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Abstract

Very Low Energy Supernovae and their Resulting Transients

by

Elizabeth Lovegrove

Core-collapse supernovae play a key role in many of astrophysical processes, but the de-
tails of how these explosive events work remain elusive. Many questions about the CCSN explosion
mechanism and progenitor stars could be answered by either detecting very-low-energy supernovae
(VLE SNe) or alternately placing a tight upper bound on their fraction of the CCSN population.
However, VLE SNe are by definition dim events. Many VLE SNe result from the failure of the
standard CCSN explosion mechanism, meaning that any observable signature must be created by
secondary processes either before or during the collapse. In this dissertation I examine alternate
means of producing transients in otherwise-failed CCSNe and consider the use of shock breakout
flashes to both detect VLE SNe and retrieve progenitor star information. I begin by simulating
neutrino-mediated mass loss in CCSNe progenitors to show that a dim, unusual, but still observable
transient can be produced. I then simulate shock breakout flashes in VLE SNe for both the pur-
poses of detection as well as extracting information about the exploding star. I discuss particular
challenges of modeling shock breakout at low energies and behaviors unique to this regime, in par-
ticular the behavior of the spectral temperature. All simulations in this dissertation were done with

the CASTRO radiation-hydrodynamic code.
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Invocation of the Muse
Urania, muse of the stars! Nymph to whom the Greeks ascribed
The measure of the heavens, and the sight of heavenly fire!
Hear the voice of one who labors far into the night
To unravel your long dance of gravity and light.

And though you lay your mysteries before our gaze
With old and careless ease, at the closing of each day;
Still you keep your secrets, and watch with smiling eyes,
As we strive amongst ourselves to uncover your design.
O Calliope, muse of works long-sung,

Who limned with fire the verse of ancient tongues!
Smile upon one who brings before you deeds
Poor by comparison, though hasten I to plead
That though I have not raised up Rome nor torn down Troy,
I strove with a hero’s heart, and found a hero’s joy
And sought a hero’s reward, kleos or citations be it named
And sacrificed no less. And dare I claim:

That I have sought beyond what any hero can,

That I have held destruction and creation in my hand,
That though they are but ghosts in the machine,

I have kindled fires of which the Greeks could only dream.
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Chapter 1

Introduction: The Nature of
Very-Low-Energy Supernovae (VLE

SNe)

1.1 The Possibility of Failure

In life there always exists the possibility of failure. This principle also holds true for
core-collapse supernovae. CCSNe form neutron stars and black holes, disperse stellar nurseries,
stir up the interstellar medium, and, most critically, produce nearly all chemical elements heavier
than lithium. Accurate data on their behavior, explosion energy, and occurrence rate feed back into
many other branches of astronomy. As time-domain astronomy has improved, far more types of
supernovae have been discovered than expected. These data prompt a reconsideration of the range

of possible transients from core-collapse, and of what is considered the faintest possible supernova.



All stars heavier than 8 Mg, can eventually undergo core collapse, but there is no guarantee that this
collapse will result in an explosion. A CCSN can ‘“fail" if it does not generate an outgoing shock
directly from the collapse of the iron core. Failed supernovae represent an aspect of CCSN behavior
that is poorly understood; but observing them requires seeing an event that does not happen. How
can they be searched for? Fortunately these stars do not always go quietly into the night. Even
if the primary explosion fizzles, other physical processes can produce observable signatures either
at or before the time of collapse. In the absence of the standard core-collapse mechanism a star
can still generate transients that, while dimmer than a CCSN, are nevertheless observable. In this
dissertation we simulate transients that can occur even if the primary core-collapse explosion fails
and give predictions to guide observational searches. We also model shock breakout, a bright flash
emitted at the beginning of the supernova, and evaluate its usefulness as a means to detect dim
transients and retrieve data about the original star. These simulations are key in the era of automated
surveys; the first analysis pass is done by software, and that software must be told what to look for,
so without simulations of these strange transients surveys may misclassify or exclude them.

The survey of Sukhbold ef al. (2015) found that neutrino-powered supernovae from 9 to
120 M, with central engines calibrated to reproduce the known properties of the Crab supernova
and SN 1987A, fell into two categories: failures, which did not blow up at all and made black holes,

and robust explosions with energies above 10°°

erg. While the treatment of neutrino transport was
approximate, this behavior suggests a sensitivity to presupernova properties and an explosion mech-
anism that is “gated," i.e. it either works well or not at all. Achieving a neutrino-powered explosion

of ~ 10* erg, for example, would require fine tuning. The term “very-low-energy supernova" (VLE

SN) is therefore defined in this work as a transient from a massive, evolved star with a final Kinetic



energy significantly less than the ~ 0.6 B! expected from core collapse, generally less than 0.3 B.
Failed CCSNe are the most likely to produce VLE SNe either at or just before the time of death via
other processes, and if a VLE SN is detected, it can be attributed with reasonable confidence to a
core-collapse failure.

The majority of the hydrodynamic and radiation-hydrodynamic simulations published in
this dissertation were run using the CASTRO code. CASTRO (Almgren et al., 2010) is a multi-
dimensional Eulerian compressible hydrodynamics code with adaptive-mesh refinement, stellar
equations of state, nuclear reaction networks, and self-gravity. It incorporates the multigroup flux-
limited diffusion (MGFLD) transport of radiation (Zhang et al., 2013). Further code details will be
given in sections as they pertain to the simulations in question. For a full discussion of CASTRO’s
inner workings, its AMR algorithms, its numerical treatment of radiation, and other specifics, see
the code papers Almgren et al. (2010), Zhang et al. (2011), and Zhang et al. (2013). For a discussion
of flux-limited diffusion, see Appendix A. CASTRO and its radiation counterpart are both public

codes and can be accessed at https://github.com/BoxLib-Codes.

1.2 Constraints on VLE SN Progenitors

It is well-understood that core-collapse supernovae originate in massive, evolved stars that
have built up an iron core. This core eventually becomes unstable and collapses into a neutron star,
which is both much smaller and much stiffer than the original core. The implosion wave ricochets
off this compact object and becomes an explosion wave that blows apart the star. This picture

seems simple, but in reality there are many unknowns in the process, particularly concerning the

IB stands for “bethe," a unit of energy named in honor of supernova pioneer Hans Bethe. 1 bethe = 10°! erg, the final
kinetic energy of a “typical" CCSN.



transformation from an implosion to an explosion. Simulations of this transition have produced
mixed results and it is unclear not only how it proceeds, but also whether it consistently happens at
all. There exist constraints from both observation and theory on which mass ranges of progenitor
stars must explode with a certain frequency, but these constraints leave substantial room for certain

stars to fail to explode in some or even all cases.

1.2.1 Constraints from Observations

Though the existing sample of observed CCSNe progenitor stars is small, by now it shows
a clear and statistically significant trend: all recovered progenitors are smaller than 20 M, (Smartt,
2015). This suggests that either high-mass progenitors are preferentially obscured, or they are more
likely to collapse in a non-traditional way. Wide-field supernova surveys at a range of redshifts can
compare the observed supernova rate (SNR) with the observed star formation rate (SFR). If 100%
of stars capable of forming a CCSN did so, the SNR would equal the fraction of the SFR at or above
8 M2 Current data suggest that the SNR may fall below the SFR by as much as 30% (Horiuchi
etal.,2011). Some of these missing supernovae can be attributed to dust obscuration, survey biases,
etc. but these systematics cannot make up the difference. Fewer stars are exploding than we would
expect from a model in which every CCSN succeeded.

Stellar-mass black holes (SMBHs), defined as having Mpy between 3 and ~ 100 Mg, are
believed to be created largely from CCSNe cores, either at the time of explosion or by accreting from
a donor star afterwards. The observed population statistics of SMBHs, therefore, should reflect the

population statistics of CCSNe. Approximations can be made to match final SMBH mass to initial

2The lifetimes of stars massive enough to explode as CCSNe are short enough that on a galactic timescale they can be
assumed to die instantly.



progenitor mass; generally studies assume that the entire helium core of the progenitor collapses into
the black hole, but the hydrogen envelope is ejected. Helium core mass tracks total star mass, so an
analysis of the observed set of SMBHs can be used to back out statistics on the stellar population
that formed them. Kochanek (2014) and Clausen et al. (2015), apply this strategy, and while they
disagree in the details of the probability function, both surveys conclude that a nonzero percentage
of CCSNe fail, and that that failure range is likely located in the mass range ~ 18—27 M. Sukhbold
et al. (2015) confirmed that the population statistics of SMBHs require a large percentage of stars to
shed their hydrogen envelopes before they die. Some process, or set of processes, must produce at
least the ~ 1 x 10%” erg of kinetic energy necessary to eject the envelope, and must occur reasonably

often in the failure mass range to reproduce the observed statistics.

1.2.2 Constraints from Theory

The compactness factor (O’Connor and Ott, 2011) is a value computed from the stellar
structure immediately surrounding the iron core and meant to estimate the difficulty of explosion.
Progenitor stars with more mass concentrated around their iron cores become more difficult to
explode because the shockwave expanding outward from the star’s center must overcome the ram
pressure of material falling inward. The compactness factor is far from monotonic with mass and
in fact becomes chaotic in some regimes (Sukhbold and Woosley, 2014), particularly in the range
20 - 28 M. Sukhbold et al. (2015) found mass ranges where the explosion failed entirely, located
around the ranges 20 - 26 M. Ugliano et al. (2012) found that in simplified models using a neutrino
lightbulb most failures occurred in the range 18 - 26 M.

Brown and Woosley (2013a) considered the problem from the perspective of nucleosyn-

thesis. As CCSNe are the dominant source of most elements heavier than lithium, the observed



abundances of those elements in the universe can be used to place constraints on how many CC-
SNe must explode, or at least contribute substantial matter to the interstellar medium. Observations
combined with theoretical predictions of the nucleosynthesis from different events allow for the
near-complete failure of stars above 25 Mg without disrupting overall chemical abundances, and

significant failure rates of stars above 18 M, with some adjustments to uncertain parameters.

1.3 Channels for Creating VLE SNe

Taking all this evidence together, it can be reasonably supposed that a) some percentage of
CCSNe fail to explode; b) the likelihood of failure is tied to stellar mass and structure; ¢) the mass
range of progenitors most likely to fail is 18 —27 M, with the highest probabilities in the range
22-26 M. Confirming or contradicting these propositions requires gathering observational data on
CCSN failure rates. By definition, in a failure case the standard CCSN explosion mechanism will not
produce a major event, but there are many channels by which an evolved massive star can produce
a visible transient either just before or during iron core collapse. If the progenitor star was rotating,
then a variety of energetic transients might be possible depending on the distribution of angular
momentum, ranging from common gamma-ray bursts by the collapsar mechanism (Woosley, 1993;
MacFadyen and Woosley, 1999) to long duration x-ray (MacFadyen et al., 2001; Li, 2003) and
gamma-ray (Quataert and Shiode, 2012a; Woosley and Heger, 2012) transients.

But what if the star were rotating very slowly or not at all? Various possibilities for
envelope ejection have been discussed including pulsations (Woosley and Heger, 2007), acoustic
energy transport (Quataert and Shiode, 2012b; Shiode and Quataert, 2014), pulsational-pair insta-

bility supernovae (Kasen et al., 2011), violent late burning stages (Woosley and Heger, 2015), and



the outbursts of LBVs (Smith et al., 2011). Acoustic energy transport, LBV outbursts, and violent
burning stages are the most likely to produce low energy transients; this thesis will discuss an ad-
ditional mechanism, called here the Nadyozhin-Lovegrove effect, capable of ejecting a hydrogen

envelope during a failed CCSN (Lovegrove and Woosley, 2013).

1.4 Outline

Chapter 2 presents theory and simulations of an alternate method of producing a shock-
wave in an otherwise completely failed CCSN event, showing the shockwave’s formation and the
resulting transient. Chapter 3 covers the theory of astrophysical shock breakout, its relevance to
VLE SNe, and physical considerations particular to the low-energy case. Chapter 4 presents the
results of radiation-hydrodynamic shock breakout simulations in VLE SNe and provides template
light curves and spectra. Chapter 5 covers existing observational data and future observing prospects
for the transients simulated in this work. Chapter 6 summarizes our conclusions and suggests direc-

tions for future work.



Chapter 2

Secondary VLE Transients From
Neutrino-Mediated Mass Loss in Failed

CCSNe

2.1 Theory of Neutrino-Mediated Mass Loss

In this chapter we consider the problem of producing transients in an otherwise failed
CCSN. We follow on a suggestion by Nadezhin (1980)" which provides a simple mechanism for
ejecting at least some mass in supernova progenitors with very weakly bound envelopes, i.e., red
supergiants. The mechanism operates as follows: in all but extremely rare super-massive stars, iron
core collapse leads to protoneutron star formation (O’Connor and Ott, 2011). Depending on the

course of the CCSN, the central object may then either settle down as a neutron star or contract

"More commonly romanized as “Nadyozhin.”



inside its event horizon and become a black hole. However, after formation, the protoneutron star
will attempt to shed its binding energy. This emission takes the form of a neutrino wind and occurs
even if the protoneutron star continues to accrete substantial mass while contracting. As frequently
noted (Lattimer and Yahil, 1989; Lattimer and Prakash, 2001), this huge energy loss results in a

significant decrease in the gravitational mass of the compact object. This mass loss is of order:
Mo\ 2
BE ~ 0.084 <MG> Mg 2.1

where Mg is the gravitational mass of the cold neutron star. This implies a mass loss of approx-
imately 0.2 - 0.5 My over a period of several seconds, far shorter than the sound crossing time
for the helium and heavy element core. This “mass,” carried by neutrinos, streams out through the
presupernova star nearly at the speed of light without interacting appreciably with the outer layers.
To the remaining star it appears as if the gravitational potential of the core has abruptly decreased.
In response, the star begins to expand. This chapter presents simulations of this mass loss and the
resulting expansion to determine whether it is capable of creating a shock with sufficient energy
to reach the outer layers of the star and, if it does, to eject mass and form a visible transient. It is
important to note that this expansion precedes the loss in support pressure caused by the collapse of
the core. That rarefaction passes out through the star on a slower, free-fall time scale, and will not

catch up to the shock.



2.2 Simulation Setup

We begin with two presupernova models calculated using the KEPLER stellar evolution
code. KEPLER is a Lagrangian 1D implicit hydrodynamics code with the appropriate nuclear
physics, mass loss, opacities, and equations of state for studying massive star evolution (Weaver
et al., 1978; Woosley et al., 2002). It is not Courant-limited, allowing it to follow a star from its
formation to the collapse of its iron core. Because KEPLER uses a Lagrangian grid, it cannot easily
implement the absorbing inner boundary condition necessary to accurately follow the infall of the
star once a compact object has formed at its center. Once the presupernova models calculated by
KEPLER reached supersonic collapse speeds in their cores, they were thus mapped into CASTRO?
for further study. The CASTRO calculations were done in one dimension with reactions turned off
and the central object modeled as a point object with variable mass placed some distance from the
simulated volume. An Eulerian grid with constant mesh and spherical geometry was employed.
After the collapse had proceeded long enough in CASTRO to allow shock propagation to the base
of the hydrogen envelope, the results were then mapped back into KEPLER and the final hydrody-

namics and a light curve were calculated.

