FACULTY
OF MATHEMATICS

AND PHYSICS
Charles University

HABILITATION THESIS

Ondrej Pejcha

Death of single and binary stars

Institute of Theoretical Physics

Prague 2021



Acknowledgement

I am grateful to my wife Eva, my daughters, and the rest of my family for their continuing
understanding, tolerance, and patience. I thank my scientific colleagues and students who
I have worked with and who influenced me over the years. In particular, I would like to
thank my PhD advisor Todd Thompson, who taught me a great deal about being a theorist
in astronomy and who continues to be a source of inspiration, and Brian Metzger, Kris
Stanek, and Chris Kochanek for their friendship and mentoring.

My work at Princeton was supported by the NASA Hubble Postdoctoral Fellowship
and Lyman Spizer Jr. Fellowship. At Charles University, my team has received support
from the Primus Programme of Charles University, Czech Ministry of Education, Youth,
and Sports, the European Research Council, and the Small Grants program of the US
Embassy in Prague.



Introduction

This habilitation thesis is based on selected original papers published during my post-
doctoral stay at the Department of Astrophysical Sciences, Princeton University, and my
subsequent employment at the Institute of Theoretical Physics of the Faculty of Math-
ematics and Physics, Charles University. In all of these papers, I was either the first or
second author.

The papers cover two related issues connected with the evolutionary endpoints of single
and binary stars. In Chapter 1, I describe my work related to core-collapse supernovae,
which mark the death of stars initially more massive than about 8 times the mass of
our Sun. These bright events are observed over cosmological distances, leave behind
neutron stars or black holes, and influence the formation of the next generation of stars
by depositing newly-synthesized chemical elements as well as energy and momentum into
the interstellar medium. My work covered in this thesis includes theoretical predictions
of explosion properties, inferences of these properties from observed events, and the study
of hydrodynamical interactions of core-collapse supernova explosions with pre-existing
circumstellar material.

In Chapter 2, I present my work on a violent interaction phase experienced by some
binary stars, the common envelope evolution. In this event, the two stars spiral in to-
gether and either survive with a significantly reduced orbit or merge into a single object.
During the common envelope evolution the binary star loses considerable amount of mass,
energy, and angular momentum. Common envelope evolution is a crucial ingredient of
scenarios leading to close binary stars composed of at least one compact object (white
dwarf, neutron star, or black hole). This includes binary black holes and binary neutron
stars, where the common envelope evolution can bring the two compact objects suffi-
ciently close together so that they later merge by gravitational wave emission. My work
covered in this thesis has focused on the loss of mass from the binary leading up to the
merger event and the associated implications for the observed transient brightenings. I
also include a paper that argues for binary-influenced ejection of planetary nebula Sh 2-71
and a paper on characterization of stellar variability with the combination of time-domain
photometric and spectroscopic surveys.

Each of these Chapters presents an overview of the topic including explanation of my
contribution to the field, description of additional papers on the topic I co-authored, and
a short perspective on future work. The overview does not have the ambition to provide
a complete review of the field covering all of the open problems accompanied with a
comprehensive set of references, but should be interpreted as a minimal description giving
context to my work.
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Chapter 1

Death of single stars

1.1 Overview

Evolution of stars is driven by the loss of energy in the form of electromagnetic radiation
or neutrinos. Stars compensate for these losses and maintain thermal equilibrium over
long timescales by generating energy from nuclear burning in their cores. The quasi-
steady nuclear burning stops either when the star cannot provide sufficient conditions to
synthesize heavier atoms or when synthesizing heavier atoms would not yield additional
energy. The evolution of solar-metallicity stars with initial masses smaller than about
8 masses of our Sun (M) ends with the formation of carbon-oxygen or oxygen-neon-
magnesium core supported against its own gravity by the pressure of degenerate electrons
— a white dwarf (WD). The core is surrounded by a hydrogen-rich envelope, which is
eventually lost by strong stellar winds. As long as the flux of ionizing photons from the
cooling WD is sufficient to ionize the lost envelope, we observe a planetary nebula. We
will not discuss the evolutionary endpoints of low-mass stars in this Chapter any further.

Non-rotating solar-metallicity stars initially more massive than 8 M, evolve differently.
Here, we leave aside the rare very massive stars that undergo (pulsational) pair instability
(e.g. Woosley, 2017) or general relativistic instability (e.g. Chen et al., 2014) and instead
we focus solely on massive stars with masses between about 8 and 100 M. These stars
die with a collapse of the core, which leaves behind either a neutron star (NS) or a black
hole (BH) and which can be sometimes observed as a bright supernova (SN).

1.1.1 Collapse of the core and the subsequent explosion

The cores of massive stars synthesize progressively heavier elements. After the ignition
of carbon, the energy losses due to neutrino emission from the core become important
and the core evolution timescale accelerates from thousands of years to mere hours and
minutes. Ultimately, the star develops an inert electron-degenerate iron core, which grows
in mass by nuclear burning in the overlying onion-like shells composed of progressively
lighter elements (e.g. Woosley et al., 2002). Eventually, the iron core grows above the
Chandrasekhar mass and cannot support itself against its own gravity anymore. The crit-
ical Chandrasekhar mass depends on the detailed chemical composition, residual thermal
content of the core, general relativity corrections, and the pressure at the edge of the
core. The core begins to collapse and the infall accelerates when the electron degeneracy
support significantly reduces due to electrons combining with protons to form neutrons.
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As the density increases, even neutrinos become trapped in the core. The collapse of the
inner core halts when the density increases above the nuclear density and the hard-core
repulsive component of the strong nuclear force becomes important.

At this point, the core bounces and forms a shock wave travelling outward through
the supersonically infalling material. The shock wave does not propagate through the
progenitor star, but instead stops its progress at 100-200 km from the center as it struggles
to overcome the ram pressure of infalling material and energy losses due to neutrino
cooling and photodisintegration of heavy nuclei passing through the shock. A quasi-static
accretion phase ensues, which lasts hundreds of milliseconds to potentially more than
a second. During this phase, the hot proto-neutron star (PNS) in the center is slowly
contracting as its binding energy is carried away by neutrinos diffusing out through the
dense layers. Neutrinos are also radiated from the infalling material, which accumulates
on the PNS. A fraction of the radiated neutrinos, both those diffusing out of the PNS and
those emitted from the accreting material, get absorbed below the accretion shock and
cause neutrino heating.

It is currently believed that the combined effects of the neutrino heating, the associ-
ated convection and turbulence, and other instabilities like the standing accretion shock
instability are successful in reviving the outward motion of the shock in a majority of
stars. This is called the neutrino mechanism. If the shock revives, it propagates through
the star and the resulting explosion is observed as a core-collapse supernova (CCSN).
The CCSN rate in our Galaxy is approximately 0.01 to 0.03yr~! (Tammann et al., 1994;
Adams et al., 2013).

The observed CCSN explosion is powered by the combination of the initial energy of
the propagating shock, neutrino-driven wind from the PNS, recombination of protons,
neutrons, and « particles to heavier atoms, and energy from explosive burning as the
shock passes through the progenitor star. It is likely that multi-dimensional effects such
as simultaneous accretion and explosion are important in powering the explosion (e.g.
Miiller et al., 2016). The fiducial asymptotic explosion energy of a neutrino-driven CCSN
is Fexp ~ 10°! ergs although the observations suggest a considerable spread (Sec. 1.1.3).
The binding energy of the NS is about 10 ergs and is radiated away mostly in neutrinos,
which implies relatively inefficient capture of neutrinos.

A successful CCSN leaves behind a NS. The mass of the NS is set by the mass of the
core at bounce, which is set mostly by nuclear physics, and the accretion history, which
varies greatly between different progenitor stars. Some NSs can later collapse to a BH
either due to fall back of material that did not achieve escape velocity in the explosion
or due to changes in the NS internal properties such as phase transitions or removal of
rotation support. The maximum NS mass is set by the properties of the poorly-understood
nuclear equation of state at high densities.

