the variations in yields that are the results of asymmetries.

In Section 4.3, we explain the computational methods used in our simulations and

provide a complete list of our explosion models. In Section 4.4, we present the results

of our models and compare the differing yields observed for the same stellar progeni-

tors using different explosion initializations. Finally, Section 4.5 contains a continued

discussion of the results, the production of important short-lived radionuclides, and

plans for future work.

4.3 Methods

4.3.1 Computational Methods

All stellar progenitors used for this study were non-rotating, solar-metallicity mod-

els evolved from the pre-main sequence up to the point of core collapse using the TY-

CHO one-dimensional stellar evolution code (Young and Arnett, 2005). TYCHO is

a 1D stellar evolution code with a hydrodynamic formulation of the stellar evolution

equations. It uses OPAL opacities (Iglesias and Rogers, 1996; Alexander and Fergu-

son, 1994b; Rogers and Nayfonov, 2002), a combined OPAL and Timmes equation

of state (HELMHOLTZ) (Timmes and Arnett, 1999; Rogers and Nayfonov, 2002),

gravitational settling (diffusion) (Thoul et al., 1994), general relativistic gravity, time

lapse, curvature, automatic rezoning, and an adaptable nuclear reaction network with

a sparse solver. A 177 isotope network terminating at 74Ge was used for these calcu-

lations. The network uses the latest REACLIB rates (Rauscher et al., 2000; Angulo

et al., 1999; Iliadis et al., 2001; Wiescher et al., 2006), weak rates from Langanke and
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Mart́ınez-Pinedo (2000), and screening from Graboske et al. (1973). Neutrino cooling

from plasma processes and the Urca process is included. Mass loss uses a choice of

updated versions of the prescriptions of (Kudritzki et al., 1989) or prescriptions based

on Vink et al. (2001); Mokiem et al. (2007) for OB mass loss, Bloecker (1995) for red

supergiant mass loss, and Lamers and Nugis (2002) for WR phases. It incorporates

the 321D description of turbulent convection (Meakin and Arnett, 2007; Arnett et al.,

2009, 2010; Arnett and Meakin, 2011; Arnett and Moravveji, 2017), which is based on

three-dimensional, well-resolved simulations of convection sandwiched between stable

layers, which were analyzed in detail using a Reynolds decomposition into average and

fluctuating quantities and projected down to 1D secularly evolving average behavior.

It has no free convective parameters to adjust, unlike mixing-length theory. The

inclusion of these processes, which approximate the integrated effect of dynamic sta-

bility criteria for convection, entrainment at convective boundaries, and wave-driven

mixing, results in significantly larger extents of regions processed by nuclear burning

stages.

Once the progenitor stars had reached core collapse, a one-dimensional Lagrangian

code was then used to model the continuation of the collapse up through the core

bounce (Herant et al., 1994; Fryer, 1999). This code for modeling the ignition of

the supernova includes three-flavor neutrino transport using a flux-limited diffusion

calculation and a coupled set of equations of state in order to model the wide range

of densities encountered in the collapse phase. To follow the energy generation in this

phase, the code uses a limited network of 14 isotopes (Benz et al., 1989), which is

sufficient for modeling the start of the explosion in one dimension. Once the supernova

shock was revived and had moved beyond the iron core into the first silicon-sulfur

rich shell, the 1D model was mapped into a three-dimensional smoothed particle

hydrodynamics (SPH) model. SPH models have some inherent scatter in the pressure
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and density conditions, but convection in burning shells before and during stellar

collapse produces density perturbations of order 10% (Arnett and Meakin, 2011). This

is larger than the mapping scatter and comparable to or larger than hydrodynamic

instability seed perturbations used in grid codes (Ellinger et al., 2012). Velocity

scaling (see Section 4.3.2) was imposed on the models during the 3D mapping to seed

asymmetries.

We used the supernova smoothed particle hydrodynamics (SNSPH) code (Fryer

et al., 2006) to follow the long-term evolution of the supernova explosion and rem-

nant. SNSPH is a particle-based algorithm and is derived from the version of SPH

developed by Benz (1984, 1988, 1990). SNSPH uses adaptive time steps and variable

particle scale lengths, and is designed to be run in parallel for speed of computa-

tion. The radiation transport for SNSPH is modeled with a two-dimensional, explicit

flux-limited diffusion scheme (Herant et al., 1994) adapted to three dimensions. The

scheme considers the transport of three neutrino flavors (electron, electron antineu-

trino, and all others) by summing the flux of neutrinos into and out of an SPH particle

weighted by average energy. Outside of a “trapping radius” neutrinos are essentially

in the free-streaming regime, and a light bulb approximation is used.