2.2.1 Central Object Modeling

The hydrodynamics and radiation transport in the region immediately surrounding a pro-
toneutron star or black hole are complex and difficult to model. A realistic simulation of the neutrino
transport alone is well beyond the scope of this paper and the outcome would vary with the choice

of neutron star equation of state and the dimensionality of the calculation. But our calculations

2Code version as of May 2012.
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require only the temporal evolution of the central gravitational potential, and thus reasonably good
results can be obtained from parametrized calculations using a generic, qualitative description of the
neutrino energy loss. The inner boundary of the CASTRO simulation is placed at the outer edge of
the pre-collapse iron core, and matter interior to this boundary is treated as a point mass of variable
gravity located at the star’s center. This point mass starts the simulation equal to the baryonic mass
of the initial core matter, i.e., the iron core mass. As time passes that gravitational mass decreases
due to neutrino emission and, if no mass were added, would eventually reach the known cold neu-
tron star value for a given baryonic mass and equation of state (Prakash et al., 1997). However,
appreciable mass does accrete and leads eventually to formation of a black hole. During the neutron
star’s accretion phase neutrinos continue to carry away effective mass. Since the simulations neglect
rotation, after the black hole forms matter and energy are assumed to flow into it without further
emission.

The gravitational binding energy of the maximum stable neutron star mass, the “Tolman-
Oppenheimer-Volkoff (TOV) limit” (Oppenheimer and Volkoff, 1939), gives an upper limit to the
amount of possible mass loss. Current data place this value around 2.0 to 2.5 Mgof gravitational
mass (Akmal et al., 1998; Demorest et al., 2010). The characteristic time scale for binding energy
loss, which is assumed to occur exponentially, is given by the cooling timescale parameter 7., taken

here to be 3 seconds (e.g. Burrows and Lattimer, 1987). For this simple case, the mass loss rate is

. BE
Mg =—¢ /™ (2.2)
Te

This equation gives an upper bound on the mass loss and therefore on the strength of the transient

produced. This model is referred to as the “maximum mass loss” case.
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Somewhat more realistically, we can take into account the time till the neutron star reaches
the TOV limit and follow the neutrino energy losses that occur during that time only. For each bit of
mass that accretes, some fraction of its gravitational binding energy is radiated away promptly, but
more is emitted with a delay since the neutrinos must diffuse out. Once the black hole has formed,
the neutrino-emitting material falls within the event horizon much faster than the neutrino diffusion
timescale, and any energy that has not been released by the time of collapse ends up in the black
hole (Prakash et al., 1997; Burrows, 1988).

The protoneutron star is extremely hot and behaves differently than a cold neutron star.
We represent the protoneutron star as a low-entropy core surrounded by a hot envelope and track
three masses: Mgy, Mp, and M,;,. Mp is the baryonic mass, i.e. all mass that either was inside the
inner boundary at the time of collapse or subsequently accretes through the inner boundary. Mg, is
the effective gravitational mass of the hot neutron star, which is not, in general, equivalent to M,,, the
gravitational mass of a cold neutron star with the same baryon content. This is the mass that defines
the gravitational potential in the outer part of the star. M,; accounts for the extra mass-energy stored
in this hot neutron star as opposed to a cold one due to its higher internal energy and inflated radius.
This extra internal energy diffuses away on the cooling timescale 7.. The gravitational mass Mg, of

the hot neutron star is then:

Mg =M, + My, (2.3)

=Mp—BE.+M;, 2.4)

where BE. is the cold neutron star binding energy. As matter accretes a fraction e of the subsequent

change in binding energy is assumed to be trapped and added to M, while the remaining fraction 1
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- € is radiated promptly as neutrinos. The trapped energy then diffuses out on the cooling timescale

T.. The evolution of M, is thus given by

My, dBE.
- +e€
Te dMB

My, = Mp (2.5)

and the initial condition M;; = BE,. The derivative d BE./dMp is evaluated from the binding energy
equation, Eq. 2.1. Once all M,;, has diffused away, i.e. the neutron star has cooled, Eq. 2.4 reduces
to the standard cold neutron star equation Mg = Mp— BE.. Assuming rapid virialization of the
accreted material implies that the parameter € should not exceed ~ 0.5. As the cooling timescale at
the surface is likely less than the timescale for the full protoneutron star, € is likely to be much lower.
In the limit that the cooling timescale were much shorter than the accretion timescale, ¢ would go
effectively to zero. For our models we adopt e = 0.1. In Section 2.3.3 we test the effects of varying
this parameter and find them to be small.

Neutrino emission halts when the neutron star has accreted past the TOV maximum mass
limit. However this limiting mass must be adjusted for the neutron star’s evolving heat content.
Therefore we wait until the cold core of the neutron star (Mg, —M;;) has accreted past the TOV
limit before we assume the core has become a black hole and shut off the neutrino emission. From
this point on the central object behaves as a purely gravitational point mass that absorbs all of Mp.
This is referred to as the “full loss” model, as it is the most physically accurate of our models.?

Figure 2.1 shows an example of the full model implemented in RSG15 with TOV = 2.5
Mg . The blue curve shows Mp, the total baryonic mass that has entered the core region (precollapse

core plus accretion); it is higher than the black curve showing Mgy, the effective gravitational mass

3This is not to say that the full loss model includes all physical processes involved; far from it. But this analytic model
captures the gross behavior of the central object over time, and that is the relevant quantity in this work.
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Figure 2.1: Core mass growth in the 15 My model RSG15 with an assumed TOV mass limit of
2.5 Mg, demonstrating the “full loss” model. The black curve (solid) shows M, the gravitational
mass. Blue (dash-triple dot) is Mp, the baryonic mass. Red (dash-dot) is the thermal mass M,,.
Green (dashed) shows the cumulative lost mass from the simulation.
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Table 2.1: Stellar Model Parameters

Model Final Mass My) He Core Mass (M) He Core Radius (cm) Compactness &3 5

RSGI15 12.79 427 3.568x 1010 0.18
RSG25 15.84 8.20 1.807x 100 0.33

of the core. The red curve shows M,;,, which decays exponentially as the protoneutron star cools.
The green curve shows the cumulative mass loss in the simulation. Even though the core in this
case persists for nearly 24 s before collapsing to a black hole, most of the mass loss occurs during

the first 5 seconds.

2.2.2 Choice and Structure of Stellar Models

The two presupernova models used for this paper were red supergiants with a ZAMS
mass of 15 Mg (RSGI15), shown in Fig. 2.2, and 25 M (RSG25), shown in Fig. 2.3, both of
solar metallicity. They are taken from the survey of Woosley and Heger (2007). Both stars lose
substantial mass before reaching the end of their lives. Based on the observational and theoretical
constraints discussed in § 1.2, we expect a 25 M, star to be more likely to fail than a 15 Mg, star.
But the 15 Mg, star represents a much more common supernova progenitor, and thus even if this
mass has a low failure probability it may still produce a significant number of events. The 25 M,
model has a more compact structure and may be more likely to make a black hole promptly. Model
RSG5 has a helium core of 4.27 M, that extends to 3.568 x 10'° cm. RSG25 has a helium core
of 8.20 M, that extends to 1.807 x 10'° cm. Both red supergiants have a large, tenuously-bound
hydrogen envelope extending from the helium core out to ~ 5 x 10'3 cm. The net binding energy

of the envelope external to what is nominally the helium core (where the hydrogen mass fraction
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Figure 2.2: Composition of the RSG15 supernova progenitor star.

declines to 1%) is 1.1 x 10*® erg, but a short distance out at 4.48 M, this declines to 10*” erg, a
value that characterizes most of the hydrogen envelope. These values include internal energy but not
the energy potentially available from recombination. For the 25 M model, the net binding energy
external to the helium core is 6.4 x 10*® erg, but this declines to 10*’ erg when the interior mass
increases from 8.20 Mg, to 8.36 Mand a still smaller value characterizes most of the envelope. We
note that the recombination of 10 M, of hydrogen (13.6 eV per atom) would release 2.6 x 10*” erg.

Some additional parameters of both models can be found in Table 4.2. Also given is the
compactness parameter, &, 5, as defined by O’Connor and Ott (2011), but computed at the time
when the star is moved to CASTRO rather than at the time of core bounce. A star with a higher
compactness parameter has a denser region surrounding its core; for our purposes, this means it will

accrete to the TOV limit faster and therefore potentially lose less mass as neutrinos.

16



1.000 T T

T T T TTT
\
\

0.100

He8 — — — —
He4 — - —---
Ci12

N14 — — — —
o016 — - —

B o Ne20
- J o Mg24
- | | ! Si28
L | : ——— S32 |

“ r ‘ Ar36
Ca40

0.001 ; | \) L [ J/"\’rJ\\\\”
10° 10

Mass Fraction

0.010

r (cm)

Figure 2.3: Composition of the RSG25 supernova progenitor star.

Because of the extended size of the red supergiant progenitors, we do not carry the entire
star on our simulation grid in CASTRO. Instead we model only the helium core and base of the

hydrogen envelope.

2.3 Hydrodynamic Response

2.3.1 Models Without Neutrino Mass Loss

Without an outgoing shock or mass loss from neutrinos, the inner layers of the star should
collapse directly into the black hole. This scenario provides an excellent check of the fidelity of
our simulation. As Figure 2.4 shows, our model accurately reproduces this behavior. Dark (purple)

colors on the plot indicate early times, shading to light (red) colors at late times. Initially the bulk of
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Figure 2.4: Velocity curves showing collapse of the RSG15 stellar model in the prompt black hole
formation case, i.e. without any mass loss. Positive velocities are outwards, negative are inwards.
Curves are purple (light) for early times, shading to red (dark) for late, approximately 15 s spacing.
With no mass decrement and no core bounce shock to provide outward velocity, the star simply falls
into the black hole. Total time shown: 709 s.
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Figure 2.5: Various core masses as a function of time for Model RSG15 and a TOV limit of 2.5 M.
The central mass Mg, (dashed) grows while the mass on the simulation grid (dot-dashed) drops.
The solid line represents the total mass in the center and on the grid combined. Black curves show
the no neutrino loss (constant mass) case. Blue curves show the maximum-loss model, while the
red curves show the full neutrino loss model.

the star is in hydrostatic equilibrium (zero velocity) with a small portion near the core showing high
infall velocities. As the collapse continues, more and more of the stellar material acquires negative
velocities. Without an outgoing shock to counter this motion, it eventually falls into the core. If the
simulation is run for long enough, all mass will disappear from the grid. Physically this scenario
corresponds to prompt black hole formation, when the core collapses without passing through an
intermediate protoneutron star stage. If the outer layers of the star do not have sufficient angular
momentum to form a disk when they reach the black hole, the entire star will disappear without
producing a transient - the unnova case as defined by Kochanek et al. (2008).

Figure 2.5 shows the growth of the simulated point mass in RSG15. The black curves
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show the model with no neutrino mass loss; in this case the point mass corresponds to Mp. The
dashed line represents the growth of the point mass while the dot-dashed line shows the mass on the
simulated grid (remember that the point mass itself is outside the grid). Over time this point mass
grows as the grid mass declines, with most of the change occurring in the first 15 seconds. The solid
line shows the sum of the point mass and grid mass, i.e. the total mass represented in the simulation;
in the no-mass-loss case it is constant throughout. This confirms that our simulation is reproducing

the collapse accurately without spurious shocks or unphysical mass loss.

2.3.2 Models With Maximum Neutrino Mass Loss

The set of blue curves in Figure 2.5 shows the mass evolution using the simplified max-
imum mass loss model. In this case, the point mass corresponds to Mg with losses defined by Eq.
2.2, in which the core loses the total binding energy appropriate to a TOV-limit neutron star on a
time scale 7, regardless of the amount of mass falling in from the collapsing star. This model there-
fore provides an upper bound on possible transients, as the core cannot lose more mass than the
binding energy of the largest possible neutron star. The amount of mass lost in each case is listed
in Table 2.2. Following the blue curves in Figure 2.5, as the collapse begins the point mass growth
(dashed) is noticeably suppressed for the first 5 seconds as neutrino losses balance accreted mass.
The overall mass in the simulation (solid) drops accordingly, then becomes constant as mass loss
ceases.

This mass decrement was sufficient to produce an outgoing shock in the inner layers of
the 15 M, presupernova star. The shock’s evolution is shown in Figure 2.6 (purple at early times,
shading to red at late times). The shock grows in speed as it leaves the helium core and succeeds

in reaching the base of the hydrogen envelope. Of interest is the fact that the shock strength varied
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Figure 2.6: Collapse of the RSG15 model in the maximum neutrino mass loss case, showing a
shock forming due to the effective core mass decrement. Positive velocities are outwards, negative
are inwards. Curves are purple for early times, shading to red for late. This model has the TOV
limit set to 2.5, resulting in a mass decrement of 0.525 M. The shock propagates out of the helium
core (r = 3.568x10'% cm). Time shock reaches 10'® cm: 38 s. Time to end of helium core: 196 s.
Time to 10! cm: 577 s.
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Table 2.2: Maximum Mass Loss Models

Stellar Model TOV (M) Mass Lost (M) KE%ergs) Shock Strengthb(km/s)

RSG15 2.0 0.336 1.875%x10%7 902
e 2.1 0.370 2.599x10%7 985
2.2 0.407 3.572x 10 1070
23 0.444 4.855x10% 1158
2.4 0.484 6.554%x10% 1249
2.5 0.525 8.719x 10 1341
RSG25 2.0 0.336 6.537x10% 723
2.1 0.370 1.002x 10%7 820
2.2 0.407 1.483x10% 919
2.3 0.444 2.139x10%7 1025
24 0.484 3.011x10%7 1134
2.5 0.525 4.148x10% 1246

3 At base of hydrogen envelope

bAtr=10" cm

noticeably with the choice of neutron star upper mass limit. The approximate shock strengths at

10" cm for our six different choices of TOV limit are listed in Table 2.2.

2.3.3 Models With Realistic Neutrino Mass Loss

The red curves in Figure 2.5 show the mass evolution for the full model for neutrino losses
described in Section 2.1. In this case the dashed line showing the point mass corresponds to Mgy,
as given by Eq. 2.4. This model takes into account the thermal mass loss and links the cessation
of neutrino losses to the amount of material accreted by the core rather than switching it off after
a predetermined timescale, as in the upper bound model. As can be seen in Figure 2.5, this model
(red) loses mass over a longer timescale than the maximum loss model (blue), continuing until the
point mass reaches the TOV limit, in this case 2.5 M, after which the total mass becomes constant.