Successful CCSNe are also an important source of nucleosynthesis. As the shock
propagates through the progenitor star, the post-shock gas is heated to high temperatures
and undergoes nuclear burning to iron group elements. Another source of nucleosynthesis
is the neutrino-driven wind from the PNS, where even heavier elements might be formed.
Some of the newly synthesized elements are radioactive and the energy released in their
decay powers certain phases of the optical emission of CCSNe. For example, the first
few months of CCSNe are usually strongly influenced by the decay of 5°Ni. More details
about CCSN light curves are discussed in Section 1.1.3.
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In some stars, the stalled accretion shock does not revive its outward motion and the
explosion fails. The shock retreats to the PNS, which eventually accretes enough mass
to collapse to a BH. From the outside, the failed explosion might be accompanied by a
transient significantly fainter than ordinary CCSN, which is caused by the reaction of the
loosely-bound envelope to the sudden decrease of gravitational force as the NS binding
energy escapes away in the form of neutrinos (Lovegrove and Woosley, 2013). In this case,
the BH mass should be similar or higher than the helium-core mass, Mgy 2 6 M.

Establishing the viability of the neutrino mechanism of CCSNe has been a major
unsolved problem of theoretical and computational astrophysics of the last 30 years. In-
vestigations of the neutrino mechanism amalgamate multi-dimensional hydrodynamics
coupled with neutrino physics and transport, high-density equation of state, nuclear reac-
tions, and general relativity (e.g. Janka et al., 2016; Miiller, 2020; Burrows and Vartanyan,
2021). Although rotation and magnetic fields are usually believed to be subdominant in
ordinary massive star death, magnetorotational explosions are needed to explain some of
the CCSN subtypes, which adds to the theoretical challenge. It is also worth noting that
alternatives to the neutrino mechanism have been proposed. Some examples of include
magnetorotational processes like jets or nuclear burning (e.g. Papish and Soker, 2011;
Kushnir and Katz, 2015).

1.1.2 Parameterized models of the neutrino mechanism

The ultimate goal of CCSN explosion mechanism theory is to quantify the connection
between the parameters describing massive stars (initial mass, metallicity, and rotation
rate) and the outcomes of the core collapse (successful or failed explosion, properties
of the compact remnant, explosion energy, yields of nuclei synthesized in the explosion).
These predictions have to be confronted with observed CCSN populations. To achieve this
goal, we need to employ a range of methods with various level of sophistication, because
solving the full problem will be beyond our reach at least in the near future. Models
with simplified physics are typically cheaper to run and usually introduce additional free
parameters, which need to be calibrated by comparison with observations.

One specific model of the CCSN explosion mechanism is the framework of the critical
neutrino luminosity, where the region between the stalled accretion shock and the PNS
neutrinosphere is described as a spherically-symmetric steady-state accretion flow irradi-
ated by neutrinos. This is a two-point boundary-value problem of ordinary differential
equations, where the boundary conditions are the shock jump conditions at the outer
boundary and a condition on neutrino optical depth at the inner boundary. The radius
of the accretion shock is the eigenvalue of the problem. This model was first formulated
by Burrows and Goshy (1993), who found that for a given mass-accretion rate through
the shock (M) there exists a critical neutrino luminosity emanating from the PNS (L, et )
above which there are no steady-state solutions. The forbidden region of the parameter
space is identified with explosions. The model is useful for quantitative studies of the
importance of various physical effects on the neutrino mechanism. In a series of works,
Yamasaki and Yamada (2005, 2006, 2007) studied the effects of rotation, convection, re-
alistic equation of state, and the oscillatory stability. Pejcha et al. (2012a) explored the
effect of collective neutrino oscillation on neutrino heating. Pejcha and Thompson (2012)
examined the physics underlying L, .it, quantified the dependence of L, iy on PNS mass
and radius, neutrino energy, and accretion luminosity, and presented a new antesonic
explosion condition equivalent to L, cit.
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In Pejcha and Thompson (2015), which is shown in full in Section 3.1.1, we have
developed a parameterized model of CCSN based on L, i that predicts whether a given
progenitor star successfully explodes as a CCSN, what is the mass of the remnant NS,
FEexp, and the amount of iron-group elements synthesized in the explosion. In this model,
we take stellar structure of a range of progenitor stars and calculate long-term evolution
of PNS mass, radius, and neutrino luminosity and energy using spherically-symmetric
code GR1D (O’Connor and Ott, 2010). None of these calculations show explosions, as
has been well-known for 1D SN simulations. We then assume that the evolution is quasi-
static and compute the time sequence of L, ;. Then, we artificially lower L, o by an
amount given by a simple power-law function with two free parameters and investigate
whether the actual neutrino luminosity exceeds the modified explosion threshold. If this
condition is satisfied, we assume that explosion was successful and estimate the explosion
properties. We repeat this procedure for a large number of progenitor stars and different
modifications of L, i to explore the dependence of the observable outcomes on stellar
structure and parameterization of the neutrino mechanism. We focus on two specific
parameterization choices that yield: (a) approximately 25% fraction of failed explosions,
or (b) all progenitors explode. The observable predictions for both parameterizations are
shown in Figures 1.1, 1.2, and 1.3 and are discussed in more detail below.

A number of other works have addressed the same fundamental questions with dif-
ferent parameterized explosion models. Ugliano et al. (2012) used spherically-symmetric
time-dependent simulations with simplified neutrino transport to study the dynamics
from collapse to late explosion, to diagnose successful and failed explosions, and to esti-
mate explosion energy and the amount of synthesized radioactive elements. PNS core was
excised from the simulation and replaced with parametrically-contracting inner bound-
ary. The parameters were calibrated on the observed properties of SN1987A. Ertl et al.
(2016) revisited this model with updated physics and progenitor models and explored
different calibrations based on SN1987A and observed CCSNe from stars near the lower
limit of progenitor masses. Sukhbold et al. (2016) extended this model even further and
provided detailed nucleosynthetic yields for many isotopes as well as SN light curves.
Miiller et al. (2016) simplified the problem to a system of ordinary differential equations
and applied their model to a large number of progenitors. Perego et al. (2015), Curtis
et al. (2019), and Ebinger et al. (2019, 2020) developed a different parameterization of
spherically-symmetric CCSN dynamics and provided a wide range of observational pre-
dictions. Models of Mabanta et al. (2019) and Couch et al. (2020) implement simplified
treatment of tubulence in spherically-symmetric simulations. Nakamura et al. (2015)
explored dynamics of a large number of axisymmetric models.

While the results of most of these works differ in detail, there are common features
that can be synthesized from this wide range of approaches. The most important result is
that the core-collapse outcomes and CCSN properties are not a monotonic function of the
initial mass of the star, but instead depend on the detailed structure of the innermost 2 to
3 M, of the progenitor. This is particularly striking in Figure 1.1, which shows outcomes
for a range of initial progenitor masses at solar metallicity. The top panel shows the
prediction found in many books dealing with stellar evolution: stars initially less massive
than 25 Mg, leave behind NSs while more massive stars leave behind BHs (e.g. Carroll
and Ostlie, 2007, p. 534). Often, it is implicitly assumed that all massive stars explode
as CCSNe and the BHs are thus formed by fallback. The picture is quite different in the
middle and bottom panels of Figure 1.1, where the successful and failed explosions are
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Figure 1.1: Mapping between the initial mass of a solar-metallicity star and the out-
come of the collapse of the core: SN explosion leaving behind a NS (green), explosion
with significant fall back leaving behind likely a BH (orange), and a collapse to a BH
not accompanied by a traditional SN (black). The top panel shows the illustration of
the common assumption that 25 M, is the dividing line between NS and BH formation
(e.g. Carroll and Ostlie, 2007, p. 534). Middle panel shows the results of Pejcha and
Thompson (2015) based on parameterized evolution of critical neutrino luminosity. In
parameterization (a), there is a small but non-negligible fraction of direct collapse BHs,
while in (b) all stars explode. Bottom panel shows results of hydrodynamical models of
Sukhbold et al. (2016) for five different calibration models (N20, S19.8, W15, W18, W20).
Middle and bottom panels show the complex landscape of core collapse outcomes that is
a sensitive function of the internal core structure. All progenitors are shown with bars of
constant width; white spaces corresponds to initial masses with no calculated progenitors.
More complete comparison of theoretical predictions is discussed by Pejcha (2020).
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Figure 1.2: Distribution of birth masses of NSs. Orange and blue lines are based on
theoretical predictions of Pejcha and Thompson (2015) for two different parameterizations
of the neutrino mechanism and assuming single stars formed with Salpeter (1955) initial
mass function. Black line shows the distribution of masses of double NSs and non-recycled
pulsars based on the compilation of Ozel and Freire (2016). All values are smoothed with a
Gaussian kernel and converted to baryonic mass (without taking into account the binding
energy) using relation of Timmes et al. (1996).

mixed in a complex pattern and not a simple monotonic function of the initial progenitor
mass. For the considered progenitors, there are “islands” of BH formation around 15 M,
and 20-25 M.