The SNSPH code makes use of a limited nuclear reaction network of 20 isotopes

to expedite the energy calculations for the hydrodynamics. The network terminates

at 56Ni and neutron excess is directed to 54Fe. The network runs in parallel to the

hydrodynamics calculations, and features its own time step sub-cycling algorithm in

order to not slow down the hydrodynamics. Changes in energy and composition are

fed back into the SPH calculation at each SPH time step. This scheme accurately

models the energy production during explosive burning to within 20%.

In order to obtain more accurate nucleosynthetic data, the thermodynamic tra-

jectories of the particles were post-processed using the Burnf code (Young and Fryer,
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2007). Burnf employs the same architecture and micro-physics as TYCHO and

SNSPH, and has a flexible network. This work is focused on comparisons with species

readily observable in supernova remnants. With this aim, it was possible to econo-

mize on processor time by using a moderately-sized network. Calculations here used a

524-isotope network complete up to 99Tc, which provides accurate yields up through

the weak s-process. Reverse rates are calculated from detailed balance and allow a

smooth transition to a nuclear statistical equilibrium (NSE) solver at temperatures

exceeding 1010 K. Neutrino cooling from plasma processes and the Urca process is

calculated. For this work, Burnf chooses an appropriate time step based on the rate

of change of abundances and performs a log-linear interpolation in the thermody-

namic trajectory of each zone in the explosion calculation. The initial abundances

are those of the 177 nuclei in the TYCHO stellar model. Only particles that reached

temperatures over 2× 108 K were post-processed. The individual particle yields from

post-processing with Burnf were recombined with the particle temporal and spatial

information for analysis and visualization.

4.3.2 Simulations

We ran a total of seven supernova simulations for two progenitor star models with

different imposed explosion asymmetries. The progenitors were 15 and 20 M�non-

rotating, solar composition stars. Both stars were red supergiants at the time of

explosion. The radii and masses at the end of the evolution were 7.01× 1013 cm and

12.12 M� for the 15 M� progenitor and 8.23× 1013 cm and 10.21 M� for the 20 M�

progenitor due to extensive mass loss. Asymmetries were implemented by modifying

the velocities of particles in and inside of the shock according to the prescription in
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Table 4.1: Simulation Models

Model Name Progenitor Mass Explosion Asymmetry Other Notes

15M sym 15 M� none —

15M bip 15 M� bipolar 2:1 vpolar/vequator = 2

15M dco 15 M� none 1.35 M� compact object

20M sym 20 M� none —

20M bip 20 M� bipolar 2:1 vpolar/vequator = 2

20M equ 20 M� equatorial 2:1 vequator/vpolar = 2

Hungerford et al. (2003), namely

vradial =

(
α + β

|z|
r

)
vsym

radial (4.1)

for the “jet-like” scenarios, and

vradial =

(
α− β |x|

r

)
vsym

radial (4.2)

for the equatorial scenario, where the values for α and β were chosen to produce

2:1 velocity asymmetries. The parameters and imposed asymmetries for all of our

models are presented in Table 4.1. This scheme achieves the desired geometry for the

supernova but roughly conserves kinetic energy. All explosions were approximately

1051 ergs. The simulation 15M dco was modeled with a non-fixed central compact

object of initial mass 1.35 M� that accreted momentum and mass from in-falling

material. It included no other imposed asymmetries.

4.4 Results

The primary focus of this work is to establish the variation in bulk yields in-

troduced by variations in supernova explosion morphology. We will be comparing
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bulk explosion yields calculated for each of the seven supernova models described in

Section 4.3.2. Variations due to asymmetry can be assessed by comparing the three

models of each progenitor mass to one another. The degree to which asymmetry

effects are uniform across mass can be assessed by comparing the symmetric and

bipolar models for each progenitor mass to those of the other mass.

After the completion of all simulations with SNSPH and nuclear post-processing

with Burnf, the results entered a data mining pipeline managed by several smaller

pieces of code that extracted, sorted, and assembled the binary data into useful

formats for plotting and analysis. Selected SPH plots of the final spatial distribution

of yields are included in Sections 4.4.1–4.4.2. These SPH plots show the composition

and distribution of material at the final time step of the simulations. The plots

were rendered using the SPLASH smoothed particle hydrodynamics visualization

tool (Price, 2007).