We expect equal or less mass loss in this case as compared to the maximum loss model. In the
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Table 2.3: Full Mass Loss Models

Stellar Model TOV (M) Mass Lost (M) KE%ergs) Shock Strengthb(km/s)

RSG15 2.0 0.277 1.287x10%7 814
o 2.1 0.331 2.059x10% 926
2.2 0.382 2.953x10%7 1019

2.3 0.430 3.911x10% 1094

2.4 0.477 4.896x 104 1157

2.5 0.523 5.779%x 10%7 1204

RSG25 2.0 0.179 8.418x10% 394
e 2.1 0.230 2.893x 104 569
2.2 0.281 6.581x10% 725

2.3 0.331 1.204x10% 866

2.4 0.382 1.930x 10%7 996

2.5 0.433 2.827x10% 1114

4 At base of hydrogen envelope

PAtr=10"cm

case where the TOV limit is high enough that the neutron star lives for longer than the cooling
timescale, the core loses close to the maximum possible amount of mass; in the case where it does
not, however, mass loss is suppressed as neutrinos that would have been emitted instead end up
inside the black hole. The amount of mass lost in each case is listed in Table 2.3.

Though the overall mass decrement in the full model cases is lower than in the maximum
loss case, it is still sufficient to produce an outgoing shock. Figure 2.7 shows the shock evolution for
RSG15, TOV = 2.5 M. The approximate shock strengths at 10'! cm for our six different choices
of TOV limit are listed in Table 2.3. The six shocks created in RSG15 are shown in Figure 2.8.

We also tested variations in the parameter e controlling the fraction of binding energy
trapped as thermal mass. Changes in € have a small but real effect on the total mass loss, depending
on the amount of accreted mass. The more mass accreted, the more important € will be. As higher

TOV limit models tend to accrete longer, € has a higher impact here. A lower € leads to a higher
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Figure 2.7: Collapse of the RSG15 model in the fully-modeled neutrino mass loss case, showing a
shock forming due to the effective core mass decrement. Positive velocities are outwards, negative
are inwards. Curves are purple for early times, shading to red for late. This model has the TOV
limit set to 2.5, resulting in a mass decrement of 0.523 Mg. The shock is smaller in strength than
the maximum-loss case and reaches the edge of the simulation with a lower velocity. Time shock
reaches 10'” cm: 40 s. Time to end of helium core: 207 s. Time to 10'" cm: 620 s.
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Figure 2.8: RSG15 shocks at the limit of the CASTRO simulated domain for six different choices
of TOV limit, full neutrino loss model. The upper curve corresponds to TOV = 2.5 M, the lowest
to TOV = 2.0 Mg,. Other curves are spaced by 0.1 Mg,.
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Figure 2.9: RSG25 shocks at the limit of the CASTRO simulated domain for six different choices
of TOV limit, full neutrino model. The choice of TOV limit has a stronger effect on the final shock
strength in this model than it does in RSG15. The upper curve corresponds to TOV = 2.5 Mg, the

lowest to TOV = 2.0 M. Other curves are spaced by 0.1 M.
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mass loss as less of the binding energy is temporarily trapped as thermal mass. We tested the range
€ < 0.5, identified as the physically reasonable range of this parameter. For the case where the TOV
limit is 2.5 M, the most sensitive, a change of 0.05 in € in RSG25 resulted in approximately a
0.011 Mg change in the overall mass loss. In the extreme case € = 0.5, this will make a TOV = 2.5
Mg model look like a TOV ~ 2.35 M model. For lower TOV limits, the effect of varying € was
smaller. Thus, although a change in € will affect the mass decrement and by extension the shock

strength, the overall results are robust.

2.3.4 Effects of Stellar Structure

The kinetic energy of the shock that reaches the hydrogen envelope is strongly influenced
by the size of the presupernova core and the overlying stellar structure through which it must travel.
This is best illustrated in simulations using the maximum mass loss model, since the mass decrement
is the same regardless of stellar structure. Even though both stars experience the same gravitational
change, the final shock in RSG25 models is significantly weaker than in RSG15 since it must tra-
verse a much heavier carbon-oxygen and helium core before reaching the hydrogen envelope.

Additional effects come into play when using the full neutrino model that terminates
emission based on the core’s accretion. RSG25 has a denser inner structure (higher compactness)
and a more massive iron core of 1.83 Mg, compared to 1.63 M. As it therefore accretes faster than
RSG15 and is already closer to the TOV limit, the core of RSG25 spends significantly less time in
the protoneutron star state; consequently the same choice of parameters in the larger star causes less
mass loss. The full mass loss model in RSG25 also shows systematically lower mass decrements
than the maximum mass loss model in all cases, indicating that even in cases with a high TOV

limit and a relatively long-lived protoneutron star not all the binding energy is being emitted before
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Figure 2.10: Shock modeled by CASTRO in RSG15 (TOV = 2.5, full neutrino losses) mapped into
KEPLER.

collapse to a black hole. The six shocks produced in RSG25 are shown in Figure 2.9.

2.4 Transients Produced

In the case of prompt black hole formation in a star without a high-J outer layer, the core
collapse itself produces no shock and no visible transient - the star simply disappears. However, we
have shown that in cases where a protoneutron star forms, an outgoing shock can be created regard-
less. Can this shock produce a detectable transient, intermediate between a complete disappearance
and a traditional explosion, as raised by Kochanek er al. (2008)? To evaluate this question we took
models from CASTRO where the shock had reached 1 x 10'! cm (the limit of the simulation) and

mapped them back into KEPLER, then continued to evolve them. Figures 2.10 and 2.11 show the
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KEPLER results for RSG15, TOV = 2.5; Figure 2.10 shows the shock mapped in from CASTRO,
and Figure 2.11 shows the final velocity of the hydrogen envelope at # =5 x 107 s.

The shock has decreased significantly in strength by the time it reaches the base of the
hydrogen envelope, but this envelope is very tenuously bound in both RSG15 and RSG25. For each
model we tested six choices of TOV limit (2.0 - 2.5 Mg, in 0.1 Mg, increments) and evaluated the
strength of the shock that reached the hydrogen envelope. Using the full neutrino loss model, we
found that in every case tested for RSG15 and in 3 of 6 tested for RSG25 that the shock produced

was larger than 1x10%

ergs, the approximate binding energy of the envelope (see Table 2.3). We
can therefore realistically expect the envelope to be ejected in these cases. However, the highest
kinetic energy achieved was only of the order of 6x 10%’ ergs, and most models fell well below that
number. The envelope is therefore ejected with a very low velocity (50 - 100 km/s). It emits most of
its energy via hydrogen recombination. Optically this transient has a low luminosity ~ 103° —10%°
ergs/s, but maintains this luminosity for of order a year. The color temperature of the transient is
very red, of order 3000 K. An example light curve can be seen in Figure 2.12 for RSG15, TOV =
2.5.

The transients calculated here are obviously much fainter and less energetic than standard
core-collapse supernova, but they do bear some similarity to a class of recently-observed transients:
the “luminous red novae," such as V838 Mon (Munari et al., 2002). Luminous red novae are too
bright to be ordinary classical novae, but too faint and red to be supernovae. A survey such as
that proposed by Kochanek et al. (2008), monitoring red supergiants for anomalous transients that

might signal the birth of a black hole, should catch these events. They would be visible as a sudden

brightening of the “star" for of order a year, followed by a gradual but complete disappearance. This

29



150

100

v (km/s)

50

10 12

6 8
Enclosed Mass (M_,,)

Figure 2.11: Velocity of the hydrogen envelope at 5x 107 s after core collapse in RSG15, TOV =
2.5, full neutrino loss model, evolved further in KEPLER.
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Figure 2.12: KEPLER light curve for a transient from RSG15, TOV = 2.5. The transient is low
luminosity but lasts for around a year.
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scenario will be discussed further in Chapter 6.

In RSG25 a TOV limit of 2.2 M, or lower resulted in such weak outgoing shocks that
they could not be accurately followed using KEPLER, and would probably be unable to eject the
envelope. In situations where the envelope is not ejected, there is still the possibility of a transient
at late times if the envelope is rotating. As it falls back into the black hole, the massive envelope
may create a disk and potentially a long-duration gamma-ray transient as described by Woosley
and Heger (2012). Since the most massive stars are the ones more likely to produce black holes
quickly, it remains possible to produce these long gamma-ray transients. This type of transient,
while invisible in the optical, could emit low levels of gamma rays for months.

A higher TOV limit in the neutron star EOS increases the probability of these transients
occurring. Holding the TOV limit constant, the final strength of the shock is highest in stars with
both smaller initial iron core masses (more time spent as a neutron star) and smaller carbon-oxygen
and helium core masses. We might therefore expect the strongest transients to come from the lowest-
mass red supergiants that fail to form CCSNe. Nucleosynthetic constraints place a lower limit on
the maximum mass star that must explode as a supernova most of the time. Brown and Woosley
(2013b) sets this limit at between 20 and 25 M. Stars above 20 My become more difficult to
explode, as measured by their compactness parameter (O’Connor and Ott, 2011), and hence more
likely to fail. At the same time, in stars above 25 M, it will become increasingly difficult for the
shock to reach the surface. We may therefore expect the progenitors of these transients, if they do
occur, to land in the range 20 - 25 M.

For heavier stars that lose their hydrogen envelope and die as WR stars, or for stripped

progenitors in binaries, a shock can form and may reach the surface, depending on the size of the
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remaining helium core. Without a large envelope to eject, the transient will be brief but brighter.

2.5 Conclusions

We have demonstrated that iron core collapse in a massive star is capable of producing
a faint observable transient even if the collapse itself creates no prompt outgoing shock. The mass
lost to neutrinos results, in some cases, in a shock sufficient to unbind the hydrogen envelope. For
a given parametrization of the neutrino losses, the transient produced becomes weaker as the TOV
mass limit is reduced and as the mass of the presupernova helium core increases. It therefore remains
possible, depending upon the TOV limit assumed, to fail to eject the envelope in more massive stars.
If the star in these cases has sufficient angular momentum in its outer layers, it may instead produce
long gamma-ray transients as described by Woosley and Heger (2012); otherwise it will disappear
as an unnova as described by Kochanek et al. (2008). The amount and history of the neutrino
mass loss has a strong effect on the magnitude of the shock produced, as does the structure of the
carbon-oxygen and helium cores of the progenitor star. In the two red supergiant models tested, the
shock reached the base of the hydrogen envelope in a majority of the models with enough energy to
eject it. These unusual transients will appear as low-energy, long-duration, red events as the ejected
envelope emits its energy via hydrogen recombination. The ejected envelope has a speed on the

order of 50 - 100 km/s and maintains a luminosity 10> —10%° ergs/s for approximately a year.
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Chapter 3

Shock Breakout Transients and

Considerations for Low-Energy Events

3.1 Shock Breakout as a Detection Mechanism

VLE SNe, no matter how they are caused, are by definition faint and hence challenging
to observe. The shock breakout transients accompanying these events are much better candidates
for detection. Astrophysical shock breakout occurs when the leading edge of a shockwave erupts
through a star’s surface. As the outgoing shock propagates through the star, radiation builds up
behind its optically thick leading edge. When the surrounding matter reaches a sufficiently small
optical depth, this radiation is released on a relatively short timescale to produce a bright flash. This
flash is the second indication, after the neutrino pulse, that a core-collapse supernova has occurred.
Because their properties are determined by the star’s structure in a thin layer near the surface, shock

breakouts carry unique information about the progenitor’s surface gravity, radius, and composition
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that is wiped out by the subsequent explosion (or collapse).
Other quantities, like mass, radius, and opacity, being equal, Popov (1993) and Kasen and
Woosley (2009) predict that the luminosity of a Type IIp supernova during its plateau stage scales as

E:,{g . Thus a supernova with explosion energy Ecx, ~ 10*® erg would have a luminosity 300 times

040

fainter than a typical Type IIp supernova with Eey, ~ 10°! erg, or about 10*° erg s~!. The duration

of the plateau, which goes as E;Sp/ 6, would be 4.6 times longer, or about 400 days. Shock breakout
transients are as a rule shorter and brighter than the supernovae that follow. The breakout from a

0% erg erg s™' and last about half a day.

10" erg explosion would have a typical luminosity of 1
Unlike breakout in common supernovae, the temperature in a VLE SN is low and a larger fraction
of the energy would be emitted longward of the Lyman limit, and the transient will last significantly
longer. These qualities make them better candidates for detection. Observing the shock breakouts
of VLE SNe can give occurrence rates for this sort of supernova as well as constrain the properties
of the presupernova star and the explosion energy.

In the case of shock breakout, the radiation spectrum is expected to be a dilute blackbody,
i.e. it has a blackbody form but peaks at a different wavelength than would be predicted from the
radiation energy density. In this paper the temperature computed from a simple E, = aT* relation is
called the “effective temperature” T,, while the Wien’s law temperature corresponding to the emitted
spectrum’s peak wavelength is the “color temperature” or “spectral temperature” 7.. The ratio T¢./
T, is set by stellar structure and opacity and is, as will be seen, a parameter of great interest.

Simulating shock breakout is not a simple task. The simulation code must model hydro-

dynamic shockwaves, track radiation-material interactions, and be capable of stably transporting

radiation in both optically-thick and optically-thin regimes. There are also particular challenges
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specific to the low-energy regime which will be discussed in detail later in this chapter. The largest
theoretical question mark in these simulations is the treatment of opacity, which fundamentally
governs the shape and behavior of the breakout flash. This chapter details the physical processes

modeled in our VLE SNe shock breakout survey; the results of this survey are given in Chapter 4.