This pattern of explodability is reasonably well reproduced by a simple quantity de-
scribing the structure of the pre-collapse core, the compactness (O’Connor and Ott, 2011).
Compactness is defined as a ratio of enclosed mass and its corresponding radius, which
are evaluated just before the core collapse begins. Compactness is typically computed for
enclosed masses between 1.5 and 3 M, which corresponds to progenitor layers that most
strongly influence the core-collapse outcome. Alternatively, compactness is evaluated at
specific values of entropy or electron fraction, which help to distinguish between layers of
different composition. Progenitor dependence of the compactness as well as the rugged
landscape of CCSN explosions shown in Figure 1.1 can be explained by the sensitivity
of late stages of stellar evolution, especially nuclear burning in multiple shells, to initial
conditions (e.g. Sukhbold and Woosley, 2014; Sukhbold et al., 2018).

One distinct prediction of the explosion landscape from Figure 1.1 is that most stars
either successfully explode and leave behind a NS or fail to explode and should mostly
collapse to a BH. This feature naturally explains the BH mass gap, which has been claimed
to exist between about 2 and 5 M, (e.g. Ozel et al., 2010). It has been unclear whether
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this feature is a true gap with no objects or a region of parameter space with fewer objects
(e.g. Kreidberg et al., 2012; Ertl et al., 2020). Probing the existence and properties of this
mass gap is an important goal of gravitational wave interferometers. Simultaneously, there
has been an independent effort to identify BHs possibly lying in the gap (e.g. Thompson
et al., 2019; Rivinius et al., 2020; Jayasinghe et al., 2021b; Masuda and Hirano, 2021;
Gomel et al., 2021).

Another prediction of the parameterized models is the detailed distribution of NS
masses. In Figure 1.2, we show results from Pejcha and Thompson (2015) along with the
observed distribution compiled by Ozel and Freire (2016). The observed distribution is
based on modeling general-relativistic effects in radio observations of NS binaries contain-
ing at least one pulsar. Most of the measurements come from double NS binaries, where
both components have masses approximately close to their birth mass. The rest comes
from non-recycled pulsars with WD companions. In most cases, the mass measurements
are very precise and were intentionally smoothed for the purposes of this plot. A number
of works have tried to quantitatively compare theoretical and observed NS mass distribu-
tions (e.g. Pejcha et al., 2012b; Raithel et al., 2018). Typically, there are disagreements
in the relative frequency of low-mass (Mys =~ 1.4 M) and high-mass (Mys ~ 1.7 M)
NSs. It is likely that the preceding binary evolution led to a different distribution of core
properties than expected from single-star evolution (e.g. Ertl et al., 2020; Patton and
Sukhbold, 2020; Woosley et al., 2020).

In Figure 1.3, we illustrate the predictions of Pejcha and Thompson (2015) for explo-
sion energy Feyp, ejecta mass M, and the amount of radioactive nickel synthesized in the
explosion My;. The theoretical results show a relatively tight correlation between Fey,
and My;, which is explained by more energetic SNe exposing larger amount of material
to high-enough temperatures to synthesize **Ni. The scatter in the correlation is due to
differences in the detailed structure between individual progenitors. There is no strong
predicted correlation between M; and Eeyp,, which is surprising, because there is a belief
that more massive stars should yield more energetic CCSNe. Other parameterized CCSN
models show similarly weak correlation between these two quantities (Pejcha, 2020). The
observed values of these quantities are described in more detail in the next Section.

Finally, it is important to remark that the results from parameterized models have to
be interpreted carefully. The specific choice of the parameterization constrains the range
of the outcomes, which can become too reduced. For example, if one were to relate the
additional neutrino heating to the compactness of the progenitor, then finding trends of
observables with respect to compactness might not be entirely surprising. For this reason,
full 3D models are indispensable in revealing the important trends and outcomes. Indeed,
some of the recent works point against the correlation of the explosion properties with
the compactness (Burrows et al., 2020).

1.1.3 Light curves of normal hydrogen-rich core-collapse super-
novae

Theories of CCSN explosions ought to be confronted with observations. Out of the large
number of possible observations, it is tempting to utilize as much as possible optical
observations of CCSNe. These observations are regularly secured for events in a much
larger volume than what is possible with direct detections of neutrinos or gravitational
waves with current technology. Thanks to new generations of science surveys, the number
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Figure 1.3: Explosion energy Fey,, ejecta mass M, and the mass of radioactive nickel
Mpy; of CCSN explosions. Green crosses and orange stars show theoretical predictions of
Pejcha and Thompson (2015), while the blue dots show inferences from observations using
combined results from Pejcha and Prieto (2015b) and Miiller et al. (2017). Blue ellipsoids
show 1o uncertainty taking into account the covariance between the inferred quantities.
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of CCSNe discovered every year has been steadily growing and should reach > 10° per
year once the Vera C. Rubin Observatory (previously known as Large Synoptic Survey
Telescope) commences regular observations in 2023 (LSST Science Collaboration, 2009).
Turning this accelerating growth of available data into useful statements on the CCSN
explosion mechanism is a challenge.

Not all SN types are equally useful for constraining the explosion mechanism. SNe
are classified based on their optical spectra and light curves as hydrogen-poor (Type I) or
hydrogen-rich (Type II) (e.g. Filippenko, 1997). Type I SNe are further subdivided based
on the presence of silicon lines (Ia), helium lines (Ib), or absence of both (Ic). Type Ia SNe
are associated with thermonuclear events on white dwarfs and are not related to massive
stars. Progenitors of Type Ib and Ic SNe are likely massive stars with their hydrogen
and helium envelope layers removed either due to intense stellar winds or interactions in
binary stars. Type II SNe are commonly associated with massive stars that were able
to preserve most of their hydrogen envelopes and are further subdivided based on their
light curve showing either plateau (IIP) or linear decline (IIL). Although Type IIP and IIL
SNe are in many aspects similar, the theoretical explanation for the linear decline in Type
ITIL SNe is not yet clear (Anderson et al., 2014; Faran et al., 2014; Valenti et al., 2015;
Morozova et al., 2017; Arcavi, 2017). Additional subtypes are Type IIb SNe with only thin
hydrogen envelope and Type IIn SNe with narrow emission lines indicating presence of a
shock interaction between the SN ejecta and surrounding dense medium. Observational
efforts have also identified a number of SNe that posses qualities of two or more classes or
are peculiar in other ways. Type IIP SNe are the best choice for comparison with CCSN
explosion models, because their progenitors are the least affected by binary interactions
or other unsolved massive star mysteries.

We now focus on understanding the light curves of Type IIP SNe. A few days after the
SN shock travels through the progenitor star, the kinetic energy of the ejecta dominates
over the thermal energy. Subsequently, the ejecta expands nearly homologously so that
mass shells are ordered by their velocity and the radius of each shell increases linearly
with time. The evolution of the ejecta energy and its internal distribution depend on the
diffusion of radiation within and out of the ejecta, adiabatic losses, complications in the
equation of state and opacities due to ionization/recombination, and additional heating
such as the decay of radioactive elements or energy input from a central compact object.

The first light signature of a Type IIP SN is a shock breakout emission when the
radiation trapped behind the shock diffuses ahead and leaves. The duration of this UV or
X-ray emission spike is of the order of light-crossing time of the progenitor, which makes
it hard to detect. The outer layers of the shocked envelope then continue to cool for a few
hours or days. After that, the light curve exhibits a phase of nearly constant bolometric
luminosity, the plateau, which typically lasts t;, ~ 100days. During this period, the
light diffuses out of the ionized part of ejecta with a relatively sharp edge set by the
hydrogen recombination front. The observed plateau luminosity L, spans a relatively
wide range from about 10* ergs™! to few times 10*2ergs=!. The plateau is followed by
a drop in luminosity, which happens when all of the hydrogen recombines and becomes
nearly transparent. Subsequently, the light curve follows an exponential decline powered
by thermalization of radioactive decay products, where the °Ni chain is dominant in the
first few hundreds of days.