Of the large network of isotopes provided by the Burnf code, we focused our

analysis on a smaller subset of significant nucleosynthetic products. The nuclei we in-

spected included the most common isotopes of helium, carbon, oxygen, neon, sodium,

magnesium, aluminum, silicon, sulfur, phosphorous, argon, potassium, calcium, tita-

nium, iron, and nickel. Many of these elements are alpha products, where a common

isotope is formed by simply joining several 4He nuclei together. Alpha products serve

as important signposts of nucleosynthesis over the course of the star’s lifetime and

the duration of the supernova explosion. The isotopes 44Ti and 56Ni are of interest

in understanding the supernova explosion mechanism. High-energy emission lines

from the decay of 44Ti can be detected in young remnants, and 56Ni can be inferred

from the brightness of the supernova or the total Fe abundance observed in the rem-

nant (e.g., Grefenstette et al., 2017). To make the data more manageable and curb

small numerical errors, we plot only those SPH particles whose mass fractions of the
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relevant nuclei exceed one part in 106.

In addition to determining isotopic abundances for each individual SPH particle,

we also recorded the peak temperature experienced by each particle over the length

of the simulation, as well as its density at the time of peak temperature. The peak

temperature and associated density are diagnostics of nucleosynthetic conditions in

supernova explosions; they influence nuclear reaction rates, especially for the products

of α-rich freezeouts, where rapidly changing conditions terminate nuclear reactions

before NSE can be reached. Production of 44Ti and 56Ni and their resulting ratio

can be very sensitive to peak temperatures, peak densities, and lepton fraction in

the explosion (Magkotsios et al., 2010), so we expect this ratio to be spatially corre-

lated with these conditions. High-energy emission lines from the decay of 44Ti can

be detected in young remnants. Under the assumption that most Fe-rich material

originating in the interior of the remnant are dominated by 56Fe from 56Ni decay,

the geometry of 56Ni production and abundance relative to 44Ti can be inferred (e.g.,

Grefenstette et al., 2017).

4.4.1 15 M� Models

Of our four 15 M� models, there is one spherically symmetric explosion (15M sym),

one bipolar explosion (15M bip), and one explosion with a non-fixed compact object

accreting material (15M dco). The full yields from these explosions for all 524 isotopes

in the Burnf network can be found in Tables B.1–B.3. A visual summary of the bulk

yields produced in these three models for Z < 35 can be seen in Figure 4.1 (left). The

mass fractions of the yields relative to the spherically symmetric model 15M sym are

shown in Figure 4.1 (right) to highlight differences between the models. The observed

differences represent the effects of the imposed asymmetries in the models.

There are only minor differences in yields for the bipolar and spherically symmetric
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Figure 4.1: Comparative line plots of the yields for all four 15 M� models. Blue
indicates the symmetric model 15M sym, green indicates the bipolar model 15M bip,
and yellow indicates the dynamic compact object model 15M dco. Top left: Mass
fractions of total yields produced in the 15 M� models, plotted by element up to
proton number Z = 35. Note that Z = 0 indicates free neutrons. Top right: Same
data as top left, but normalized to the yields of the symmetric model 15M sym.
Bottom left: Mass fractions of total yields for the 15 M� models, plotted by nucleon
number up to A = 75. Bottom right: Same data as bottom left, but normalized to
the yields of the symmetric model.
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explosions. For a 15 M� star, most of the material outside the iron core escapes

with the moderate explosion energy used in these simulations. With a 2:1 velocity

asymmetry, the difference in thermodynamic history inside and outside the fast ejecta

has only a small effect on explosive burning. This effect features most prominently in

the carbon/neon burning shell that reaches near-explosive conditions (Young et al.,

2009).

The yields of the 15M dco model with the dynamic compact object differ no-

ticeably from the first two models, and this is primarily due to the influence of the

compact object. This model has additional fallback onto the compact object when

compared to the 15M sym and 15M bip simulations using fixed inner boundary con-

ditions, and the neutron-rich material and free neutrons brought up by the resulting

convection had a significant influence on the yields. The advected neutron-rich iso-

topes manage to appear in the supernova ejecta despite the large amount of fallback

that occurred. In most cases, the species with large differences relative to the baseline

spherically symmetric explosion are odd-Z nuclei that have a low starting abundance,

so small absolute changes are highlighted on a normalized plot. The prominent spike

at Z = 15 for the 15M dco model shows a difference in the abundance of phosphorous

that is more a result of computation than of physics. It reflects an excess of 30P, a

short-lived isotope (t1/2 ≈ 2.5 min) which decays to stable 30Si. The burning calcula-

tion for the 15M dco model was terminated at an earlier time than for the 15M sym

model, so fewer atoms of 30P have time to decay. The same effect may also contribute

to the relative deficit of silicon at Z = 14 for the 15M dco model.