3.2 Previous Studies

3.2.1 Regimes Considered

Shock breakout has been considered analytically by several papers, including (but by no
means limited to) Klein and Chevalier (1978), Nakar and Sari (2010), Rabinak and Waxman (2011),
Matzner and McKee (1999), and Katz et al. (2010), and it is worth investigating what work has been
done on the general theory of shock breakout as well as on the specific case of VLE SNe. Klein and
Chevalier (1978) and Katz er al. (2010) both focus on X-ray emission in standard-energy breakouts
in compact progenitors, so while the general physics are still applicable, the numerical results are
not. Rabinak and Waxman (2011) does not explicitly study breakout, focusing instead on the UV &
optical lightcurve during the supernova’s initial expansion phase, but the densities and temperatures
in this regime are comparable to those in VLE SNe and they give numerical results useful to the
models considered here. Nakar and Sari (2010) performs analytic calculations that are then applied
to standard-energy CCSNe in a variety of progenitors, as well as shock waves breaking out of white
dwarves; again, while the results may not be applicable, the general theory is still relevant. Piro
(2013) is the only paper to consider the specific case of VLE SNe, following on discussions of the
transients modeled in Lovegrove and Woosley (2013). The equations provided in Piro (2013) for

predicting shock breakout luminosity and observed temperature are tested here in § 4.5.2.
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Shock breakout has previously been simulated in models for SN1987A (Ensman and Bur-
rows, 1992; Tolstov et al., 2013), Type Ib and Ic SNe (Tolstov et al., 2013), Type Ilp supernovae
(Tominaga et al., 2011), and pair instability supernovae at cosmic distances (Kasen et al., 2011;
Whalen et al., 2013). Ensman and Burrows (1992) (hereafter EB92) modeled breakout in SN1987A
using the VISPHOT code, a 2T Lagrangian code. Tolstov et al. (2013) (hereafter T12) performed
calculations for a similar SN1987A progenitor, as well as calculations for breakout in Type Ib/Type
Ic SNe, using the STELLA code; STELLA is a Lagrangian code with multigroup radiation trans-
port. STELLA was also used by Tominaga et al. (2011), in this case to model breakout in red
supergiants at standard Type IIp energies. Kasen et al. (2011) simulated explosions using the
KEPLER Lagrangian code and calculated lightcurves using SEDONA, which implements Monte
Carlo techniques for radiation transport; while Whalen et al. (2013) used the RAGE code from Los
Alamos National Laboratory (LANL), a 2T Eulerian code with multigroup capabilities. Breakout as
a general phenomenon has therefore been robustly simulated by many different codes implement-
ing different radiation transport schemes, having in common the ability to handle separate gas and
radiation temperatures, and, in cases where color temperature is calculated directly, multigroup or
other multifrequency transport. However, again, the bulk of the explosion models used in all these

works have energies > 1.0 B.

3.2.2 Opacity Calculations

The studies mentioned in the previous section use a wide variety of methods to calculate
opacities. Whalen et al. (2013) used the OPLIB database from LANL and SEDONA has a mixture
of analytic and tabulated opacities; unfortunately, the events considered are in significantly different

regimes of energy and metallicity than VLE SNe, and their opacity calculations are likely not useful.
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STELLA, used in Tolstov et al. (2013) and Tominaga et al. (2011), has opacity routines that handle
free-free, bound-free, and line opacities, and the results in the Type IIp case have some relevance to
the RSG models studied here.

Some of the authors mentioned in the previous section assumed electron scattering as
the dominant opacity source: EB92 used tables to calculate a total opacity, then calculated electron
scattering and subtracted that value from the tabulated opacity to get absorptive opacity, and Rabinak
and Waxman (2011) used a similar procedure with different tables. Nakar and Sari (2010) assume

a Kramer’s Law form for the absorptive opacity.

3.2.3 Color Temperature

There are two methods for deriving 7;: direct calculation of the spectrum, which requires a
multifrequency code; or making the assumption that 7 is set to the gas temperature at some radius,
then calculating that radius, which can be done in 2T codes. EB92, which used a 2T code, used
the latter method and recovered temperature ratios 7. /T, on the order of 2 - 3 for simulations of
SN1987A. Klein and Chevalier (1978) ran 1D non-local-thermodynamic-equilibrium simulations
without coupled hydrodynamics and recovered a ratio around 3. Both T12 and Tominaga et al.
(2011) used STELLA’s multigroup transport to directly calculate spectra and reported ratios in the
same 2 - 3 range. Analytically, Nakar and Sari (2010) predict color temperature (which they call
"observed temperature") ratios on the order of 1.8 (RSG) to 2.1 (BSG).! Rabinak and Waxman
(2011) perform numerical calculations in service of their predictions and predict a 7, /T, ratio in the

range 1.1 - 1.8.

"Nakar and Sari (2010) disagree strongly with the use of 7, , which they maintain is not an observable quantity and of
no physical interest. Nevertheless, they do calculate these ratios, and it is included in our results as well.
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A small sample of candidate shock breakout observations have been published in the
literature. Most are X-ray detections of events in compact progenitors. A few are in RSGs, and
the Kepler satellite recently published two possible optical breakout candidates. These events are
clearly not VLE SNe and are less relevant to the physics under consideration, and their detailed

discussion is postponed until § 5.4.

3.3 CASTRO-Radiation

Because realistically modeling shock breakout requires advanced radiation transport, it is
useful to discuss the specific capabilities of CASTRO-Radiation and how they apply to this prob-
lem. CASTRO uses a flux-limited diffusion (FLD) transport scheme for radiation. The diffusion
approximation for radiation closes the transport equations by assuming a Fick’s Law diffusion re-
lation between radiation energy density E, and flux F, F = VE,. This approximation renders the
equations tractable but breaks down outside of optically-thick regions. When the material becomes
optically thin, the diffusion treatment leads to superluminal velocities and produces unphysical be-
havior. To avoid this, the equations can be modified to incorporate a flux limiter, A, that forces the
correct limiting behavior in both the diffusive and free-streaming regimes and allows a stable tran-
sition between them (Levermore and Pomraning, 1981a). Propagation velocities will not exceed the
speed of light and the pressure tensor will have the correct limiting behavior. This approximation
allows a stable modeling of the crucial transition between optically-thick and optically-thin material
that shapes the breakout flash.

Grey or two-temperature (“2T”) radiation transport models radiation as a fluid with a

temperature 7,. 7, can vary from the gas temperature, but the radiation spectrum is assumed to
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be thermalized at all times (i.e. a blackbody with temperature 7,.). The multigroup approxima-
tion (MGFLD) divides the frequency range of interest into a number of energy bins and calculates
transport separately for each, with coupling terms to allow energy to move between bins. Thus
multigroup transport, unlike 2T transport, allows the radiation to have any spectrum so long as it
is resolvable by the number of simulated groups. In the case of shock breakout this allows T and
T, to differ, which in turn allows the direct study of the ratio between these two quantities. For
further details on MGFLD and its specific implementation in CASTRO, see Krumholz et al. (2007)

(derivation) and Zhang et al. (2011) (implementation).

3.4 Spectral Effects Due to Velocity

Most theoretical work on the subject assumes that so long as the radiation remains cou-
pled to the gas, the radiation temperature also reflects the gas temperature (see Nakar and Sari
(2010), Appendix B, for the reasoning behind this). However, initial shock breakout simulations
for this work produced unexpectedly high radiation temperatures, particularly a spike at the shock
front where gas temperature remained steady but 7, increased by an order of magnitude. This can
be explained through a consideration of the different terms affecting the spectrum in the FLD ap-

proximation.

3.4.1 Analysis

During breakout, two terms in the radiation-hydro equations dominate the spectrum: an
advection term in frequency space and the matter-radiation coupling term. The multi-group treat-

ment of flux-limited diffusion takes the form:
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Consider first the optically thick limit where the gas has the most influence on the radiation, in

which case f, = 1/3 and all A7 terms (representing freestreaming radiation) disappear.
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On the left-hand side, the first term in the equation represents the quantity to be solved for, the
change in group energy with time. The second and third terms represent energy transfer by bulk
fluid motion. The three terms on the right-hand side respectively represent energy exchange via
absorption/emission, diffusion of radiation, and energy transfer between frequency groups.

This equation can be interpreted as an advection equation in frequency space (see Zhang
et al. (2013) for details). The “sound speed" in this medium includes a term dependent on the
divergence of velocity, V - v. In practice, this means that as the gas is compressed by the shock,

velocity divergence shifts the spectrum towards the blue. This term can cause the radiation spectral
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temperature to diverge from the gas temperature even in optically thick regions. In particular, the
spectrum will harden significantly just before breakout as the shock reaches the stellar atmosphere
and increases in velocity. The magnitude of this effect is directly linked to the velocity at the shock
front - higher velocity leads to greater divergence and more hardening of the spectrum. Conversely,
the absorption-emission source exchange term, which depends on absorptive opacity, will tend to
equilibrate the radiation and the matter, so in the case of shock breakout it will cool the radiation.
The relative strength of these two terms determines the ultimate color temperature. If the source
exchange term dominates, 7 will follow the gas temperature. If the advection term dominates,
however, T, can be significantly higher. Therefore the relative timescales of these terms must be
considered in order to ensure the resulting color temperature has the correct qualitative behavior.
Let the scale length L = ¢/xg V' where yg is the total opacity (which in these simulations
is /2 scattering opacity). The terms that will alter the spectrum are the frequency group coupling
term (1/ 3)(6 -V)VE,, which depends on velocity divergence, and the absorption/emission energy
exchange term ckp (aT* —E,). The time scale of the exchange term is the inverse of cxp. The time

scale of the velocity divergence term is the inverse of v/3L.
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If 0 > 1, 1, > 7y, the exchange term dominates, and the radiation spectral temperature will follow

C
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the gas. If 0 < 1, 7, < 7y, the velocity term dominates, and the radiation spectral temperature will

increase above the gas temperature in regions of high velocity divergence, e.g. shock fronts.
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Figure 3.1: Temperatures in SN1987A shock breakout for the 1.0 B model with three choices of
e=1x10"° 1x 107, 1 x 1073 (red, green, blue). Solid lines show gas temperature and dashed
lines show radiation spectral temperature as estimated by measuring which frequency group has
the highest energy density. At low ¢ (red, green), the high velocity divergence at the shock front
causes the spectral temperature to increase above the gas temperature even when the material is still
optically thick. As € increases, radiation-gas energy exchange counteracts the effects of the velocity
divergence and the spectral temperature stays in equilibrium with the gas temperature longer. At
high e (blue), the exchange term dominates and the spectral temperature follows the gas temperature
through the hydrodynamic shock. The stair-step nature of the color temperature curves is an artifact
of the multigroup approximation, where radiation is represented by a set of groups each correspond-
ing to a range of frequencies. A color temperature calculation done by selecting the group with the
highest energy density and applying Wien’s Law to its central frequency will therefore show dis-
crete changes in value corresponding to the boundaries of the frequency groups.These calculations
are shown very close to the moment of breakout, when radiation has just begun to diffuse out from
behind the shock.
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3.4.2 In Simulation

For a model of SN1987A at breakout, v ~ 15000 km s™!. If kp /xz = 107, § = 0.0012;
if kp /& increases to 107, then § = 1.2, implying a significant shift in the spectral behavior of the
simulation. Figure 3.1 shows the temperatures of three SN1987A simulations run up to the moment
of breakout in order to test this hypothesis. Solid lines represent gas temperature and dashed lines
represent color temperature. Where the two lines overlap, the radiation and gas are in equilibrium.
The red and green dashed lines, representing color temperature in simulations with € = 10 and
107 respectively, both spike above the gas temperature at the shock front, the region of highest
velocity divergence. By contrast in the € = 107> simulation (blue) the color temperature follows
the gas temperature through the hydrodynamic shock. The stair-step appearance of the T, curves
is an artifact of the multigroup approximation; these simulations used 64 frequency groups spaced
logarithmically in the range 1x10% - 1x10'8 Hz.

Shock front velocities in the red supergiant models, especially the VLE explosions con-
sidered here, are much slower than in SN 1987A. Velocities at breakout range from 80 to 1200 km
s7! for RSG15. and 150 to 500 km s~! for RSG25. Even for xp /XR = 1070 the exchange term
dominates in most RSG cases. Velocity effects are therefore unlikely to play a role in VLE SNe

breakouts. However, in cases with high velocity, low metallicity, or both, this effect may come into

play.

3.5 Opacity Processes

Shock breakout is fundamentally shaped by the optical thick-thin transition layer in the

star’s atmosphere and modeling it requires great attention be paid to the simulated opacities. Un-
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fortunately, detailed opacity calculations are neither simple nor straightforward. Existing studies,
as noted in § 3.2, have often used tabulated opacities or assumed the dominance of electron scatter-
ing. This is an accurate assumption at standard supernova energies where temperatures behind the
shock will be in the range 1x 107 - 1x107 K, but it begins to break down in the regime explored by
low energy events. For VLE SNe breakouts, we expect temperatures in the range 1x10* - 5x10°
K and densities in the range 1x10™ - 1x107'? g/cm?. At these conditions different opacity pro-
cesses begin to play a role, and the tabulated opacities used by many supernova and stellar evolution
codes do not extend to the low-density regime, requiring the code to do its own opacity calculations.
This section discusses major opacity processes, their effects on both regular and low-energy shock
breakout, and their treatment in these models.

In all following discussions of opacity we assume both electrons and ions to be at the sin-

gle gas temperature 7" tracked by CASTRO. CASTRO does not track electrons and ions separately.

3.5.1 Free-Free Processes (Compton scattering and bremsstrahlung)

Analytic Representation

At the temperatures, densities, and metallicities explored in this paper, the predominant
contribution to scattering opacity comes from photons colliding with free electrons (Compton scat-
tering), which in these low-energy models can be considered solely in the Thomson limit. This
process also contributes to absorption opacity because these collisions are not perfectly elastic and

a small amount of energy is exchanged between photon and electron. The energy exchanged per
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Figure 3.2: Opacity profiles for model B15 near breakout, showing specific opacity « (top)
and opacity kp (bottom). Solid lines show total opacity (blue) and total absorptive opacity
(green). Dotted lines show absorptive opacity contributions from Compton scattering (red), inverse
bremsstrahlung (cyan), and bound-free (magenta).
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Opacity profiles for model F15 near breakout, showing specific opacity « (top)

Solid lines show total opacity (blue) and total absorptive opacity

(green). Dotted lines show absorptive opacity contributions from Compton scattering (red), inverse
bremsstrahlung (cyan), and bound-free (magenta).
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collision is:

h
@k, ~hv) (3.8)

me

AE =

where 7, is the radiation temperature. If the photon energy Av is less than the gas/electron energy
4kT, then the photons will gain energy (the inverse Compton process); otherwise they will lose
energy to the gas. As the radiation temperature drops, the average photon energy hv does as well,
and each scattering exchanges less energy. If the only absorption source considered is Compton
scattering, then as the breakout energy drops absorption will become inefficient at equilibrating the
radiation. The simulation will therefore show the chromosphere retreating within the star to higher
temperatures and densities, increasing the 7, /T, ratio. This will be discussed further in Chapter 4.
Bremsstrahlung emission occurs when an electron passes close to another charged par-
ticle, generally an atomic nucleus, and the change in its energy causes the emission of a photon.
There is an associated inverse bremsstrahlung process wherein a photon strikes an electron moving
near a nucleus and causes an increase in its energy. This results in a transfer of energy from radiation
to gas and therefore functions as an absorptive opacity. Inverse bremsstrahlung in regions with fully

ionized hydrogen and helium follows a Kramer’s Law opacity and can be calculated analytically as:

Rpp = CbT_3‘5nen,-l2 (39)

where Cj, is a numerical constant and / is the ionization level of the nucleus.
While Compton scattering depends only on the electron number density 7., since it con-

siders only photons scattering off electrons, inverse bremsstrahlung depends on both n, and n; as
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both an electron and an ion are involved in each interaction. For a completely ionized atmosphere
consisting of mostly hydrogen and helium, n; = n,. This gives kpj nl2 and in fully ionized regions
p = njp where 1 is the mean molecular weight, resulting in a p? dependency. Inverse bremsstrahlung
therefore drops off more rapidly with p than Compton scattering, relevant since shock breakout takes
place in a region of sharply decreasing density. The steepness of this density profile is a property of
the progenitor star and therefore does not differ between standard CCSNe and VLE SNe.