The distinct observed features of Type ITP SN light curves directly depend on physical
parameters relevant for the CCSN explosion. The luminosity and duration of the plateau
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depend on Fey,, M., and the initial progenitor radius Ry. Adding spectroscopically-
determined expansion velocity of the photosphere, vej & \/Fexp/Mej, we have three ob-
servables (Lpi, tp1, ) for three unknown physical quantities (Eexp, Mej, Ro). These
sets of quantities are tied together by analytic power-law scaling relations (Litvinova and
Nadezhin, 1985; Popov, 1993), which have been calibrated using radiation hydrodynamics
(e.g. Kasen and Woosley, 2009; Sukhbold et al., 2016). If we assume complete trapping
and thermalization of radioactive decay products, the luminosity during the exponential
decay is directly proportional to My;. Additional extra heating by °°Ni decay slightly
extends and brightens the plateau, which can be taken into account in the analytic rela-
tions.

Practical implementation of the inversion (Lyi, o1, Vej) — (Fexps Mej, Ro) has faced a
number of problems. First, it is difficult to assemble the necessary observations. Type IIP
SNe are relatively faint, which is exacerbated by the luminosity drop after the plateau
ends. The light curve typically has to be followed over 2 200days, which is compli-
cated by the changing position of the Sun. Ideally, simultaneous observations spanning
near-ultraviolet to near-infrared should be secured to reliably reconstruct the bolomet-
ric light curve. Although only low-resolution spectra are required to measure v, these
observations are more costly than photometry.

Second, it is necessary to know the time of explosion as precisely as possible and to
have reliable estimates of the distance and extinction to the SN. Fortunately, for Type
ITP SNe these parameters can be constrained with the observations of the SN using
the expanding photosphere method (e.g. Kirshner and Kwan, 1974), but at the price
of introducing additional free parameters. Uncertainties in these additional degrees of
freedom propagate to the estimates of physical explosion parameters.

Third, it is not completely clear how to infer the required quantities from the ob-
served features. For example, transition from the plateau to the exponential decay can
last few days or more, which makes ¢, uncertain. Similarly, L, is not strictly constant
during the plateau. Analogous obstacles are encountered when comparing the entire set
of observations to synthetic observations based on radiation hydrodynamics calculations.
In this case, the imperfect treatment of radiation transport and incomplete knowledge of
microphysical quantities like opacities preclude matching theory to observations within
the observational uncertainties. The modeling outcome is then systematically biased de-
pending on which part of the data is fitted and how are the observations distributed.

Finally, inferences of some physical quantities might be significantly correlated or even
completely degenerate. For example, increasing Eey, while keeping M,; constant leads to
faster expansion of the ejecta and faster diffusion of the light. M,; can be increased to
compensate and if vgj ~ Eexp/Me; stays roughly constant, our ability to infer Fe, and M
independently is limited (e.g. Nagy et al., 2014; Pejcha and Prieto, 2015b; Goldberg et al.,
2019; Goldberg and Bildsten, 2020; Dessart and Hillier, 2019). These inherent physical
degeneracies necessitate proper statistical treatment of the inferred quantities.

We have developed in Pejcha and Prieto (2015a), which is shown in full in Section 3.1.2,
a global model of Type IIP light curves and expansion velocities, which aims to address
the issues described above. The plateau phase of each SN is phenomenologically modeled
by its time evolution of radius and effective temperature. The radioactive decay tail is
described by an exponential with free normalization and timescale. These quantities are
transformed to multi-band light curves and expansion velocity curves using a polynomial
mapping, where the coefficients are fitted from the data by making use of the similarity
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between different events. This formulation leads to a global optimization problem, where
each SN is described by a set of “local” quantities (distance, extinction, light curve pa-
rameters, etc.) and where the “global” parameters (coefficients of polynomial mapping)
are the same for all events. We trained the model on a sample of nearby well-observed
SNe. Taking into account uncertainties and covariances between model parameters, we
derived a consistent set of quantities like relative distances, extinctions, spectral energy
distribution evolution sequences, bolometric corrections, and dilution factors without any
need for theoretical atmosphere models.

In Pejcha and Prieto (2015b), which is shown in full in Section 3.1.3, we applied the
model to derive the physical quantities of interest for CCSN explosion models (Eexp, Me;,
Ry, My;) using analytic scaling relations of Litvinova and Nadezhin (1985) and Popov
(1993). The inferred values are shown in Figure 1.3. We quantified the covariance between
these parameters and found that it can be significant for certain parameter combinations.
For example, the covariance between Ly, Fexp, and My; is dominated by the uncertainty in
the distance, which leads to additional spread closely aligned with the physical correlation
between these two quantities. Similarly, the degeneracy in the inferences of Eey, and M,
casts doubt on whether this correlation important for theory actually exists in the observed
events.

There have been a number of works with estimates of Type IIP SN explosion param-
eters from light curves and spectroscopic expansion velocities. One of the first looks at
physical parameters was done by Hamuy (2003) who used the same analytic scaling rela-
tions as we did. Works based on radiation hydrodynamics often employ the flux-limited
diffusion approximation in spherical symmetry (Pumo et al., 2017; Morozova et al., 2018;
Utrobin and Chugai, 2019; Eldridge et al., 2019). These analyses have not generally pro-
vided mutually consistent results compatible with other methods like direct progenitor
detections. To summarize, the Fcg,—My; correlation seems robust and physical, while
more work is needed to characterize the relation between E,, and M. The fundamental
issue of degeneracy between certain parameters can be addressed with additional obser-
vations, although sometimes quite challenging to obtain. For example, very early data
in the shock breakout or shock cooling phase of the light curve can yield constraints on
Ry (e.g. Yaron et al., 2017; Goldberg et al., 2019). Another example is the nebular-phase
spectroscopy of the oxygen lines, which can constrain M, (e.g. Silverman et al., 2017;
Dessart and Hillier, 2020).

1.1.4 Core-collapse supernovae with circumstellar interaction

CCSN light curves can be affected by a number of additional effects. A particularly strik-
ing complication is a collision between the SN ejecta and a dense circumstellar medium
(CSM). The resulting radiative shock can thermalize a significant fraction of the kinetic
energy of the SN ejecta, which can power a much brighter transient than the original SN.
In order to achieve an efficient conversion, a sufficiently dense CSM needs to be located
relatively close to the progenitor. It is unclear how and why such CSM could arise and
how it is connected to poorly-understood final evolutionary phases of massive stars, their
instabilities, and their binary nature.

A valuable insight into the origin of the CSM can come from its spatial distribution.
Although spherical symmetry is often assumed for the CSM, relaxing this assumption can
give rise to distinct new phenomena. For example, CSM shaped in the form of a narrow
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Figure 1.4: Colliding wind properties for binary stars at the moment when the more
massive star explodes as a SN as a function of the initial mass of the progenitor and
the binary mass ratio at birth. Binary star orbit is assumed sufficiently wide so that no
mass transfer has occurred. We show the ratio of wind momenta 3 (left panel) and wind
velocities a (right panel). The quantities are obtained by combining assumptions on wind
terminal velocities with single-star evolution tracks from BPASS v2.2.1 (Eldridge et al.,
2017; Stanway and Eldridge, 2018).

disk confines the shock interaction into a ring and the remaining part of the SN ejecta
expands and radiates freely. In some cases, the freely expanding ejecta might engulf
the shock interaction region and make it effectively work as an internal power source
re-energizing the ejecta (e.g. Mauerhan et al., 2013b; Smith, 2013, 2017; Andrews and
Smith, 2018; Margutti et al., 2019). Disk-like CSM distributions are naturally associated
with mass ejection from binary stars, where the orbital plane is the preferred region of
matter accummulation. Interacting SNe with disk-like CSM have been investigated with
a range of approaches in (radiation) hydrodynamics (Vlasis et al., 2016; McDowell et al.,
2018; Suzuki et al., 2019; Kurfiirst and Krticka, 2019). This type of CSM of interaction
is of potential importance in other types of stellar explosions associated with binary stars
like classical novae (e.g. Chomiuk et al., 2014, 2020; Li et al., 2017; Aydi et al., 2020) or
luminous red novae (Sec. 2.1.3).

A less explored aspherical CSM geometry is a shell formed in the collision of two
powerful winds in a binary star. Since binary stars are relatively frequent among massive
stars, this CSM should be commonly present. In Figure 1.4, we show the basic properties
of colliding wind shells for binary stars at the moment when the first star explodes as a
CCSN. The binary orbit is sufficiently wide so that both stars evolve as effectively single.
We show the ratio of wind momenta § = (MW, AVy.A)/ (MW,BUWB) and wind velocities
Q = Uy a/Vy p, Where M, and v, are wind mass-loss rates and terminal velocities of
binary components A and B. We see that binaries composed of red supergiants and
hotter main sequence stars can have 5 ~ 1. Kochanek (2019) argued that colliding wind

shells in such binaries could explain the “flash-ionization” signature seen in very early
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spectra a some CCSNe. However, effect of colliding wind shells on light curves has not
been sufficiently explored so far.