The most salient feature of the 15M dco nucleosynthesis is the strong signature

of α-rich freezeout in the inner convective region driven by motion of the compact

object. Figure 4.2 (left) shows the 4He abundance in a cross section of the simulation,

rendering the freezeout regions easily identifiable. Elements heavier than silicon are
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Figure 4.2: Left: The spatial 4He abundance in the 15M dco model at the final time
step of the simulation, highlighting the locations where an α-rich freezeout occurred.
Right: The spatial abundance of 44Ti in the 15M dco model at the final simulation
time step for comparison.

mostly depleted due to the increased fallback of material when compared to the

15M sym and 15M bip models. The exceptions are 44Ti and 48Cr, produced in the

freezeout. Figure 4.2 (right) shows the spatial distribution of 44Ti for the 15M dco

model in the aftermath of the α-rich freezeout. The freezeout is concentrated in

the outward-moving plumes. Unlike the other models, material with high X(44Ti)

(> 10−2) reaching the base of the Rayleigh-Taylor fingers generated by the reverse

shock at the CO shell. The same material is high in 56Ni as well, though the 56Ni/44Ti

ratio varies considerably. It is thus possible to anisotropically overturn substantial

parcels of Fe-rich material (from decay of 56Ni) to the outside of other burning shells.

4.4.2 20 M� Models

Our set of 20 M� models include one symmetric explosion (20M sym), one bipolar

explosion (20M bip), and one equatorial explosion (20M equ). As with the set of

15 M� models, we have included tables of the full yields for all 524 isotopes in the

Burnf network (see Tables B.4–B.6). Figure 4.3 (left) shows a graphical summary of

the bulk yields of these three simulations for Z < 35, and Figure 4.3 (right) shows
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Figure 4.3: Comparative line plots of the yields for all three 20 M� models. Blue
indicates the symmetric model 20M sym, green indicates the bipolar model 20M bip,
and yellow indicates the equatorial model 20M equ. Top left: Mass fractions of
total yields produced in the 20 M� models, plotted by element up to proton number
Z = 35. Note that Z = 0 indicates free neutrons. Top right: Same data as top
left, but normalized to the yields of the symmetric model 20M sym. Bottom left:
Mass fractions of total yields for the 20 M� models, plotted by nucleon number up
to A = 75. Bottom right: Same data as bottom left, but normalized to the yields of
the symmetric model.

the same data normalized to the symmetric model 20M sym. Again, the normalized

plot is designed to emphasize differences between the models, since these represent

the effects of the imposed asymmetries.

The differences in overall yields for the bipolar and equatorial models are small,

likely because the imposed bipolar and equatorial asymmetries are of similar nature.

Both are 2:1 velocity asymmetries of the supernova ejecta, with the only difference

being that one concentrates its highest-velocity SPH particles near two antipodal
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Figure 4.4: Left: The peak temperatures encountered by particles in the 20M bip
model. Temperatures are in units of log Kelvin. Right: The spatial abundance of Mg
in the 20M bip model at the final simulation time step.

points on the star, while the other concentrates them near a great circle on the

star. Among these two models, the bipolar explosion produced less explosive burning

overall than the equatorial explosion did. This is due to the fact that the bipolar

velocity scheme concentrates kinetic energy among fewer particles than the equatorial

scheme does. In the bipolar model, a few very energetic particles get over the energy

threshold to trigger explosive burning. The equatorial model spreads that energy out

so that more particles are able to cross the energy threshold, but there will be fewer

particles at even higher energies. Since the equatorial model allows more particles to

reach the threshold, more material in the star is able to undergo explosive burning.

While the two asymmetric models show similar yields, the supernova that stands

out in this trio is the symmetric model. The lack of any velocity asymmetry in the

symmetric model prevents much of the core material having a chance to escape the

star. Fallback is significantly higher than in the other models, the collapsing core of

the star is larger, and yields of nickel and heavier elements are greatly reduced. The

symmetric model ultimately yields more sulfur and silicon than the other models due

to reduced explosive burning. Without any velocity asymmetry, the limited explosion

energy is less concentrated at any particular location in the stellar material, and less
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explosive burning is able to occur. In the case of these 20 M� models, the simple

existence of an asymmetry proves to be more influential than the precise nature of

the asymmetry.