The gas temperature at the shock front, however, does vary significantly between stan-
dard CCSNe and VLE SNe. Compton scattering depends linearly on gas temperature, but inverse
bremsstrahlung goes as oc 7>, Thus a small drop in temperature causes inverse bremsstrahlung
opacity to increase much faster than Compton scattering, fast enough to overcome the suppression
from the p? term, making inverse bremsstrahlung much more significant in models at lower temper-
atures. In the VLE case temperatures during breakout are on the order of 5x10* - 3x10° K, and in

this regime inverse bremsstrahlung plays a significant role and must be considered in simulation.

Implementation

Energy exchange via photon-electron collisions occurs at the same rate as electron scatter-
ing. The CASTRO opacity network used for breakout represents absorptive opacity from Compton
scattering as a fraction of electron scattering opacity k¢ = €X., Where Yy, is the Thomson electron
scattering opacity and ¢ is some factor < 1.0. In our simulations € is generally in the range 1x 1073
-1x107%,

For inverse bremsstrahlung calculations the CASTRO opacity network implements eq. (3.9).
Note that this approximation becomes invalid if hydrogen and helium are not fully ionized. When

the gas temperature drops below approximately 4.5x 10* K, helium and hydrogen begin to recom-
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bine, and this equation gives progressively more unreasonable answers as inverse bremsstrahlung no
longer follows a Kramer’s Law form. The opacity network therefore stops calculating bremsstrahlung

opacity below this temperature.

3.5.2 Bound-Free Processes (photoionization)

Photoionization is a complex process. Because cross-sections for ionization depend strongly
on the energy of the incoming photon, precise formulas for this opacity are heavily frequency-
dependent. However, above 5000 K hydrogen may be assumed to be ionized, and above 4.5x 10*
K helium may also be assumed to be completely ionized. Therefore when 7 > 4.5 x 10* K only
metals will contribute to photoionization opacity. In a star of solar metallicity the fraction of the at-
mosphere that consists of metals is small, but their large cross-sections and low ionization energies
make their opacities significant. In this regime the photoionization can be treated as a grey opacity

with a Kramer’s Law form.

kpp=4.34x 102 Z(1.0+Xp)pT > (3.10)

where Xy is the hydrogen mass fraction and Z the metal mass fraction (not the proton number).
However, this raises the question of how to treat photoionization when 7 < 4.5 x 10* K. Here the
Kramer’s Law opacity breaks down and truly accurate calculations are quite time-intensive. An
approximate grey opacity may be found by doing a number of frequency-dependent calculations
and taking their Planck mean, but this is again quite time-intensive. It is therefore worth considering
whether photoionization opacities below the helium ionization limit are relevant; in these models

the opacity network ceases to calculate bound-free opacities below this temperature.
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3.5.3 Bound-Bound Processes (line opacities)

Line opacities are not accounted for in these simulations. Based on extrapolation from
existing models, the fraction of opacity contributed by bound-bound is expected to be of order 10%
of the other absorptive opacities. This is likely not significant enough to change overall behavior,
but would be of interest to add. However, this requires either generating tables for the appropriate
temperature and densities regimes, which, as noted, is challenging, or manually implementing a
much larger opacity network that would be by necessity frequency-dependent, obviating the work
done to place other opacities in simpler grey forms and requiring lengthy multigroup simulations for

even the bolometric light curves. Thus bound-bound opacities are not implemented in these models.

3.6 Opacity and Color Temperature in VLE Models

Color temperature is not directly set by some requirement of shock breakout physics.
As discussed in § 3.2, many (but not all) numerical simulations of breakout predict a ratio of 2-3
between T, and 7,. Nakar and Sari (2010) predict a ratio 1.8 in red supergiants and 2.1 in blue
supergiants and in Rabinak and Waxman (2011), which considers a low-temperature phase of the
supernova akin to conditions during a VLE SN breakout, ratios are calculated to be in the range 1.1
- 1.8. It is reasonable, therefore, to ask what kind of ratio can be expected in the VLE case.

In the following analysis it is important to distinguish between the optical depth as mea-
sured from the stellar surface, denoted as 7/, as opposed to the optical depth of a single shell, denoted
simply 7. In a simulation context a “shell" is assumed to refer to one cell of a 1D spherical model,
each cell having a single value for both opacity and density. 7 is therefore equal to kpAr.

The criterion used in Nakar and Sari (2010) to determine if a shell of gas will set the
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radiation’s color temperature to its local gas temperature is whether said shell can produce sufficient
photons to create a blackbody spectrum before the radiation diffuses through it. Nakar and Sari
(2010) use this criterion to create the parameter 7, which is the ratio of the number of photons a
shell must produce in order to set the radiation to its local gas temperature, divided by the number

of photons that can be produced in the appropriate time:

= BB G.11)
tstin

where ; is the time radiation spends in the shell, which is at minimum Ar/c. While the photons are
propagating in the diffusive regime, the time they spend in each shell is 7Ar/c. If n < 1, the shell can
produce sufficient photons and it will thermalize the radiation. The emitted peak color temperature
therefore reflects the gas temperature of the outermost shell still coupled to the radiation and having
1 < 1, which is here called the chromosphere R,. In the limit that radiation spends a full diffusion
time in each cell, Nakar and Sari (2010) notes that the condition 1 = 1 is equivalent to each photon
experiencing at least one absorption in the shell, placing the chromosphere at the location where
T, T~ 1.

Shock breakout begins when 7' & ¢/v, and the radiation can escape the star ahead of
the shock. Opacity drops steeply in the post-shock region and once radiation can travel ahead of
the shock it will escape from the rest of the star without further interaction. Thus the condition
7/ = ¢/vy is also the condition T = ¢/v, and the corresponding shell is the photosphere of breakout.”

If 7~ 7, thenn=1is Tj ~ 1 and R, should now be at 7, = 1. However, the breakout criterion is

ZAssuming that the medium around the star is transparent to the breakout flash. This is assumed to be true in the
models considered here, but in the case of stars with dense CSM/strong stellar winds, it may not be, and the photosphere
may be external to the star entirely. The modeling of breakout in stars with complex CSMs is of great interest, but well
beyond the scope of this work.
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now 7, = ¢/vs. As ¢/vs > 1, this would place R, at a higher optical depth, i.e. a smaller radius, than
R.; but R. cannot exceed R,, since past R, the radiation no longer spends a diffusion time in each
cell and on average is not expected to interact. Thus as long as 7, ~ 7, Re ® R, and T,. =~ T,.

A typical shock velocity near the surface in a compact progenitor and a standard-energy
model is 1.5x 10* km/s. At this velocity breakout would occur at 7 = ¢/vs = 20 and R, < R, as long
as 7,/7 < 0.05. Typical values for this ratio in these cases are 0.01 and lower. Note that since the
temperature is changing rapidly in the post-shock region, R. does not have to be much smaller than
R, to give T. > T,. In the low energy models the shock velocity is lower and the absorptive opacity
is higher due to the low-T effects on opacity as discussed in § 3.5. At v =35 x 10° km/s breakout
would occur at 7 =100.0 and R, < R,, only if 7,/7 < 0.01, and a typical ratio of such optical depths
near the surface is closer to 0.5.

In SN1987A, the highest ratio between absorptive depth and total depth is about 0.01. In
G15, itis 0.04. Butin E15 (10°° erg)itis 0.5, and in B15 (10%8 erg) itis as high as 0.7. Thus the color
temperature can be expected to converge with the effective temperature as the shock temperatures
go down. This results in a breakout even brighter in the IR and optical windows than would be

expected. The observational impacts of this effect are discussed in § 5.1.

3.7 Effects of Metallicity

What effect does metallicity have on the ratio 7, /T, at breakout? While a full simulated
exploration of this space is beyond the scope of this paper, we can qualitatively predict some be-
havior. Stars with high envelope metallicities and/or low shock velocities will likely show the 2 -

3 ratio, but stars with very low envelope metallicities, such as Pop III stars, might exhibit spectral
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temperatures dramatically higher than predicted due to the velocity divergence effects discussed
in § 3.4. Kasen et al. (2011) estimated the shock velocity at breakout in a pair-production SN in
a red supergiant model at 1.5 x 10* km/s, similar to the SN1987A model discussed in § 3.4.2; in
blue supergiants this number can be substantially higher. At the temperatures of a standard-energy
breakout inverse bremsstrahlung is highly suppressed and metals contribute most of the photoion-
ization opacity; total absorption opacity in a metal-poor star may therefore be quite low. At high
velocities and low absorptive opacity the velocity divergence discussed in § 3.4 can easily dominate
the exchange term and increase the spectral temperature. Even if velocity effects are suppressed
a small xp may still cause the chromosphere to retreat within the star to higher temperatures and
densities. Thus the observed spectrum may be much hotter than simple opacity arguments would

predict.

3.8 Conclusions

Shock breakout is a viable means of detecting VLE SNe that would otherwise be too faint
to observe, but in low-energy events care must be taken to represent the appropriate opacity pro-
cesses and account for their effects on spectral temperature. This chapter details the approximations
used in this model for free-free, bound-free, and bound-bound opacities. It also describes effects
capable of shifting the spectral temperature of the breakout, notably velocity divergence and high

absorptive opacities.
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Chapter 4

FLD Simulations of Shock Breakout in

Very Low Energy Supernovae

4.1 Introduction

Starting with the theoretical foundation discussed in Chapter 3, shock breakouts in VLE
SNe may be studied in simulation. First the CASTRO code and its radiation module are validated
for the most well-understood shock breakout case in the literature, SN1987A. Then VLE SNe mod-
els in red supergiants are simulated in CASTRO. Although analytic estimates of VLE breakout
exist (Piro, 2013), no numerical simulations have yet been carried out. In particular the color tem-
perature 7., which is distinct from the effective temperature 7T, , has not been calculated in VLE
SNe because its determination requires a multigroup treatment of radiation. In the coming age of
large-scale transient surveys accurate light curves and spectra will be vital for mission planning and

analysis. Without such models, these transients might easily be confused with other phenomena
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having similar time scales and luminosities - for instance, novae, failed Type Ia SNe, tidal dis-
ruption events, or common envelope ejection from binary mergers - and the light curve automated
selection criteria can inadvertently misclassify interesting transients or even ignore them altogether.
Template light curves and spectra of VLE SNe breakouts are therefore provided in the hopes of

guiding observation.

4.2 Verification and Validation of CASTRO: SN1987A

Because CASTRO’s MGFLD module is new, it is important to first verify its capabilities
for this sort of simulation. A frequently modeled shock breakout event is that of SN1987A, which
has been previously simulated by Ensman and Burrows (1992) (EB92) with the VISPHOT code and
Tolstov et al. (2013) (T12) in 2012 with the STELLA code. SN1987A also has upper limits on the
temperature and luminosity of its shock breakout that were derived after the fact from observations
of the ionization of the surrounding gas (Fransson et al., 1989; Lundqvist and Fransson, 1996).
The progenitor chosen was an 18 M, blue supergiant with a radius of 3.2 x 10'? cm, shown in
Figure 4.1, the same model studied in EB92. This model was also studied in Sukhbold et al. (2015).
Two different explosion energies were sampled. One model at 1.0 B was close to the observed
value, near 1.3 x 10°! erg (Arnett et al., 1989) and the other model at 2.3 B, was chosen to match
the second simulation in EB92. The high temperatures in SN1987A’s breakout ensure that electron

scattering opacity is dominant.

The 1.0 B progenitor was simulated in both single-group (grey radiation) and multigroup
mode; the 2.3 B progenitor was studied only in single-group. The results are shown in Figure 4.2

which gives the bolometric light curve, and Figure 4.3 which gives the spectrum at peak 7. Peak
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Figure 4.1:  Density and temperature profiles for the SN1987A progenitor at the time the calcu-
lation was linked from the KEPLER code to CASTRO for two different explosion energies, 1.0 B
(blue) and 2.3 B (green).

Table 4.1: SN1987A Breakout Model Results

Model Star vikm/s)  KE%ergs) Lyear (erg/s)  At(s) Max T, (K) Max T (K)

1.0B SNI987A 2.0x10* 1.08x10°' 6.77x10%* 70.7 5.13x10° 1.1x10°
23B SNI987A 3.2x10* 2.01x10°!  1.53x10% 45.0 6.29%10°

3Velocity at breakout.

PKinetic energy at breakout.

CFull-width half-max of travel-time-corrected light curve.
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Figure 4.2: Bolometric light curves for shock breakout in SN1987A calculated for two different

explosion energies using CASTRO, 1.0 B (blue) and 2.3 B (green). The higher-energy breakout is

significantly brighter and shorter. The curves have been arbitrarily shifted in time to overlay at peak
for ease of comparison.
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Figure 4.3:  Spectrum for shock breakout in SN1987A for a 1.0 B explosion calculated using
CASTRO and sampled at peak color temperature. Circles mark the centers of frequency groups.
Sixty-four groups were used in this calculation. This spectrum has a blackbody form and an effective
temperature of 7,= 5.41x10° K, but applying Wien’s Law to the peak frequency gives a color
temperature 7. = 1.1x10° K.
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Table 4.2: Presupernova Star Parameters

Star Final Mass (M) He Core Mass (M)  Radius (cm)

SN1987A 15 8 3.2x10%3
RSG15 12.79 4.27 6x1013
RSG25 15.84 8.20 1.07x 101

T, will occur near the very beginning of the breakout, while the bolometric luminosity will rise on
a longer timescale; in SN1987A the peak luminosity occurs about 100 seconds after peak color
temperature. Bremsstrahlung and photoionization opacities are negligible in this energy regime
and are not included. Comptonization is included and the ratio xkp/xghas been set to 5 x 1073
in order to ensure the source exchange term is dominant (§ 3.4). The bolometric light curve is
similar to past studies with a luminosity that peaks around 10% erg/s, indicating a high-energy
explosion. The breakout light curve has a width of ~ 100 s, indicating a small stellar radius. Peak
effective temperature occurs at peak luminosity, and the ratio of peak temperatures 7, /T, = 1.1 x 10°
K/5.5 x 10° K = 2.7, matching the theoretical prediction of a ratio between two and three. The 2.3
B explosion has a higher and sharper peak than the 1.0 B. A full summary of the results can be
found in Table 4.1.