In Kurfiirst et al. (2020), which is shown in full in Section 3.1.4, we performed hydro-
dynamic simulations of a spherical SNa ejecta colliding with various axisymmetric CSM
distributions with the aim of finding out whether different CSM distributions provide
uniquely defined signatures. We considered a disk, various types of colliding wind shells,
and a bipolar nebula modeled after n Car. We found that the CSM—-SN collision layer
is composed of normal and oblique shocks, reflected waves, and other hydrodynamical
phenomena that lead to various instabilities. We post-processed the hydrodynamic sim-
ulations to obtain approximate light curves under the assumption that shock heating is
fully reprocessed by the SN ejecta, distribution of line-of-sight velocities that approximate
line profiles at late times, and estimates of polarization signatures. One notable result is
that colliding wind shell CSM leads to asymmetric and time-evolving line profiles, which
could explain some of the mysterious observed events (e.g. Smith et al., 2015; Bilinski
et al., 2020).

1.2 Additional co-authored works

» Holoien et al. (2016)
Analysis of an unusually luminous Type II SN, which makes use of the light curve
fitting models of Pejcha and Prieto (2015a) (Sec. 3.1.2).

« Miiller et al. (2017)

Extension of the work of Pejcha and Prieto (2015b) (Sec. 3.1.3), which essentially
doubles the sample of objects and focuses specifically on comparing the inferred
nickel masses with theoretical predictions.

« Raives et al. (2018)

This work extends the polytropic formulation of L, . of (Pejcha and Thompson,
2012) to time-dependent solutions and investigates transition from the accretion to
explosion phases.

» Szalai et al. (2019a)
A detailed analysis of Type IIP SN SN2017eaw, which makes use of the light curve
fitting tool of Pejcha and Prieto (2015a).

o Szalai et al. (2019b)

Unified analysis of infrared photometry of SNe of all kinds from Spitzer space tele-
scope. For several SNe, the light curve fitting tool of Pejcha and Prieto (2015a) was
used.

« Pejcha (2020)

Book chapter, which reviews the status of parameterized CCSN explosion models,
their predictions of observables, and compares them to inferences made from CCSN
light curves and spectra.
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1.3 Future work

The field of CCSNe is moving rapidly forward both in theory and observation. The
theoretical frontier of the neutrino mechanism of CCSN explosions has moved to 3D
simulations with sophisticated neutrino transport. Developing the necessary tools requires
coordinated effort of a team of scientists. Once the community achieves consensus on
CCSNe dynamics and outcomes from these new-generation simulations, it will be natural
to refresh the parameterized models and update the predictions of observable quantities.

The rate of data accumulation on CCSNe and astronomical transients has been in-
creasing thanks to new surveys. This trend will continue in the future, but already now
it is not possible to obtain sufficient followup data for most of the discovered events.
The followup of the discoveries is typically prioritized based on the perceived astrophys-
ical interest, which creates a need for theoretical exploration of often extreme physical
situations.

Based on these trends, I plan to focus my efforts on theoretical explanation of rare
and unique events. Specifically, I plan to exploit synergy between my past work on theory
and data modeling of CCSNe with my ongoing work on binary star interactions (Chap-
ter 2). For example, I would like to explore the connection between CCSN environment
and binary evolution, strengthen the connection between stellar mergers and peculiar
CCSN explosions like SN1987A, and apply the new tools we are developing for binary
interactions.



Chapter 2

Death of binary stars

2.1 Overview

Stars are often members of binary or multiple systems. About half of solar-type stars
have companions and the fraction rises considerably for more massive stars (e.g. Raghavan
et al., 2010; Moe and Di Stefano, 2017). A significant fraction of the binaries exchange
mass at some point of their evolution. Typically, mass transfer commences when one of the
stars expands as a consequence of stellar evolution. Alternatively, the orbit can shrink as a
result of loss of angular momentum from the binary, for example due to magnetized stellar
wind or tidal dissipation. The gas infalling on the companion often carries significant
angular momentum, which can lead to formation of an accretion disk. The accretion on
the companion releases gravitational potential energy, which can significantly affect the
observed emission from the binary, especially if the companion is a compact star such as
WD, NS, or BH. There are a myriad of astrophysical phenomena associated with mass
transfer in binary stars, which we cannot fully review here.

Another ingredient in binary star evolution is the rapid phase of common envelope evo-
lution (CEE). CEE is relatively frequent compared to events like SN explosions. Based
on binary population models and observed transient events, Kochanek et al. (2014) esti-
mated the CEE rate in our Galaxy between 0.2 and 0.5yr~!. The event rate is dominated
by low-mass binaries, but CEE is very important for shaping the population of massive
stars. Sana et al. (2012) analyzed the population of Galactic massive binaries and found
that only about 30% of the systems are sufficiently separated to effectively evolve as two
single stars. Out of the rest, about 25% will merge, 14% might enter and survive CEE as
binaries, and the rest experiences some kind of mass transfer.

CEE can significantly reduce the binary semi-major axis and therefore plays a crucial
role in evolutionary scenarios leading to close binaries composed of at least one compact
object (WD, NS, BH). This includes cataclysmic variables, X-ray binaries, and recycled
pulsars. Objects of special interest are close double compact object binaries, which effi-
ciently lose orbital angular momentum due to gravitational wave emission to merge within
the age of the Universe. Gravitational waves accompanying BH and NS mergers have re-
cently been detected with gravitational-wave interferometers LIGO and Virgo, which has
spurred renewed interest in CEE. An alternative outcome of CEE is a merger of the
binary components into a single object. In such cases, the remnants should appear as
rapidly spinning and possibly magnetic stars, which potentially includes blue stragglers
or mysterious objects such as the progenitors of SN1987A, SN2009ip, n Car, and long
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~-ray bursts (e.g. Paczynski, 1976; Iben and Livio, 1993; Fryer and Heger, 2005; Morris
and Podsiadlowski, 2007; Mauerhan et al., 2013a; Portegies Zwart and van den Heuvel,
2016; Schneider et al., 2016; Hirai et al., 2021).

CEE is a very important and largely unsolved problem of binary star evolution, which
has attracted significant attention from theorists and observers. Developing analytical and
numerical theory of CEE is difficult, because it requires resolving a vast range of temporal
and spatial scales often ranging from a NS (~ 10km) to a red supergiant (= 10%km).
Observational constraints on CEE have so far mostly relied on comparing stellar popu-
lations before and after CEE, but recent detections of associated transient brightenings
have opened new ways of studying these events. In the following description of CEE, I will
focus predominantly on the aspects that are relevant to my work covered in subsequent
sections. CEE is thoroughly reviewed in dedicated works (e.g. Iben and Livio, 1993; Taam
and Sandquist, 2000; Ivanova et al., 2013b).

2.1.1 Stages of common envelope evolution

CEE can occur as an outcome of mass transfer in binary stars. Stability of the mass
transfer depends on the response of the star to mass loss in relation to the changes of
the orbital properties that accompany the redistribution of mass and angular momentum
within the binary. In most cases, the mass transfer proceeds on the nuclear or thermal
timescale of the mass-losing star. In some cases, however, the mass transfer cannot be
stabilized and runs away on a timescale that approaches the dynamical timescale of the
binary (essentially its orbital period) and the binary enters the CEE.

Dynamically-unstable mass transfer is not the only way to initiate CEE in a binary
star. The tidal Darwin instability occurs when the orbital angular momentum is insuffi-
cient to maintain synchronous spin of one or more of the binary components (e.g. Eggleton
and Kiseleva-Eggleton, 2001). Typically, this happens when the more massive primary
star expands due to its nuclear evolution and its moment of inertia increases. Tides try
to synchronize the spin by transferring angular momentum from the orbit to the primary
star, which leads to orbital decay. If the orbital angular momentum is too small, the
orbit does not stabilize and the binary spirals in on the tidal timescale. Typically, the
threshold for Darwin instability is formulated in the terms of critical mass ratio ¢ of
the binary components. For contact binary stars, which are stars on such a small orbit
that they share a tenuous envelope, ¢.ix ~ 0.1 (Rasio, 1995; Rucinski, 2001). Another
possibility to enter the CEE is a collision, where the two stars approach each other on a
hyperbolic or extremely elliptic orbit. Such a situation could arise due to various effects
in the dynamics of three or more bodies. One example are stellar collisions due to the
Lidov—Kozai effect (e.g. Thompson, 2011; Katz and Dong, 2012; Pejcha et al., 2013; Naoz
and Fabrycky, 2014).