4.5 Conclusions

We have presented a series of seven supernova simulations carried out in full 3D

with the goal of understanding the effects of supernova morphology on nucleosynthetic

yields. We imposed a variety of symmetric and asymmetric explosion geometries on

progenitor stars of 15 and 20 solar masses. Comparing the overall yields across

supernovae with the same progenitor mass showed that asymmetries in the explosion

morphology can lead to significant differences. Continuing in this way, we hope

to show that 3D supernova simulations can be used to begin probing the natural

variations present in actual supernovae and using observed yields to extrapolate to

the conditions in the explosion.

The results of our yields confirm the general sentiment that supernova asymmetries

are influential for nucleosynthetic considerations. Small changes in the temperature

and density conditions of the explosion can favor or disfavor specific nuclear reactions

to alter the composition of material. Structures in the velocities of the ejecta change

what material escapes and what is accreted onto the compact object, which also af-

fects the composition of the supernova remnant. As seen with the 15 M� progenitors,

non-static modeling of the compact object can generate convective asymmetries from

fallback that do not occur for models employing simpler static inner boundary condi-

tions. These differences can produce yields differing by orders of magnitude for many

isotopes, especially heavier, neutron-rich nuclei from the deep stellar interior that

might not otherwise escape the explosion. From the 20 M� progenitors, we learned

that simply having an asymmetry present in the explosion can be more important
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than the exact nature of the asymmetry. When some regions of the explosion have

more concentrated kinetic energy than others, those regions can be subject to more

explosive burning than would be the case without such asymmetric concentrations.

Even among those models that differed from one another the least, there can still

be isotopes that differ strongly in abundance due to more subtle variations in the

amount of explosive burning that results from the angular distribution of kinetic en-

ergy in the supernova ejecta. Explosive silicon and oxygen burning are common in

supernova explosions, so those elements and the explosive burning products can see

their abundances change under these conditions. In addition, nucleosynthetic prod-

ucts from deep within the star depend on the velocity distribution of the explosion,

so distributions that disperse that material more effectively will yield different ejecta

compositions than distributions that do not.

In the 15 M� simulation with an explicitly modeled compact object (15M dco),

the asymmetry in the explosion led to an α-rich freezeout with conditions such that

production of 44Ti was disfavored in many regions. Magkotsios et al. (2010) explore

how the peak temperatures and associated densities that material is subjected to can

influence production of 44Ti under just such conditions. We find that particles in

our 15M dco supernova model sample the lower ranges of temperatures and densities

considered by Magkotsios et al. (2010), and we encounter the same “crevice” where

the resulting abundance of 44Ti is substantially lower than would be the case for

slightly higher peak temperatures. See Figure 4.5 for a two-dimensional plot of the

44Ti abundance of our SPH particles against the peak explosion conditions. This plot

is scaled and colored in the style of Magkotsios et al. (2010) for ease of comparison with

their results. Predictions of our simulation can also be compared to the abundances of

44Ti observed in the supernova remnant Cas A, which were recently spatially mapped

by Grefenstette et al. (2017). It may be possible to combine these results with ours to
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Figure 4.5: A plot of the 44Ti abundance of SPH particles in our 15M dco simulation
(15 M�, compact object) against the peak temperatures and densities encountered by
the particles over the course of the explosion. It can be seen that for the conditions
encountered in this explosion model, many particles had very low abundances of 44Ti.
Our results sample the lower ranges of peak temperature and density considered in
Magkotsios et al. (2010), and the above plot is scaled and colored for straightforward
comparison with their results.

gain insights into the conditions present in the Cas A ejecta that led to the production

of these isotopes.

In future work, we intend to continue the analysis of these models, which include

a wealth of information about expectations for the eventual possibility of predictive

yields from supernova simulations. One current endeavor is exploring the potassium

production mechanisms in these models. In practice, potassium is difficult to mea-

sure spectroscopically, but isotopes of K may be significant for protostellar disks and

the formation of planetary systems. There is something to be gained by searching

for reliable methods of associating the abundance of potassium with other indicator

elements like calcium or magnesium, which can be more easily measured in supernova

remnants by observational means.
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Chapter 5

CONCLUSIONS

5.1 Summary

In this dissertation, I have presented an exploration of supernovae conducted

through the chemical elements and high-energy particles that these events spread

into the universe. These products of supernovae can offer a window into several

astrophysical models that are used to understand the universe, such as the history

of cosmic chemical evolution, the origins of cosmic rays, and the inner workings of

the supernova engine itself. Beyond this, the implications of supernova research have

fundamental importance to many subfields of astronomy and planetary science, such

as radioisotope dating, SiC X grains in meteoritics, and chemistry in astrobiology.