These results match both prior simulations and theoretical predictions; we can therefore

be confident in CASTRO’s ability to handle this problem.
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4.3 Simulation Setup

4.3.1 Progenitor Stars

As discussed in § 1.2, based on a number of recent surveys (e.g., O’Connor and Ott,
2011; Pejcha and Thompson, 2015; Sukhbold et al., 2015) the presupernova progenitor masses
most likely to produce black holes in stars that still retain their envelopes lie in the range 15 to
35 Mg Especially prolific in black hole production may be the stars 18 to 26 M (Horiuchi et al.,
2011; Ugliano et al., 2012; Brown and Woosley, 2013a; Sukhbold and Woosley, 2014; Kochanek,
2014; Clausen et al., 2015). In order to sample this range, two progenitor stars are used, both red
supergiants, with masses 15 M5 (RSG15) and 25 M5 (RSG25). Their presupernova structures are
shown in Figure 4.4; as these are the same two models used in Chapter 2, their detailed composition
is shown in Figure 2.2 and Figure 2.3. Since the radiation produced by breakout depends chiefly on
the energy, which will be varied, and the presupernova radius, which changes gradually by about
a factor of two in the mass range of interest, these two models should suffice. The models here
are taken from Woosley and Heger (2007) and are very similar to those more recently explored by
Sukhbold and Woosley (2014) and Sukhbold et al. (2015).

These stars were evolved using the KEPLER code (Weaver et al., 1978; Woosley et al.,
2002) from ignition on the main sequence to the time of collapse. An artificial shock of variable en-
ergy was initiated by first extracting the iron core and then dumping energy in the bottom 10 zones.
Since the calculations here do not depend upon nucleosynthesis or details of how the explosion was
powered, this approach is as good as any.

It is important to note that the energy deposited, the shock energy at the time of breakout,

and the final kinetic energy at infinity of the ejecta are three different quantities. Not all energy
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Figure 4.4: Density and temperature profiles for RSG15 at the time the calculation was linked from
the KEPLER code to CASTRO for five different explosion energies. The shock energies increase
alphabetically. The time, and hence radius of the link was arbitrary, but sufficiently early and deep
in that the shock was still in very optically thick regions of the star. The KEPLER zoning was
relatively coarse with only 40 zones external to 5 x 10'3 cm. The surface structure is (or should
be) unchanged since the shock wave was launched and is identical to the pre-supernova stellar
atmosphere. Because of this coarse zoning and crude surface physics, the effect of using a model
atmosphere was explored in § 4.3.3.

deposited becomes kinetic, and the shock energy at breakout is not the same as the total energy
which includes both positive internal and negative gravitational energy. Both the kinetic energy at
breakout, which is relevant for breakout, and the final kinetic energy, which is relevant for the later
light curve, are given in Table 4.3.

In most core-collapse simulations, the properties of the pre-collapse stellar atmosphere
are irrelevant, as it will be quickly disrupted by the explosion itself. But the crucial physics of

shock breakout occur at this layer. Care must be taken to treat it accurately in shock breakout stud-
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Density and velocity profiles for RSG25 at link time from KEPLER to CASTRO.

RSG25 models with varying energies were produced by multiplying the velocities in a single RSG25
model (here designated C25) by a constant factor at link time. Density and temperature profiles were
assumed to be the same.
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ies. Additional modifications were therefore made to the progenitor models’ atmospheres. These
modifications are discussed in § 4.3.3.

Three calculations were then done, a refined one of breakout using CASTRO (§ 4.5);
a crude one of breakout using KEPLER, and a refined calculation of the later light curve using
KEPLER (§ 4.5.3). KEPLER performs only single temperature flux-limited radiation transport, but
as long as the model is mapped into CASTRO at a time when the material is still very optically
thick and the radiation is fully thermalized, no loss of precision occurs. Breakout in KEPLER
gives information on the bolometric luminosity and effective emission temperature that is useful to
compare with CASTRO. Only the CASTRO calculation gives information on the color temperature
and spectrum.

Due to their large radii, breakout transients in red supergiants have a much longer time
scale, and this is lengthened further by the low energies considered. Typical durations are hours
to days. The much larger size also presents simulation challenges. The model atmospheres of the
RSG progenitors are comparable to the size of SN1987A’s entire progenitor. Resolving the red
supergiants properly required the use of constant, predefined mesh refinement. One coarse grid

covered the entire domain, and another refined by a factor of 4 covered the star itself.

4.3.2 Choice of Energies

Explosion energies in the range 107 —10°° ergs were explored for red supergiants. The
lowest energy is set by the approximate binding energy of the hydrogen envelope. The upper bound
to the energy range studied is set by the lowest energy supernovae that have already been detected.
The Crab supernova for example, is thought to have had an energy of near 10°° erg (Yang and

Chevalier, 2015). At the lower bound even the recombination of the hydrogen and helium in the
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envelope gives ~ 10%

erg and it is difficult to imagine the ejection of most of the envelope with
less energy. This also gives very low velocity and a long transient that might be difficult to detect or
easily confused with other sources. This sort of event might result from nuclear instabilities in the
core during oxygen and silicon burning. For example, the stronger silicon flash studied in stars of
near 10 Muby Woosley and Heger (2015) imparted a kinetic energy to the envelope of ~ 5 x 104
erg, but weaker flashes imparted far less, down to a few x 10%’ erg. Unfortunately very weak shocks
did not make it to the surface before the core collapsed and a new shock was launched. A shock
of 3 x 10*® erg did reach the surface though. Shiode and Quataert (2014) estimate that convection
in presupernova stars can drive shocks with 10* —10* ergs of energy. Energies of 10*7 - 10*® erg
were also seen in the transients studied earlier in Chapter 2. Models F15 (0.5 B) and G15 (1.2 B)
are simulated for comparison purposes.

Because the energy in the shock at breakout depends only on the local velocity structure
in the hydrogen envelope, additional models were generated in the CASTRO code by multiplying
the velocity in the KEPLER model at link time by a variable factor. This gave greater control over
the energy and allowed for a greater diversity of models to be studied. All RSG15 models were
calculated individually using KEPLER. In order to have more control over the explosion energy

and survey a grid of possibilities, the RSG25 models were produced by multiplying the velocities

in KEPLER Model A25 by a constant factor.

4.3.3 Stellar Atmospheres

KEPLER is designed to study the internal structure and nucleosynthesis of stars and does
not treat the outer stellar atmosphere very carefully. However shock breakout is fundamentally an

atmospheric phenomenon, since its properties are governed by the critical thick-to-thin transition
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region near the photosphere. In the SN1987A models, this atmosphere is on the order of 1 x 10'?
cm thick; in the RSG models it is ~ 6 x 10'2. The effect of variations in the stellar atmosphere
was tested by running two different simulations of shock breakout in SN 1987A. The first model
had its atmosphere replaced by a power law fit of the form logiop = a1, log,gr+ 51, log,;, T =
oy, log,,r+ B2, where a, 3 were determined by fitting the original KEPLER data. The fits gave
ap=—42.1, 51 =518.0, ap =-26.4, 3, =334.5. The second model then had its atmosphere replaced
by the same power law form using «; /2, /2, generating a significantly less steep gradient. As can
be seen in Figure 4.6, the different atmospheres result in quite different breakout profiles. The two
breakouts have the same integrated energy, since that energy is being released from the shockwave
itself, but the more slowly varying atmosphere influences the time scale and temperature of the
observed transient. A shallower atmospheric gradient creates a wider transition region and thus a
breakout that is longer lasting and correspondingly less luminous at peak, while a steeper gradient
creates a harder, faster transient.

The true atmosphere of SN 1987A’s progenitor is not expected to vary this much between
presupernova models, but this comparison does demonstrate that differences in the atmospheric gra-
dient can produce corresponding and significant differences in the resulting light curves. KEPLER
does not zone this atmosphere finely by default, and during the propagation of the shock waves from
the core to the CASTRO link point, physics changes designed to simulate shock wave structure as
well as possible can lead to secondary responses in the atmosphere. Since explosions at different
energies take different amounts of time to reach the surface, this can also lead to variations between
different models in the same pre-supernova progenitor. These divergences are clearly unphysical

and modifications to the CASTRO input models are therefore required.
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Figure 4.6: Density of SN1987A presupernova model with two different stellar atmospheres

applied: a power law fit to the initial KEPLER model of the form p = «, log;,r+ /; (solid), and
the same power law fit made shallower by using p = (a1 /2), log,,r+ 3 (dashed).
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Figure 4.7:  Light curves for SN 1987A breakout corresponding to the 2 different stellar atmo-
spheres in Figure 4.6, a power law fit to the initial KEPLER model of the form p = alog,qr+ i
(solid) and a shallower gradient fit of the form p = (a;/2)log,,r+ 81 (dashed). Despite begin-
ning with the same shockwave, breakout through the two atmospheres is significantly different. The
shallower atmosphere produces a longer and dimmer breakout than both the steeper model and com-
parison results from other simulations of this event. Thus differences in the atmospheric gradient
can produce corresponding differences in the results, and the atmosphere must therefore be treated

with care.
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An alternative to a simple power-law extrapolation of the density structure in the KEPLER
presupernova star’s outer zones is to use a model stellar atmosphere. For the 15 Mg, red supergiant
models, realistic model atmospheres were available from the MARCS database (Gustafsson, B.
et al., 2008). The MARCS atmospheres were calculated using a specialized code designed to help
observers fit spectra for observed red supergiants. The atmospheres include NLTE effects not sim-
ulated in either KEPLER or CASTRO, as well as the effects of line blanketing. RSG15 progenitor
has T, ~ 3550 K, solar metallicity, and log surface gravity of -0.32. The two MARCS atmospheres
closest to RSG15 were selected based upon 7, , metallicity, and log specific surface gravity, then
interpolated to fit the KEPLER progenitor’s properties. The MARCS atmosphere data extend ap-
proximately 5 x 10'> cm below and 1 x 10'2 cm above the photosphere. In order to ensure a smooth
transition a power law was fit to the combined MARCS atmosphere and KEPLER model and used
to replace all RSG15 atmospheres. This replacement provided a much more accurate, consistent
atmospheric gradient. The final progenitor atmospheres are shown in Figure 4.8.

The atmosphere of a 25 Mgred supergiant is more complex and has been less well-studied
in simulation. This progenitor’s envelope is very extended and loosely bound. Once the star reaches
this stage of its life it will have likely lost part or all of the envelope to winds or other instabilities
and uncertainties in mass loss make it difficult to estimate the atmosphere’s structure. The section of
parameter space explored by MARCS did not extend near enough to our progenitor star to reliably
extrapolate the data. Thus for RSG25 a power law of the same form as the 87A fit described above

is fit to the existing KEPLER model and used to replace the progenitor atmospheres.
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Figure 4.8: Density profiles for the 5 RSG15 presupernova models from Figure 4.4, revised with
MARCS model atmosphere in place of original KEPLER atmosphere.
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4.3.4 Equation of State and Network

These models used an 18-species network, terminating at nickel, with two auxiliary vari-
ables, electron fraction Y, and mean molecular mass 1/u. Nuclear reactions are turned off and all
species are passively advected. In the regions of interest the composition is overwhelmingly dom-
inated by hydrogen and helium at relatively low temperatures, so an ideal gas law plus radiation
provides an accurate equation of state. KEPLER has its own general equation of state that is good
under all conditions except extremely high density. There was good agreement between the KE-
PLER pressure, internal energy, temperature and density and the equivalent quantities in CASTRO

after the remap.

4.3.5 Opacity

As discussed in Chapter 3, shock breakout is fundamentally a transition of the shock
wave from an optically-thick to optically-thin region, and an accurate treatment of opacity is critical
to obtaining realistic results. The crucial physics of shock breakout occurs at and behind the shock
front where the gas temperature is in the range 4.5x 10* - 1 x 10% K when breakout occurs, depending
on the model’s energy. In this regime, the scattering opacity is dominated by Thomson scattering,
which can be easily calculated using the free electron density from a Saha solver. Scattering easily
dominates total opacity in all our models, electron scattering easily dominates total scattering, and
our H-He Saha solver gives a precise value for the electron density. This gives reliable estimates of
parameters that depend only on total opacity, such as radius of the stellar photosphere and overall
shape of the bolometric light curve. The absorptive opacity is more complex. Both free-free and

bound-free (photoionization) processes contribute, as well as the effective absorption arising from
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energy losses during inelastic electron scattering.

For each time step in the simulations, the Saha equation was solved assuming the pres-
ence of only hydrogen and helium. At the relevant temperatures and mass fractions this is a good
approximation. The electron abundance is then used to calculate both a total opacity y (assumed
to be dominated by scattering) and a small contribution to absorptive opacity kp ., computed by as-
suming a fixed ratio € = kp ./ xg. Both Thomson scattering and its contribution to absorptive opacity
are grey i.e. insensitive to frequency. Inverse bremsstrahlung absorption is calculated according to
the equations discussed in § 3.5.1. Photoionization absorption contributed by metals is calculated
according to the equations discussed in § 3.5.2. Line opacities, bremsstrahlung processes below
4.5%10* K, and photoionization processes below 4.5x10* K are not accounted-for, as the former
requires much more detailed calculations (§ 3.5.3) and the grey opacity laws for the latter two pro-
cesses break down once their assumptions of complete H and He ionization are violated. For details
on both the theory and implementation of these opacities, see § 3.5.

CASTRO is an Eulerian code and thus requires a certain amount of mass in every cell
on the grid, or severe instabilities will result. A very thin ambient medium is therefore placed
around the progenitor star to keep it stable while the processes of interest run. In the case of shock
breakout this ambient medium must be made optically thin to ensure that its presence does not
distort the resulting lightcurves. The ambient medium is generally made as cold and thin as possible
while still maintaining numerical stability, to avoid affecting simulation results. Photoionization
opacity in this medium presents an interesting problem. Material below 4.5 x 10* K has significantly
higher photoionization opacities as a greater fraction of H and He atoms are neutral, and a breakout

flash entering an ambient medium at such temperatures could falsely lose a great deal of energy to
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ionizing its surroundings. Near the end of its life a massive star is pouring out sufficient luminosity
that hydrogen and helium in the region immediately surrounding it (less than one stellar radius from

the surface) should be ionized already.