The first stage of CEE is a gradual loss of corotation of the stellar spins and the
orbit, which accompanies the accelerating mass transfer in the binary. This phase is not
applicable to stellar collisions. Loss of corotation is difficult to model with 1D stellar
evolution codes, because of extreme binary properties like mass transfer rate and because
the approximation of spherical symmetry becomes invalid. For 3D explicit hydrodynamics,
the involved timescale is too long. In my research, I have argued that processes happening
during this under-appreciated phase are important for the final outcome of CEE and
especially for the brightenings that accompany them. I give more details in Section 2.1.2.
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When the evolution of the binary proceeds sufficiently fast, it is advantageous to think
about the system not in terms of the Roche potential, but rather as if the secondary star
spirals inside a non-corotating envelope (Paczynski, 1976; Meyer and Meyer-Hofmeister,
1979). The envelope exerts hydrodynamic drag on the secondary star, which leads to
dissipation of the orbital energy (e.g. Fryxell and Taam, 1988; MacLeod and Ramirez-Ruiz,
2015). The envelope becomes partially or completely unbound. Computer simulations
have often not been able to simulate the expected envelope ejection, although some of
the recent more realistic simulations report higher unbound fractions of the envelope (e.g.
Nandez et al., 2015; Ohlmann et al., 2016; Reichardt et al., 2020; Sand et al., 2020).
Even partial envelope ejection is accompanied by a luminous transient, which we describe
in more detail in Section 2.1.3. It is also possible that the envelope expansion and the
associated decrease of density slows down the inspiral, which enters into a long-lasting
self-regulated phase, possibly followed by another dynamical instability. Other physical
processes like jets, pulsations, or dust-driven winds might help envelope ejection (e.g.
Papish et al., 2015; Shiber et al., 2019; Schreier et al., 2019; Clayton et al., 2017; Glanz
and Perets, 2018). In the end, the envelope is either completely ejected and the binary
survives or only part of the envelope becomes unbound and the two stars merge. When the
binary survives, the semi-major axis is significantly reduced. If the two stars merge, the
remnant evolves on the thermal timescale toward thermal equilibrium and the signatures
of the violent interaction gradually disappear (e.g. Sills et al., 1997, 2001; Glebbeek et al.,
2009).

Traditionally, CEE is assumed to be a dynamic event, which can be interpreted using
energy conservation. The outcome of CEE is usually predicted by equating the binding
energy of the envelope to the difference between initial and final orbital energies, which
gives the final orbital separation. A free parameter, common envelope efficiency «, is in-
troduced to quantify the fraction of orbital energy available for unbinding of the envelope
(e.g. Webbink, 1984; Livio and Soker, 1988). Many aspects of this energy formalism have
been thoroughly scrutinized and contentious points have been identified. For example, it
is unclear how to calculate the envelope binding energy, which form of energy is actually
available for unbinding of the envelope, how important are certain features of the realistic
equation of state such as the recombination of ions, or whether radiative losses are impor-
tant (e.g. Xu and Li, 2010; Ivanova and Chaichenets, 2011; Ivanova et al., 2015; Grichener
et al., 2018). Inferences of « from observed populations imply a 2 1 for certain classes
of objects, which might indicate that CEE extends to the thermal timescale and that
angular momentum conservation is more appropriate description of CEE (e.g. Nelemans
et al., 2000, but see Webbink, 2008). Nonetheless, CEE energy formalism is often used
in rapid binary population synthesis to predict numbers of various close binary systems
and rates of cataclysmic events due to such binaries (e.g. Belczynski et al., 2002; Dominik
et al., 2012).

In the subsequent Sections, I describe my contribution to several contemporary aspects
of CEE. Section 2.1.2 explores mass loss from the binary preceding the main dynamical
event. This phenomenon turns out to be important for understanding the observed tran-
sient brightenings that accompany CEE, which I discuss in Section 2.1.3. Section 2.1.4
describes work on planetary nebula Sh 2-71, where the envelope ejection from a binary
star was influenced by a nearby tertiary star. Finally, Section 2.1.5 describes our first steps
in understanding populations of binary stars in modern photometric and spectroscopic
time-domain surveys.
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2.1.2 Hydrodynamics of L2 outflows

Mass transfer is binary stars in usefully described by motions inside a Roche potential. In
this approximation, stars are modeled as point masses on a circular orbit and the reference
frame is set to corotate with the orbit. As a result, the Roche potential is a combination
of point-mass potentials from both stars and a potential arising from the centrifugal force.
Equations of motion include also the Coriolis force. There are 5 Lagrange points in the
Roche potential. L1, L2, and L3 are saddle points of the Roche potential located on the
line connecting both stars so that L1 lies between them, L2 on the side of the lower-mass
component, and L3 on the side of the higher-mass component. L4 and L5 are located off
the binary axis and are of less importance for the processes in binary stars.

Mass transfer starts when one of the stars fills its Roche lobe by expanding its pho-
tosphere to or beyond the L1 point. Mass flows from the donor star through L1 point to
the accretor. If the mass-transfer rate is too high, the accretor cannot efficiently absorb
the incoming material and expands. Ultimately, the gas starts to leak out from the bi-
nary near the L2, although the exact nature of this process is unclear especially when the
mass-transfer rate is very high (e.g. Sytov et al., 2007). Alternatively, a contact binary
can shrink its orbit, for example due to the Darwin instability, so that the envelope shared
by the two components overflows L2 (e.g. Webbink, 1976). In some stars, the pressure
scale height of their atmospheres becomes comparable to the physical distance between
equipotentials passing through L2 and L3. As a result, L2 overflow will be accompanied
by additional loss of mass from L3.

The dynamics of gas leaving L2 was first studied by Kuiper (1941). A more systematic
understanding was provided by Shu et al. (1979), who analyzed the properties of cold
streams launched from L2 and in corotation with the orbit. The stream center follows
the ballistic trajectory of a test particle while the stream spreading is determined by the
internal energy and tides due to the central binary. A test particle at corotation at L2
is always bound with negative total energy, but as it leaves the binary it gains energy
and angular momentum due to tidal torques from the time-changing gravitational field of
the central binary. Shu et al. (1979) found that streams leaving binaries with mass ratios
0.064 < q < 0.78 become unbound and form an equatorially-concentrated spiral outflow.
For the remaining ¢, tidal torquing is inefficient and the stream returns, likely forming a
viscous circumbinary disk.

In Hubova and Pejcha (2019), which is shown in full in Section 3.2.1, we investigated
trajectories of test particles leaving binary stars from the vicinity of L2. We improved
on Shu et al. (1979) by injecting the particles not exactly at L2 but at a range of nearby
positions and by giving the particles non-zero initial velocities in the corotating frame.
We identified two new types of ballistic trajectories, which either collide with the binary
surface or loop and self-intersect close to the binary forming a hydrodynamic shock. We
mapped the non-trivial distribution of outcomes as a function of initial position and
velocity and we found that even particles launched sub-synchronously with respect to the
binary orbit can under some circumstances achieve positive total energy. This finding is
important for the interpretation of some observations, which point to radiatively-inefficient
unbound outflows from sub-synchronously spinning binary stars (Sec. 2.1.3).

Although ballistic trajectories in the Roche potential serve as an important tool for
understanding the dynamics of the outflow, interpretation of observations requires a more
sophisticated approach. In Pejcha et al. (2016a), which is shown in full in Section 3.2.2,



Overview 23

-8.0

-8.5

-9.0

-9.5

log1o o (g cm™3)

I I
= =
© ©
U o

1 _11.0

Temperature

—-10 0 10
x/a

Figure 2.1: Density (top) and temperature (bottom) structure of outflow launched from
the L2 point in corotation with the binary orbit. The results were obtained with a SPH
code with realistic equation of state and including artificial viscosity. Radiative processes
(diffusion, cooling, irradiation) were not included. Red closed line in both panels shows
the critical equipotential of the Roche model, which passes through the L2 point. The
binary parameters are similar to the models of V1309 Sco (Pejcha et al., 2017).
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we have developed a new smoothed-particle hydrodynamics (SPH) code specially suited
for investigating outflows from binary stars. Unlike many other CEE simulations based on
SPH, which focus on resolving the hydrodynamics and self-gravitational interactions inside
the common envelope, our approach describes the two stars as point masses and instead
realistically simulates the outflow. We inject SPH particles near the L2 point and follow
their evolution taking into account shocks, which are in SPH traditionally resolved with
artificial viscosity, radiative diffusion, radiative cooling perpendicular to the orbital plane,
and irradiation from the central binary. These processes are implemented using realistic
equation of state, which includes hydrogen and helium ionization as well as molecular
hydrogen, and opacity tables with several options for the properties of dust.