5.2 Titanium and Iron

The central engine of the supernova can be explored via the closely connected

yields of iron and 44Ti in supernova remnants. Using a supernova model which allowed

for dynamic motion of the compact object, it was demonstrated that mixing above

the proto-neutron star, an important element of the supernova engine, is able to

stochastically occur in a three-dimensional supernova simulation. The conditions

produced in the inner ejecta by this phenomenon affect the production of 44Ti and

56Ni, which can in turn be used to examine the nucleosynthetic conditions. Since high-

energy observations of supernova remnants are now able to map the distributions of

44Ti and iron (including decayed 56Ni), these measurements could allow model-aided

inference of explosion conditions and progenitor mass.

95



While this model provides some insights about the central engine, it represents

more of a case study than an in-depth analysis dedicated to the subject. For example,

the late-time engine interactions that are seen in many multi-dimensional supernova

models are absent from this work (e.g., Harris et al., 2017). For more explicit compar-

ison with the recent high-energy observations of Cassiopeia A (Cas A) (Grefenstette

et al., 2014, 2017), a supernova simulation progenitor could be more explicitly tailored

to align with known constraints on the Cas A progenitor (e.g., Young et al., 2006).

This model demonstrates the future need for additional simulations studying the

effects of dynamic compact objects in three-dimensional models. Numerous neutron

stars within supernova remnants have been observed to have “kicks”—velocities of

hundreds of km/s relative to the center of the expanding remnant. The explicit

addition of neutron star kicks into simulations employing dynamic compact objects

could result in even more dramatic effects on yields. On the observational side,

additional abundance mappings of supernova remnants might help to verify whether

the bimodal distribution of Fe/44Ti ratios observed in this work is actually a common

feature of remnants.

5.3 Neutrinos

In the examination of IceCube neutrinos, I presented a null result in a statistical

analysis of spatial coincidence using the “nearest neighbor” method with Monte Carlo

randomization. For track-like IceCube neutrino events at energies over 200 TeV (Aart-

sen et al., 2016), there was no evidence to suggest a causal relationship with Galactic

supernova remnants or open star clusters. A Galactic component of the IceCube

neutrino flux (within the limitations used to select the 29 events) was conservatively

restricted to no more than 31%, not accounting for other types of potential Galactic

neutrino sources. These scenarios do not seem to be the primary way in which the
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universe produces neutrinos in this energy range, if there is any contribution at all.

The number of qualifications that must be applied to statements of these results

demonstrate the limits their applicability. At the very least, the combination of

catalogs (the neutrino data set and the four candidate source lists) chosen for my

analysis was unfavorable for uncovering evidence of Galactic supernova remnants or

open clusters as high-energy neutrino sources. Some of the more exotic models cited

in Sections 3.3.2–3.3.3 that would permit these classes of objects to produce PeV

cosmic rays are disfavored by these results. If the predictions of these models are

accurate, then it seems the confluence of conditions they require is ultimately too

rare to be widespread in the Milky Way. Unfortunately, the method of analysis also

did not permit a rigorous estimate of the Galactic component of the IceCube flux,

nut instead allowed only a very conservative upper limit for two classes of Galactic

sources.

Future work on this question would require a number of different approaches.

More recently published data from the IceCube collaboration might provide a clearer

picture through stronger statistics. Some of the objects singled out in this analysis

could warrant future study even if they were not found to be significant here, since the

possibility of true causal associations can never be fully ruled out. A more carefully

chosen selection of candidate objects might be more capable of finding a small subset

of neutrino events that are likely to be associated with Galactic sources. Finally,

there are numerous other statistical techniques that might be applied to this problem

to greater effect, such as analyses making use of the correlation function.

5.4 Asymmetric Explosions

The analysis of supernova simulation asymmetries presented in this work revealed

the significance of three-dimensional explosion asymmetries to the study of supernova
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nucleosynthesis. By examining the effects of both spherically symmetrical and asym-

metrical explosion morphologies on two progenitor stars of differing masses, it was

shown that nucleosynthetic yields will vary considerably as a result of morphology.

Moreover, it was apparent that simply incorporating a three-dimensional asymmetry

into the simulation could be more significant to the yields than the exact nature of

the asymmetry. The redistribution of energy relative to a symmetric model may have

the effect of producing energy-rich and energy-poor regions of the star that follow

distinct thermodynamic trajectories.