4.4 Light Curves, Spectra, and Post-Processing

Light curves and spectra are evaluated by sampling the flux in a single distant cell, rep-
resenting the observer. The measured flux is corrected from the comoving frame back to the lab
frame, and then the entire light curve corrected for light travel time. Because of the star’s curvature,
a distant observer will not see the breakout front erupting uniformly across the star; rather, more
distant portions of the disk will light up at later times since the light must travel slightly farther to
reach the observer. The comparatively small (3x10'? cm) SN1987A progenitor has a light travel
time of only 100 seconds, but RSG15 (~6x10'3 cm) and RSG25 (~1x10'* c¢cm) have light travel
times of 2000 and nearly 10000 seconds, respectively. The overall effect of this correction is to
smear the light curve out in time, increasing peak width and lowering peak brightness. We use the

same simple light travel correction formula as T12:

1
Lops(t) = 2/ L(t—71)xdx,7 = (R, /c)(1 —x)
0

This formula makes three assumptions: that the distance to the observer is large, that the radiation
is isotropic, and that the photospheric radius R, remains stationary. The first two assumptions are
easily satisfied. The third is less accurate at later times as the envelope begins to expand, but the

speed of the photosphere is much smaller than the speed of light and R, can be effectively taken as
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constant during the light crossing time.

Spectra are calculated by sampling the individual group fluxes in the same cell as the light
curve. All multigroup models in this paper were run with 64 logarithmically-spaced groups. The red
supergiants were run with a frequency range 1.5 x 10'*—1 x 10!7 Hz except in the very-low-energy
model A15, which was run with the frequency range 1.5 x 10'*—1 x 10'® Hz. SN1987A was run
with the range 1 x 103 —1 x 10'® Hz. CASTRO automatically places any energy at frequencies
below the the lower limit in the lowest group, and any at frequencies higher than the upper limit in
the highest group; thus a failure to resolve the correct spectral range can be detected by checking for
anomalously high energies in the lowest or highest group. T is calculated by applying Wien’s Law
to the frequency group with the highest energy. T, is calculated from the bolometric radiation flux
using the standard F = o557, * blackbody relation. We considered breakout to be complete when the

bolometric light curve had declined to at least half of peak brightness.

4.5 Breakout in Red Supergiants: Results

In RSG15, the supernova fails almost completely at some of the lower energies. Only
a small fraction of the envelope achieves escape speed, as shown in Figure 4.11. For others the
envelope is ejected, but not the helium core. Bolometric light curves for RSG15 are shown in
Figure 4.9. The wide range of kinetic energies examined results in a diverse set of peak luminosities.
Perhaps unfortunate for their detection, duration and peak brightness are inversely related - that is,
the brighter the breakout, the shorter it will likely be. Full-width half-maximum durations range
from 3 h to 70 h.

Though mass loss leaves RSG15 and RSG25 with similar presupernova masses (12.79
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Mg vs. 15.84 M), the radius of RSG25 is nearly double the radius of RSG15. Breakouts with
similar energies are thus expected to have longer light curves and lower peak energies in RSG25.

Bolometric light curves (Figure 4.10) show peak luminosities around 10*?

erg/s and durations in the
25 - 70 h range, excepting E25, whose kinetic energy at breakout was significantly higher.

Both RSG15 and RSG25 show minor anomalies in their light curves post-peak. RSG15’s
shock breakouts show a curious change in decline rate post-peak - initially declining quite steeply,
then changing to a shallower slope. Four of RSG15’s breakouts display this anomaly, and it is
correspondingly extended in the longer-duration light curves. RSG25 shows a similar variation
post-peak, although in this case it shows multiple peaks/changes in the rate of decline. None of
these small features represent significant variations relative to the light curve of each breakout, but
the fact that they appear in all light curves of a single progenitor merits further investigation. It is
unclear what physical behavior causes these anomalies, but their appearance seems to be related to
the formation of a high-density spike at the photosphere as the hydrodynamic shock begins to move
out through the former photosphere. This spike is likely an artifact of 1D simulation and would in

reality be quickly broken up by fluid instabilities. As noted, none of these features are significant

relative to the overall light curves, so they can be neglected.

4.5.1 Color Temperature

As discussed in detail in § 3.6, the opacities in low-energy shock breakouts differ from
those expected in standard CCSNe, as the lower temperatures bring different opacity processes into
play. The total opacity in VLE SN breakout is dominated by electron scattering, but the absorp-
tion is dominated by inverse bremsstrahlung, with significant contributions from photoionization. If

only Compton scattering were considered in calculating absorptive opacity, the color temperature
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Table 4.3: VLE Breakout Model Results

Model vikm/s) KE,%ergs) KE r(ergs) L, (erg/s) Lcrd(erg/s) At%h) Max T, (K)
AlS 80 3.86x10%  6.58x10% 9.50%x10%° 9.57x10° 684  8.15x10°
B15 150 6.43x10%7  1.54x10* 3.89x10* 3.82x10*" 352  2.06x10*
C15 320 498x10"®  1.21x10* 8.39x10*? 8.33x10%* 8.1 4.44x10*
D15 650 2.13x10%  5.04x10* 543x10% 5.38x10¥ 53 7.08x10*
E15 1200 543x10%  1.23x10°°  2.13x10*%* 2.02x10* 3.1 9.97x10*
F15 1920 2.16x10°  5.07x10°° 825x10%* 8.07x10*  1.83 1.40x10°
Gl15 2400 2.54%x10°°  1.20x10°"  1.68x10% 1.66x10%  1.42 1.67x10°
A25 150 1.38x10%® 9.07x10*"  9.03x10*"  67.0 1.57x10*
B25 179 1.53x10% 1.23x10*  1.23x10** 579 1.70x 10*
C25 210 227x108  6.12x10*®  2.76x10** 2.77x10**  37.0  2.08x10*
D25 280 3.52x10%8 5.85x10* 583x10*2 259  2.51x10*
E25 480 1.10x10% 3.67x10%  3.61x10% 9.3 3.97x10*

4Velocity at breakout.

PKinetic energy at breakout.

CFinal kinetic energy of supernova.

dCorrected for light travel time.

CFull-width half-max of travel-time-corrected light curve.
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Figure 4.9: Bolometric light curves for RSG15 shock breakouts at 7 different explosion energies
ranging from 3.86 x 10*® (A15) to 1.2 x 10°! (G15), calculated by CASTRO. Both peak luminosity
and breakout flash duration show clear and significant variations with explosion energy. The slight
anomalies in the light curve post-peak are discussed in § 4.5.
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Figure 4.10: Bolometric light curves for RSG25 shock breakouts at 5 different explosion energies
ranging from 1.38 x 10 (A25) to 1.10 x 10* (E25), calculated by CASTRO.
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is expected to rise significantly above the effective temperature (§ 3.5) as the temperature drops.
However inverse bremsstrahlung is expected to increase much faster than Compton scattering ef-
ficiency drops. In this case the color temperature is therefore expected to approach the effective
temperature as the kinetic energy drops. When absorption opacity approaches scattering opacity,
the chromosphere and photosphere will converge. As calculated in § 3.6, in SN1987A, the highest
ratio between absorptive depth and total depth is about 0.01. In G135, it is 0.04. But in E15 (10°°
erg) it is 0.5, and in B15 (10*® erg) it is as high as 0.7. Thus 7, and 7T, are expected to converge in
these models. This results in a breakout even brighter in the IR and optical windows than would be

expected. The observational impacts of this effect are discussed in § 5.1.

4.5.2 Comparison to Analytic Results

Analytic predictions for shock breakout in “normal” Type IIp supernovae already exist in
the literature (Tominaga et al., 2011; Matzner and McKee, 1999; Katz et al., 2010). Piro (2013)
extended these formulas to consider the specific case of low-energy supernovae. These formulas
predict the bolometric luminosity and timescale of breakouts based on the properties of the progen-
itor star and the explosion and can be tested against our numerical results. Piro (2013) gives:
Ly, =1.4x 1041& (pl>0‘194erg/s
P

0.29 70.65 p0.42
ro3aM1o” Riooo

\ EO3 PN
Tops = 1.4 X 107 5 Gee 016 506 () K
: MIO RY: 1 Px

Ko34 1000

where E48 = Ekin/1048,M10 = Mej/loM@,Rl()Qo = R*/l()OOR@, and R34 = 5/034 Stellar radii are
given in Table 4.2. It is assumed in both cases that the ejecta mass M,; is equal to the size of the

hydrogen envelope, that the adiabatic index v =5/3, and that the factor (p; /ps) ~ 1. The results are
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shown in Table 4.4.

There is some ambiguity in the equations as to when the quantity E4g should be measured;
the kinetic energy at breakout will differ from the ejecta’s final kinetic energy at infinity. For RSG15,
the peak luminosity predictions fell much closer to the KEPLER and CASTRO results when Eug
was assumed to be kinetic energy at infinity as measured in KEPLER. The analytic predictions
and the KEPLER results are very close and both slightly underestimate the CASTRO luminosities.
RSG25 shows much greater variance. The analytic predictions underestimate the numerical results
by a factor of 4 - 10, with the inaccuracies increasing with kinetic energy. The analytic formulas

therefore give reasonable if not precise estimates for a breakout’s brightness.

4.5.3 Comparison to KEPLER Results

Figure 4.11 shows the evolution of the 5 RSG15 models post-shock breakout as simulated
by KEPLER. Their plateau durations vary significantly with energy, as might be expected, but even
the shortest is well over 100 days. Plateau magnitudes tend to be some 1.5 - 2 orders of magnitude
lower than the breakout peak. KEPLER slightly underestimates the peak luminosity of the CASTRO
breakouts; its results fall within a factor of 1 - 3 of the analytic predictions. Full results are shown
in Table 4.4 and Table 4.5.

As noted in Section § 4.3.1, the model atmospheres were replaced in the move from
KEPLER to CASTRO. Fig. 4.13 shows bolometric luminosity of a CASTRO breakout using the
MARCS atmosphere compared to a CASTRO breakout using a fitted version of the original KE-
PLER atmosphere only. The differences are slight but present, but finer zoning in KEPLER’s at-
mosphere reduces this inaccuracy. KEPLER of course cannot compute a color temperature, so we

cannot compare that result directly to CASTRO’s.
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Figure 4.11:  Late-time light curves calculated by KEPLER showing the evolution and plateau
phase of RSG15 models. Calculations assumed opacity due to electron scattering and an opacity
floor of 107 cm? g,

Table 4.4: CASTRO Comparison to Other Models

Model  KEj¥ergs)  Lpea (erg/s) Pred. L (erg/s) Max T, (K) Pred. T, (K)

Al5  6.58x10%  9.50x10% 4.25%x10% 8.15x10° 6.29x10°
B15  1.54x10"®  3.89x10% 3.10x10*! 2.06x10*  1.84x10*
C15 1.21x10%  8.31x10% 5.11x10% 4.44x10*  3.71x10*
D15  5.04x10%  543x10% 3.56x10% 7.08x10*  6.02x10*
E15 1.23x10° 2.13x10* 1.20x 10% 9.97x10*  8.15x10*
F15 5.07x10°  8.25x10* 8.06x10* 1.40x10° 1.31x10°
Gl15  1.20x10°"  1.68x10% 2.65%x10% 1.67x10° 1.77%x10°

3Final kinetic energy as measured in KEPLER
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Figure 4.12: Late-time light curve calculated by KEPLER for the RSG25 models.

Table 4.5: KEPLER Comparison to Other Models

Model  KEf¥(ergs) LKb(erg/s) Pred. L (erg/s) T, xtK)  Pred. T, (K)

Al5  6.58x10%  5.09x10%  4.25x10% 6.93x10°  6.29%x103
B15  1.54x10"®  3.94x10% 3.10x 10%! 1.99x10*  1.84x10*
C15 1.21x10% 6.32x10% 5.11x10% 4.02x10*  3.71x10*
D15  5.04x10* 3.95x10% 3.56x 10" 6.36x10*  6.02x10*
EI15  1.23x10° 1.17x10* 1.20x 10* 8.34x10*  8.15x10*
F15  5.07x10° 6.17x10* 8.06x 10 1.30x10°  1.31x10°
Gl15  1.20x10°"  1.76x10% 2.65%x10% 1.69x10°  1.77x10°

3Final kinetic energy as measured in KEPLER

DPeak luminosity of light curve in KEPLER.
Peak effective temperature in KEPLER.
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Figure 4.13: Light curves for breakout in RSG15, model C15, calculated in CASTRO for 2 different

stellar atmospheres: MARCS fit (blue); and fit to initial KEPLER data (green). The dashed line
shows the light curve for the same model as computed entirely in KEPLER with fine zoning.
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Figure 4.14: Late-time velocity profiles as calculated by KEPLER for RSG15 models.
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4.6 Conclusions

Observing supernova shock breakout represents a promising method for both detecting
otherwise dim supernova and retrieving information about their progenitor stars. Shock breakouts in
VLE SNe in particular are easier to observe than those in regular CCSNe because of their extended
duration, and are easier to observe than their associated SN because of their higher luminosity. In
red supergiants the effective temperature of the breakout places the bulk of the emission in the hard
UV bands rather than the X-ray, making them easier to observe with existing instruments. These
considerations will be discussed further in Chapter 5.

The shock breakout of SN1987A is modeled first as a test of the CASTRO multigroup
radiation transport module. These simulations give peak luminosities, durations, and color temper-
atures comparable to other published SN1987A breakout results. A range of low-energy explosions
are then modeled in two red supergiants, RSG15 and RSG25, bracketing the suspected mass range
of failed supernovae. These events give light curves and spectra that show clear variations with
both explosion energy and progenitor radius. Peak bolometric luminosities range from 103° —10*3
erg/s and spectral temperatures range from 4.43x10* - 4.78x10° depending on explosion energy
and progenitor mass. Analytic solutions tested against these numerical results provide reasonable

approximations of the results.
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Chapter 5

Observing Prospects and Candidate

Events

The most realistic and refined simulations are still of little use without observations to test
them. Current and near-future surveys are discussed as well as recovered candidates for VLE SNe
and CCSNe failures. Considerations and guidance for future observations of the transients discussed
in this dissertation are also provided, especially with regard to the expected color temperatures in

VLE SNe as opposed to standard-energy breakouts.

5.1 VLE SNe Breakout in Optical & IR

The reported detections of shock breakout by the Kepler satellite (Garnavich ez al., 2016),
which observes primarily in the optical and near-infrared, raise a point of particular interest to VLE
SNe: the color temperatures of these faint breakouts are significantly cooler than those of more

energetic events, both because of their lower shock energies and because of the convergence of 7
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and T, as discussed in § 3.6. Although the bolometric luminosity of these events is much lower
than normal CCSNe, more of the energy will be emitted at low frequencies. Thus in an IR band
the low-energy breakout may actually appear brighter than its more energetic counterpart, and will
have greater total energy.