Our results in Pejcha et al. (2016a) verify the basic findings of Shu et al. (1979): the
division between bound and unbound outflows is controlled by the binary mass ratio.
Surprisingly, we discovered that even unbound outflows experience internal shocks, which
arise as the expanding spiral stream expands in the orbital plane and collides with itself.
An example of this effect is visible as a spiral in Figure 2.1. The horizontal expansion is
caused partially by the gas pressure and partially by the differential tidal torques from
the central binary. The shocks thermalize non-negligible fraction of the kinetic energy of
the outflow, which leaks out of the disk vertically as radiation. Our estimated radiative
luminosities and temperatures roughly match the range seen in the candidate optical
counterparts of CEE (Sec. 2.1.3). However, very high mass-loss rates necessary to match
the observed luminosities require a long time to build up the outflow and to have the
light diffuse out of it. Instead, radiative L2 outflows powered by internal shocks are
very promising explanation of pre-maximum luminosity increase seen in many candidate
optical counterparts as will be explained in Section 2.1.3.

In Pejcha et al. (2016b), which is shown in full in Section 3.2.3, we continued our
investigation of radiation hydrodynamics of L2 outflows and explored in more detail the
bound outflows. Here, we found that the efficiency of radiative cooling dramatically affects
the outflow configuration. For efficient radiative cooling, which can be parameterized by
the ratio of diffusion to advection timescales, the bound outflow returns and forms a
viscously-evolving disk-like structure, as originally envisioned by Shu et al. (1979). For
inefficient radiative cooling, the material piles around the binary and continues to receive
mass and energy. This leads to an almost isotropic wind-like outflow. For the small
part of parameter space where the energy injection and radiative cooling are almost in
balance, we found an inflated envelope that transports, reprocesses, and radiates energy
input from the vicinity of the binary. In all cases, the radiative efficiency is quite high,
although the details quite likely depend on the treatment of viscosity in the SPH method.
So far, circumbinary bound disks have not been clearly identified in pre-explosion data of
CEE transients.

2.1.3 What powers luminous red novae?

Some of the first transient brightenings that we now associate with CEE were M31 RV
discovered in 1988 (Mould et al., 1990) and V4332 Sgr, which erupted in 1994 (Martini
et al., 1999). Initially, these objects were interpreted as peculiar novae, which showed
unusual low-temperature spectra and did not exhibit the evolution to high ionization
commonly seen in classical novae. Interest in these transients has dramatically increased
after the discovery of V838 Mon in 2002 (e.g. Brown et al., 2002; Munari et al., 2002;
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Figure 2.2: Light curve of V1309 Sco. Black points shows I-band observations from
OGLE (Tylenda et al., 2011), orange points visual magnitudes from AAVSO, and blue
squares V-band measurements from ASAS. The inset plot shows the detail of the rise to
the maximum with one of our SPH simulations overplotted with a red line. More details
are given in Pejcha et al. (2017).
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Sobotka et al., 2002). Its high luminosity exceeding 10° L, low effective temperature
plummeting to about 2000 K, and spectacular light echoes captured by the Hubble Space
Telescope spurred theoretical interest. Out of many theories, strong interactions between
stars have been able to explain most of the observations of V838 Mon as well as previous
events (e.g. Soker and Tylenda, 2003; Tylenda and Soker, 2006).

A breakthrough event was V1309 Sco, which exploded in 2008 (Mason et al., 2010). Its
pre-outburst observations were recorded by the OGLE project and analyzed by Tylenda
et al. (2011). These observations, shown in Figure 2.2, revealed that V1309 Sco was a
contact binary with rapidly decreasing orbital period accompanied by a gradual change of
the phased light curve. In early 2008, V1309 Sco started its brightening, which culminated
in an outburst about 200 days later. These observations provide unequivocal proof that
V1309 Sco was caused by a binary star interaction.

Another important insight into these transients was provided by Ivanova et al. (2013a),
who noticed similarity between the light curves of events similar to V1309 Sco and Type
ITP SNe. Ivanova et al. (2013a) used analytic scaling relations of Type ITP SNe, which we
explain in Section 1.1.3, to argue that CEE transients are powered by diffusion of light
through an expanding and recombining hydrogen shell. This idea was further quantita-
tively explored by Lipunov et al. (2017) and MacLeod et al. (2017) among others.

We now know approximately 20 events similar to V1309 Sco or V838 Mon, which are
often called Luminous Red Novae (LRNe), Intermediate Luminosity Optical Transients
(ILOTs), mergerbursts, and other variations of these terms (e.g. Kashi and Soker, 2010;
Pastorello et al., 2019; Blagorodnova et al., 2021). Many of them show complicated light
curves with two peaks, gradual pre-explosion brightenings, and dust formation. However,
the interpretation of many events with luminosities similar to LRNe and ILOTs is not
straightforward. There is evidence that some of these objects are luminous blue vari-
able outbursts or faint electron-capture SNe rather than stellar mergers (e.g. Pastorello
and Fraser, 2019). Developing precise criteria for observational identification of optical
counterparts of CEE is needed.

My initial ideas about LRNe were published as Pejcha (2014), which is shown in full
in Section 3.2.4. In this work, I analyzed three features of the pre-maximum light curve
of V1309 Sco: (i) the directly observed orbital period change accelerated on a timescale
P/P ~ P/P ~ 2years, which is much shorter than the tidal or thermal timescale of the
binary (hundreds to thousands of years) and much longer than its dynamical timescale
(roughly the orbital period P ~ 1.4days), (ii) the gradually changing shape of the phased
light curve occurred with a similar slow pace as the orbital period change, while the
total observed period change of 2-3% suggests that the physical dimensions of the system
changed only by a small amount, and (iii) the slow gradual rise to the peak appears
to be an extension of the previous trends and cannot be easily explained by a simple
instantaneous mass ejection. I proposed that this observed sequence of events can be
explained V1309 Sco experiencing mass loss from the L2 point with gradually increasing
mass-loss rate and that the mass-loss rate history can be, in principle, reconstructed from
the observations.

In Pejcha et al. (2017), which is shown in full in Section 3.2.5, we verified the ideas
presented in Pejcha (2014) using the SPH code developed in Pejcha et al. (2016a,b).
First, we set up an analytic model of the L2 spiral stream and calibrated its properties
based on SPH simulations relevant for V1309 Sco. Then, we raytraced through the model
to calculate phased light curves. By gradually increasing the mass-loss rate we naturally
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Figure 2.3: Mass loss history of V1309 Sco. Red points show mass-loss rates estimated
from the seasonal phased light curves, gray bar shows the inference from directly observed
orbital period change assuming L2 mass loss and binary mass ratio compatible with the
the observed phased light curve, and the blue line marks the prescribed mass-loss rate
evolution that explains the gradual rise to the maximum shown in the inset panel of
Fig. 2.2. This figure is based on Pejcha et al. (2017), except that here I fixed the error
affecting the inferences from the period change.
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Figure 2.4: Explosion properties of luminous red nova AT 2018bwo. Left panel shows the
inferences of ejecta mass M,; and initial radius Ry based on Type II-P SN scaling relations.
Right panel shows the mass of the dynamical ejecta M and the mass in the pre-existing
equatorially-focused wind Myinq based on scaling relations of shock-powered transients
of Metzger and Pejcha (2017). Quantitative results from this analysis are described in
Blagorodnova et al. (2021).
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reproduced the sequential change from double-peaked to single-peaked phased light curve.
By comparing the theoretical and observed light curves, we estimated the mass-loss history
and found that it approximately explains the directly observed change of the orbital
period. These findings are illustrated in Figure 2.3. Central binary can only be obscured
by the L2 spiral stream for a certain range of orbital inclinations, which help us to break
the degeneracy between the observed amplitude, inclination, and mass ratio of the binary.
Based on these ideas, we constrained the binary mass ratio to 0.07 < ¢ < 0.10. This value
is similar to ¢y for the Darwin instability, which suggests that the inspiral might have
been initiated by the tidal Darwin instability. Nonetheless, the high value of P and P
as well as quantitative agreement with angular momentum loss from L2 suggest that L2
mass loss was the dominant driver of period change in the few years before the main peak.