One limitation of the approach used is that the artificial imposition of explosion

morphology on the models is somewhat unrealistic. More realistic asymmetries, like

those which arose in model 15M dco (which also formed the basis of Chapter 2) are

to be preferred, especially since their effect on yields may be even greater. In real

stars, a number of internal and external factors can drive the formation of asymme-

tries in a core-collapse supernova (e.g., rotation rate, stellar convection, circumstellar

medium). Simulations that allow asymmetries to arise as physical consequences of

the initial conditions represent a more “natural” approach to modeling supernova

nucleosynthesis as it actually occurs.

The preliminary discoveries of this work suggest that supernova nucleosynthesis

models published in the future should strive to incorporate three-dimensional asym-

metries, or at least address how spherical symmetry might influence the results. At

this point, a larger spread of simulation models is needed in order to further quantify

the precise effects of various types of asymmetries on progenitor stars of different

masses. It is also important to increase the number of models incorporating realistic

asymmetries, such as a circumstellar medium based on stellar wind models of mass

loss or a stellar interior seeded with convective asymmetries from the late burning

stages of a stellar evolution model.
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C. Bohm, M. Börner, S. Böser, O. Botner, E. Bourbeau, J. Bourbeau, F. Bradas-
cio, J. Braun, H. P. Bretz, S. Bron, J. Brostean-Kaiser, A. Burgman, R. S. Busse,
T. Carver, C. Chen, E. Cheung, D. Chirkin, K. Clark, L. Classen, G. H. Collin,
J. M. Conrad, P. Coppin, P. Correa, D. F. Cowen, R. Cross, P. Dave, J. P. A. M.
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J. G. Gonzalez, D. Grant, Z. Griffith, M. Günder, M. Gündüz, C. Haack, A. Hall-
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berger, R. G. Stokstad, A. Stößl, N. L. Strotjohann, R. Ström, T. Stuttard, G. W.
Sullivan, M. Sutherland, I. Taboada, F. Tenholt, S. Ter-Antonyan, A. Terliuk,
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V. Giordano, N. Gizani, R. Gracia, K. Graf, T. Grégoire, G. Grella, R. Habel,
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minati, C. W. James, P. Jansweijer, M. Jongen, M. de Jong, M. Kadler, O. Kalekin,
A. Kappes, U. F. Katz, P. Keller, G. Kieft, D. Kießling, E. N. Koffeman, P. Kooij-
man, A. Kouchner, V. Kulikovskiy, R. Lahmann, P. Lamare, A. Leisos, E. Leonora,
M. L. Clark, A. Liolios, C. D. Llorens Alvarez, D. Lo Presti, H. Löhner, A. Lonardo,
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P. Gay, V. Giordano, H. Glotin, T. Grégoire, R. Gracia Ruiz, K. Graf, S. Hallmann,
H. van Haren, A. J. Heijboer, Y. Hello, J. J. Hernández-Rey, J. Hößl, J. Hofestädt,
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T. Glauch, T. Glüsenkamp, A. Goldschmidt, J. G. Gonzalez, D. Grant, Z. Grif-
fith, C. Haack, A. Hallgren, F. Halzen, K. Hanson, D. Hebecker, D. Heereman,
K. Helbing, R. Hellauer, S. Hickford, J. Hignight, G. C. Hill, K. D. Hoffman,
R. Hoffmann, T. Hoinka, B. Hokanson-Fasig, K. Hoshina, F. Huang, M. Huber,
K. Hultqvist, M. Hünnefeld, R. Hussain, S. In, N. Iovine, A. Ishihara, E. Jacobi,
G. S. Japaridze, M. Jeong, K. Jero, B. J. P. Jones, P. Kalaczynski, W. Kang,
A. Kappes, D. Kappesser, T. Karg, A. Karle, U. Katz, M. Kauer, A. Keivani, J. L.
Kelley, A. Kheirandish, J. Kim, M. Kim, T. Kintscher, J. Kiryluk, T. Kittler, S. R.
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The content of Chapter 2 was previously published by the Astrophysical Journal
(ApJ) in June of 2020. See Vance et al. (2020).

The content of Chapter 3 was been submitted for publication to the Journal of
Cosmology and Astroparticle Physics (JCAP) in August of 2021. It is currently in
revision. See Vance et al. (2021) for a pre-print.