A simple estimate of the brightness of breakout transients in any given band can be found
by assuming the spectrum is a blackbody at 7. and calculating the fraction of blackbody energy
inside that bandpass. More accurate calculations would be done using a measured filter curve. The
Kepler satellite has an IR bandpass of 0.4 - 0.9 microns. Fig. 5.1 shows the results of calculating
the fraction of blackbody energy emitted within that bandpass, assuming that 7. = 7, in low-energy
events. The dynamic range of peak luminosities is significantly compressed, as the brighter break-
outs also have higher color temperatures. However the duration of the transient is unaffected, and
thus breakout events of similar luminosity can still be distinguished in energy by measuring the du-
ration. The peak luminosities for these filtered curves range from 4 x 10*! - 4x103? erg/s, meaning
that these are still dim events, but not out of reach of current and future surveys; notably, they are

significantly brighter for longer than a standard-energy breakout.

5.2 UV Extinction

Red supergiant breakouts may be cooler than those from more compact stars, but they
still emit the bulk of their energy in the hard UV. Light emitted at frequencies higher than the
Lyman o limit = 1216 A has a good chance of being absorbed and at a color temperature 1 x 10°
K approximately 95% of light is emitted above this limit. Since these transients are already faint,

nearby (z < 1) events are already the primary target, and the majority of absorption will occur
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Figure 5.1: RSG15 models as they would be observed in the band 0.4 - 0.9 microns. Higher-energy
breakouts have greater bolometric luminosity, but also have higher color temperature; these effects

combine to suppress the peak luminosity of higher-energy models more than lower-energy models.
Duration remains unaffected.
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either at the source or in the Galaxy. The UV attenuation will therefore depend on the viewing
angle through the Galaxy and the unknown circumstellar medium at the source. The hard UV band
is not accessible with ground-based telescopes, but redshift may bring breakout spectra down into

optical windows.

5.3 Searches for Failed Supernovae

Kochanek et al. (2008) proposed to begin a novel search for completely failed CCSNe by
looking not for the presence but for the absence of sources. The “Survey About Nothing” monitors
1x10° red supergiants with the Large Binocular Telescope looking for the abrupt disappearance of
any of these stars. In addition to potentially capturing a core-collapse failure, this survey could also
detect VLE SNe coming from one of these sources. They would be visible as a sudden brightening
of the “star" for of order a year, followed by a gradual but complete disappearance. After 7 years
of observations Gerke ef al. (2015) reviewed the survey data searching for both complete failures
as well as the neutrino-mediated transients created by the Nadyozhin-Lovegrove effect as discussed
in Chapter 2. Four candidates were initially recovered, but followup observations ruled out three
sources as they later reappeared. The final candidate event satisfies the criteria for a very low energy
supernova and will continue to be observed.

Reynolds et al. (2015) conducted a search through HST archival data looking for collapse
events that were not flagged by survey selection rules at the time and recovered one candidate in the

range 25 - 35 Mg that may have undergone an optically dark collapse.
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5.3.1 Luminous Red Novae

Luminous red novae (LRNe) are observed transients too bright to be ordinary classical
novae, but too faint and red to be supernovae. Although V838 Mon is now suspected to be a stellar
merger event (Tylenda ef al., 2011), mergers and VLE SNe can have similar end results: a massive
hydrogen envelope ejected at low energies. Spectroscopic observations show that most LRNe have
dispersion velocities significantly higher than calculated for the neutrino-mediated transients. The
observation of further transients may decide this question, or a search for remnants: the shedding of
a common envelope by a binary merger will leave behind a degenerate remnant, but a failed CCSN

will leave a black hole.

5.4 Candidate Shock Breakout Events

Several candidate shock breakout events have been published in the literature, but most
are high-energy events suspected to come from compact progenitors. X-ray breakout bursts are
slightly easier to detect because of the large number of existing space-based X-ray transient satellites
designed specifically for the wide-field coverage and rapid slew time needed to capture breakout. In
2008 Soderberg et al. (2008) serendipitously captured an X-ray transient when a supernova went off
during a Swift observation of its host galaxy. Soderberg et al. (2008) attribute this event to a Type
Ib/c CCSN breaking out from a dense stellar wind surrounding its progenitor, a scenario consistent
with the high mass loss rates of Type Ib/c progenitors near the end of their lives.! Unfortunately
this rapid high-energy event, while of great interest on its own and as a proof of concept for shock

breakout observations, bears little relation to the transients explored in this work. Closer to the VLE

"Modjaz et al. (2009) disagrees with Soderberg e al. (2008)’s analysis on several points. But both authors agree that
the breakout originated in a compact progenitor, making it quite different from the breakouts studied here.
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SNe regime, UV observations using the GALEX satellite in 2008 detected two CCSNe very close
to the time of explosion: one with fading and one with rapidly rising UV emission, suggesting that
the latter had been caught during its breakout phase (Gezari et al., 2008). KEPLER hydrodynamic
models combined with the CMFGEN radiation transport code were used to model the observed UV
light curves as breakout in a 15 Mg red supergiant exploding with a final kinetic energy 1.2 B and
observed effective temperatures corresponding to breakouts similar to the high-energy end of the
RSG15 models simulated in Chapter 4. The authors note an effect that will also come into play in
the case of VLE SNe, namely that as the light curve fades the spectral temperature will also decline,
which will bring more of the bolometric luminosity into the UV (or optical) observing window; the

net effect being an apparent plateau phase that is actually the combination of these two factors.

5.4.1 Kepler Satellite Observations

In early 2016 Garnavich et al. (2016) announced the observation of two CCSNe with the
Kepler satellite> and provided data suggesting the telescope had also captured the associated shock
breakouts. The imaging cadence of Kepler is still insufficient to resolve the breakout itself, but
subtracting models of the expected lightcurve from the data shows a systematic excess consistent

with a breakout event producing additional luminosity at the beginning of the transient.

5.5 Current & Upcoming Observing Programs

The key to capturing these breakouts is high survey cadence, preferably hourly. Even a
daily measurement can miss the more energetic breakouts entirely. In this area space-based observa-

tories have an edge, but a global ground-based network could also achieve this frequency. LCOGT,

2Not to be confused with the KEPLER stellar evolution code.
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which strives for at least one telescope in the dark at all times, has the best chance of reaching
the necessary cadence from the ground. LSST’s reasonably high cadence plus large collecting area
would be excellent, but that must wait until LSST itself is built. Several space-based observatories
would be capable of making these observations. The Kepler satellite was built for exoplanet detec-
tion, but when a malfunctioning reaction wheel recently rendered the telescope unable to maintain
pointing to the precision necessary for its primary objective, it was repurposed through the Kepler-
2 program for general wide-field studies. Kepler was originally designed to search for transiting
exoplanets and was therefore built to detect small fluctuations in brightness over a wide field of
view with a much higher cadence; this makes Kepler-2 more suited than most supernova searches to
observe shock breakout. The TESS (Transiting Exoplanet Survey Satellite) mission will launch an
instrument with similar capabilities to Kepler that would also be well-suited to detecting VLE SNe
breakout. Many other planned missions could take good observations of breakout transients. The
WFIRST mission would provide wide-field observations in the near-IR and the ULTRASAT pro-
gram currently in design would launch a rapid-cadence UV satellite that would be ideal for detecting
shock breakouts.

Followup in general should be simpler than for compact star breakouts since observers
will have a response window measured in hours rather than seconds. HST’s UVIS instrument can
access the best wavelengths for observing. On the other end of the spectrum, if the soft X-ray
emission is not absorbed, Swift’s BAT would provide good warning of a breakout and the NuSTAR
mission could make good observations. XMM-Newton might be able to capture the high end of the
spectrum; Chandra’s wavelength range is too high to detect meaningful emission. Among ground-

based observatories, Pan-STARRS, PTF/ZTF, LCOGT, and eventually LSST could all make useful
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observations. The massive collecting areas of TMT and JWST could make excellent followup
observations on these faint events even at optical and IR wavelengths.

Spectroscopic followup is strongly recommended to measure 7.. The spectrum of a red
supergiant breakout will be dominated by the blackbody continuum and hydrogen-helium lines. It
may also show absorption features from the surrounding nebula. Unlike the later supernova light
curve, the breakout will show little to no nickel or iron emission. As the breakout proper fades
and the envelope itself begins to move, the spectrum will relax back to a blackbody at the plateau
effective temperature and the light curve will transition to photometric and spectroscopic behavior

typical of a normal Type I SN.

5.6 Conclusions

VLE SNe breakout is expected to produce a blue (> 1 x10* K) transient with an approx-
imate duration 3 - 70 h and a bolometric luminosity 103 — 10** erg, with a reasonable fraction of
this energy emitted at optical and IR wavelengths. The effects of color temperature on breakout
luminosity at different frequencies are considered; they will act to further increase the brightness of
VLE SNe at optical and IR wavelengths. Current and upcoming observation programs are assessed
for suitability in detecting VLE SNe breakout. Cadence is the limiting factor for both existing and
future surveys; breakout observations require cadence less than a day and preferably hourly. The

best existing missions for detecting these events are wide-field transiting exoplanet searches.
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Chapter 6

Further Work in VLE SNe Modeling

6.1 Models of Secondary Collisional Transients

Transients occurring before the actual core collapse of a massive star can cause it to shed
a large quantity of mass in a short period of time. If multiple episodes of such mass loss occur, or
if one of these shells is still close to the star when it explodes via core collapse, large quantities of
mass can collide and produce highly luminous transients even if the original supernova was dim.
The most well-known example of such transients is the pulsational-pair instability mechanism, but
all that is required for such an event is that two mass shells carrying an appreciable amount of energy
collide at a radius 7 ~ 1 x 10'> cm.! While pulsational-pair transients and low-mass transients may
launch shells in completely different ways, if these shells collide with significant energy they will
produce similar transients via similar interactions. Some stars at the low end of the CCSN progenitor
mass range, generally 9 - 11 Mg, can undergo multiple violent burning stages that will also shed
mass in shells (Woosley and Heger, 2015). A collision of these shells provides a way for VLE SNe

to produce much brighter light curves than they otherwise would. Such an event may explain the
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unusual energy and morphology of the Crab Nebula, the remnant of SN1054. Supernovae exploding
within dense mass loss will also show extensive interaction, and the class of Type IIn narrow-line

supernovae suggest that at least some supernovae explode in dense environments.

6.2 The Curious Case of the Crab Nebula

Historical records of SN1054 suggest that it had a light curve with a peak luminosity
roughly equivalent to a standard CCSN. But modern tallies of the amount of kinetic energy in
the remnant produce a total closer to 0.5 B than 1.0B, and the observed nucleosynthesis is more
compatible with a low-mass progenitor. The Crab Nebula also shows an unusual morphology;
much of its mass is concentrated into a cold thin shell that also shows significant Rayleigh-Taylor
instability, and there is no obvious expanding blastwave beyond this shell. These are the most
obvious signatures of an unusual event; for a much more detailed discussion of all odd properties of
the nebula and the explosion, see Smith (2013).

Both the unusual lightcurve and the unusual remnant can be explained by invoking a col-
lision. The original low-energy event, possibly an electron-capture supernova, produced similarly
low-energy ejecta, but a large fraction of the ejecta’s kinetic energy was later converted into radi-
ation and emitted. This produces both an anomalously bright light curve and anomalously slow
ejecta, likely compacted into a thin cold shell at the collision interface. There are different models
for the exact nature of this collision. Smith (2013) proposes a model in which the Crab supernova
interacts with dense circumstellar medium. Yang and Chevalier (2015) argues against this particular

model by noting that circumstellar interaction would create a velocity cutoff inconsistent with ob-

'Tf the collision occurs at a significantly smaller radius, the shells will be optically thick; if it occurs at a larger one, it
will produce a radio transient instead.
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servations; this does not, however, apply to a model where the ejecta collides with previously-shed
mass from the star itself. Moriya et al. (2014) considers the general case of an electron capture su-
pernova exploding inside a dense wind and finds it a viable model for the Crab. This study considers
the specific case of presupernova explosive mass loss creating dense shells.

Woosley and Heger (2015) produces at least one low-mass progenitor with the appropriate
mass-loss history. The 10 Mgstar loses a dense shell of material to runaway Si burning approxi-
mately a year before collapse, then undergoes an electron-capture supernova. The ejecta from this
explosion collides with the previously-shed material at  ~ 1 x 10!> cm. The kinetic energy and
luminosity carried by these shells is sufficient to produce a lightcurve resembling a typical IIp, and
approximate calculations suggest the transient should release the correct luminosity and result in
ejecta of roughly the correct velocity. However, there is a major difference between simulating such
an event in 1D and simulating it in two or three dimensions. Thin shells that are stable in 1D may
become fragmented by instabilities. A true test of this model requires using the 10 M model of
Woosley and Heger (2015) as the initial condition for a 2D or 3D simulation of the collision in order

to observe the formation of the shell and the possible effects of instabilities on luminosity.
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Chapter 7

Conclusions: The Potential of VLE SNe

Observations - or null detections - of VLE SNe are key to understanding the full range
of CCSNe outcomes and placing realistic, observationally-motived constraints on the failure and
partial failure rate of supernovae. Even a star in which a standard core collapse explosion fails
completely can still generate observable transients at or before its death. The mass lost to neutrinos
during neutron star formation results, in some cases, in a shock sufficient to unbind the hydrogen
envelope. The amount and history of the neutrino mass loss has a strong effect on the magnitude of
the shock produced, as does the structure of the carbon-oxygen and helium cores of the progenitor
star. In the two red supergiant models tested, the shock reached the base of the hydrogen envelope
in a majority of the models with enough energy to eject it. These unusual transients will appear as
low-energy, long-duration, red events as the ejected envelope emits its energy via hydrogen recom-
bination. The ejected envelope has a speed on the order of 50 - 100 km/s and maintains a luminosity
103 =100 ergs/s for approximately a year.

The shock breakout of SN1987A was modeled first as a test of the CASTRO multigroup
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radiation transport module and produced peak luminosities, durations, and color temperatures com-
parable to other published SN1987A breakout results. The spectral temperature behavior in this
model motivates a discussion of the relative importance of opacity and of certain terms in the radia-
tion transport equations. Opacity is considered both in the general case of shock breakout and in the
specific case of low-energy events.. A range of VLE SNe were then modeled in two red supergiants,
RSG15 and RSG25, bracketing the suspected mass range of failed supernovae. These events give
light curves and spectra that show clear variations with both explosion energy and progenitor radius.
Analytic solutions tested against these numerical results provide reasonable approximations of the
results.

Supernova shock breakout represents a promising method for both detecting otherwise
dim supernova and retrieving information about their progenitor stars. Shock breakouts in VLE
SNe in particular are easier to observe than those in regular CCSNe because of their extended
duration, and are easier to observe than their associated SN because of their higher luminosity. In
red supergiants the effective temperature of the breakout places the bulk of the emission in the hard
UV bands rather than the X-ray, making them easier to observe with existing instruments.

Very-low-energy supernovae are both an interesting subset of supernova explosions in and

of themselves and a promising means of studying core-collapse supernovae from a new angle.
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