The content of Chapter 4 is intended for publication by the Astrophysical Journal
(ApJ), but has yet to be submitted for review.
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Table B.1: Yields Table for Model 15M sym

Proton Number Neutron Number Total Mass Mass Fraction
Z N (M�) X
0 1 8.647287e–14 3.363734e–14
1 0 8.895792e–06 3.460400e–06
1 1 6.087662e–18 2.368057e–18
1 2 7.917633e–20 3.079903e–20
2 1 2.481677e–20 9.653548e–21
2 2 2.790301e–01 1.085408e–01
3 3 7.848494e–19 3.053009e–19
3 4 2.648172e–18 1.030120e–18
4 3 7.729604e–12 3.006762e–12
4 4 5.040389e–09 1.960676e–09
...

...
...

...

NOTE—This table, as well as the other yields tables, are published in their entirety
in the machine-readable format. Portions are shown here for guidance regarding their
form and content.

Table B.2: Yields Table for Model 15M bip

Proton Number Neutron Number Total Mass Mass Fraction
Z N (M�) X
0 1 3.093065e–34 1.203437e–34
1 0 7.251425e–06 2.821356e–06
1 1 8.974725e–18 3.491851e–18
1 2 4.254771e–19 1.655430e–19
2 1 1.215010e–19 4.727313e–20
2 2 2.793740e–01 1.086978e–01
3 3 1.172858e–18 4.563311e–19
3 4 2.777630e–18 1.080710e–18
4 3 3.199080e–16 1.244685e–16
4 4 4.986594e–09 1.940164e–09
...

...
...

...

NOTE—This table, as well as the other yields tables, are published in their entirety
in the machine-readable format. Portions are shown here for guidance regarding their
form and content.
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Table B.3: Yields Table for Model 15M dco

Proton Number Neutron Number Total Mass Mass Fraction
Z N (M�) X
0 1 4.122962e–06 1.642001e–06
1 0 4.151149e–06 1.653227e–06
1 1 8.101277e–10 3.226396e–10
1 2 4.260988e–12 1.696971e–12
2 1 1.767639e–12 7.039758e–13
2 2 3.457885e–01 1.377129e–01
3 3 4.857823e–16 1.934665e–16
3 4 2.502545e–16 9.966577e–17
4 3 4.912367e–16 1.956388e–16
4 4 1.123973e–08 4.476309e–09
...

...
...

...

NOTE—This table, as well as the other yields tables, are published in their entirety
in the machine-readable format. Portions are shown here for guidance regarding their
form and content.

Table B.4: Yields Table for Model 20M sym

Proton Number Neutron Number Total Mass Mass Fraction
Z N (M�) X
0 1 5.529408e–20 1.245207e–20
1 0 1.313295e–07 2.957503e–08
1 1 1.645781e–10 3.706253e–11
1 2 3.932126e–13 8.855037e–14
2 1 4.127007e–11 9.293905e–12
2 2 4.923993e–01 1.108869e–01
3 3 3.937471e–13 8.867074e–14
3 4 3.264397e–11 7.351330e–12
4 3 1.024689e–11 2.307571e–12
4 4 6.775228e–09 1.525762e–09
...

...
...

...

NOTE—This table, as well as the other yields tables, are published in their entirety
in the machine-readable format. Portions are shown here for guidance regarding their
form and content.
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Table B.5: Yields Table for Model 20M bip

Proton Number Neutron Number Total Mass Mass Fraction
Z N (M�) X
0 1 4.405345e–28 1.133944e–28
1 0 1.617949e–05 4.164628e–06
1 1 2.434183e–14 6.265629e–15
1 2 1.994425e–19 5.133685e–20
2 1 6.871522e–15 1.768742e–15
2 2 2.818679e–01 7.255329e–02
3 3 2.714983e–17 6.988413e–18
3 4 7.789617e–18 2.005061e–18
4 3 1.343879e–14 3.459168e–15
4 4 1.455943e–07 3.747623e–08
...

...
...

...

NOTE—This table, as well as the other yields tables, are published in their entirety
in the machine-readable format. Portions are shown here for guidance regarding their
form and content.

Table B.6: Yields Table for Model 20M equ

Proton Number Neutron Number Total Mass Mass Fraction
Z N (M�) X
0 1 1.253074e–26 2.584363e–27
1 0 1.305948e–05 2.693413e–06
1 1 1.725701e–13 3.559119e–14
1 2 1.007780e–18 2.078465e–19
2 1 5.338820e–14 1.101089e–14
2 2 5.971839e–01 1.231644e–01
3 3 3.441024e–16 7.096835e–17
3 4 1.725504e–16 3.558712e–17
4 3 1.089466e–13 2.246935e–14
4 4 1.269082e–07 2.617379e–08
...

...
...

...

NOTE—This table, as well as the other yields tables, are published in their entirety
in the machine-readable format. Portions are shown here for guidance regarding their
form and content.
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