In Pejcha et al. (2017), we also performed SPH simulation of the final approximately
200 days before the main peak, when the binary was already enshrouded in the L2 outflow.
This time period corresponds to approximately 150 original orbital periods, which can be
directly simulated by our SPH code that neglects the internal dynamics inside the binary
star. We prescribed a runaway increase of the L.2 mass-loss rate and we self-consistently
evolved the binary orbital properties including the injection point of the particles in
response to the loss of angular momentum from the binary. We could reproduce the
observed gradual rise, as we show in the inset panel of Figure 2.2, and reconstruct the
mass-loss history of V1309 Sco up to several days before the main peak, as we illustrate in
Figure 2.3. By integrating the mass-loss history, we estimated that V1309 Sco lost about
0.05 Mg, through L2 before the evolution of the binary became dynamical. To summarize,
in Pejcha et al. (2017), we quantitatively explained the pre-maximum observations of
V1309 Sco with a unified model of runaway L2 mass loss.

The pre-dynamical mass loss is followed by a dynamical mass ejection, which likely
occurs more isotropically and with faster velocity. Specifically, Ivanova et al. (2013a) and
Nandez et al. (2014) performed CEE simulations of V1309 Sco and predicted the mass in
the dynamical ejection to lie between 0.04 and 0.09 M. This number is comparable with
the total pre-dynamical mass loss estimate of Pejcha et al. (2017). As a result, it is likely
that the two different ejecta components moving with different velocities will collide and
that the observed plateau-like light curve might not be explained simply as light diffusing
out of an expanding and recombining hydrogen shell.

We explored the observational consequences of shock interaction in LRN ejecta in Met-
zger and Pejcha (2017), which is shown in full in Section 3.2.6. In this work, we constructed
a semi-analytic model of shock interaction between a pre-existing equatorially-focused
wind and a faster spherical ejecta, which includes emission of radiation and transfer of
radiation from the shock to the spherical component. We argued that the first peak seen
in the light curves of LRNe is caused by cooling of shock-heated ejecta expanding in the
polar direction, while the second peak is due to the diffusion of light from the radiative
shock through the ejecta. In some cases, the spherical component can engulf the equato-
rial shock and we would see a light curve with a bright shock-powered plateau, similarly
to some SNe (Sec. 1.1.4). The dense shock-cooled region is also an ideal site for dust
formation, which is often seen in late observations of LRNe and their remnants. For giant
progenitors, the dust forms when the shock luminosity is still high, which can lead to long
infrared-bright transients, perhaps similar to events recently identified with the Spitzer
Space Telescope (Kasliwal et al., 2017).
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In Metzger and Pejcha (2017), we provided also simple analytic and observationally-
testable relations to estimate luminosities and durations of LRN light curves. One of the
first applications of these relations to the observed data was done by Blagorodnova et al.
(2021) and we illustrate the results in Figure 2.4. This work is a first step in solving one of
the current open problems of LRNe: are their light curves powered simply by diffusion of
light out of a recombining hydrogen shell or does shock heating play a dominant role? This
is not an easy question to answer, because the observational appearance might be very
similar in both cases. The path forward is to carefully compare inferences of the ejecta
masses from the two models and contrast them with other properties of the transient.
For example, if the mass of the recombining hydrogen shell required to explain the light
curve exceeds the progenitor mass, then the ongoing shock interaction is the preferred
explanation.

2.1.4 Irregular shapes of planetary nebulae

A single low-mass star should end its live by ejecting a nearly spherical planetary nebula.
Yet, many planetary nebulae show axisymmetric structures, which are best explained by
the binarity of the central object and ejection of the CEE (e.g. De Marco, 2009; Jones and
Boffin, 2017). We also know that many low-mass stars are members of triples or higher-
order multiples and that this should play a role in the formation of some planetary nebulae.
Triple-star interactions have also been recently considered in the CEE hydrodynamics
(Glanz and Perets, 2021). Despite the observed triple statistics, we know only very few
irregular irregular planetary nebulae that require interactions in a triple system (e.g. Bear
and Soker, 2017).

In Jones et al. (2019), which is shown in full in Section 3.2.7, we argued that Sh 2-71
is one of the best candidates for planetary nebulae shaped by triple star interactions. Sh
2-71 is known to have an irregular shape and there are two candidate central objects. The
brighter one is a peculiar variable central star with an unusual light curve and a period
of about 68 days, which is likely associated with motions in an unresolved binary star.
However, this object is offset from the apparent center of the nebula and is also too cold
to provide enough ionizing photons (Mikulasek et al., 2007; Mo¢nik et al., 2015). Little
is known about the second star, which is much fainter but also likely hotter and closer
to the nebula center. In Jones et al. (2019), we presented a discovery of two new distant
emission regions of Sh 2-71, which are approximately aligned with the two candidate
central objects. We also argued that the system was originally a triple star system,
where the most massive star was the single outer component. Lidov—Kozai cycles in the
triple system could have decreased the orbital period of the binary subsystem. When the
more massive star ejected the planetary nebula, the sudden loss of mass caused the triple
system to break up. Some of the planetary nebula mass could have been captured in the
binary star system, which might be responsible for the peculiar variability or the distant
emission regions. We supported this scenario with numerical integrations of binary orbits
responding to mass loss taking into account the mass ejection timescale, Lidov—Kozai
timescale, and the main-sequence lifetime of the more massive component. The inferred
mutual velocities are compatible with current best relative proper motion estimates from
Gaia.
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2.1.5 Effects of binary evolution of stellar populations

Traditionally, observational constraints on the physics of CEE have been obtained by
comparing populations of progenitor binaries with post-CEE systems with the aim to
constrain the CEE energy formalism (e.g. Nelemans et al., 2000; Zorotovic et al., 2010;
De Marco et al., 2011). Similar investigations can become more powerful with the current
and upcoming time-domain photometric and spectroscopic surveys, which greatly expand
the amount and quality of available data.

In Pawlak et al. (2019), which is shown in full in Section 3.2.8, we analyzed photo-
metric variability of stars observed by the time-domain spectroscopic survey APOGEE.
As a part of the Sloan Digital Sky Survey, APOGEE obtains high-resolution high S/N
spectra of stars in the near infrared, often at multiple epochs for each target (York et al.,
2000; Majewski et al., 2017). The primary motivation of our work was to identify eclips-
ing binaries in the overlap of APOGEE and ASAS-SN, because the number of APOGEE
epochs is typically insufficient to fully characterize the binary orbit with spectroscopic
data alone and because absolute orbital properties cannot be determined only from pho-
tometry. We searched for photometric variability in more than 250,000 APOGEE targets
with V-band data from the All-Sky Automated Survey for Supernovae (Shappee et al.,
2014; Kochanek et al., 2017). Typical stars had over 150 photometric measurements dis-
tributed over few years. We identified almost 2000 variable stars of which more than 400
were new discoveries. Among these stars, we found over 400 eclipsing binaries and ellip-
soidal variables, more than 100 classical pulsating stars, and more than 700 long-period
pulsating red giants. By our independent method, we found that binary stars are found
preferentially at lower metallicity, which agrees with findings by other groups (Badenes
et al., 2018; Moe et al., 2019). One of our eclipsing binaries was recently investigated in
more detail by Miller et al. (2021). We also explored characterization of the variability
using non-periodic Gaussian damped random walks.

2.2 Additional co-authored works

» Jayasinghe et al. (2019a,b, 2020a,b,c, 2021a)

This series of papers characterizes time-variability of stars in ASAS-SN. Jayasinghe
et al. (2019a) updated classifications of known variables stars, Jayasinghe et al.
(2019b) found new variable stars in one of the fields continuously observed by the
TESS satellite, Jayasinghe et al. (2020a) characterized stellar variability in the
southern sky, Jayasinghe et al. (2020c) studied pulsating variables of 6 Sct type,
Jayasinghe et al. (2020b) discovered heterogeneity of contact binaries related to the
structure of surface convection zones, and Jayasinghe et al. (2021a) combined pho-
tometric variability with information from spectroscopic surveys for variable stars
across the whole sky. Our work covered in Section 3.2.8 (Pawlak et al., 2019) is a
part of this series of papers.

o Aydi et al. (2020)

This paper presents simultaneous observations of a classical nova V906 Car in -
rays from the Fermi satellite and in the optical from the BRITE nanosatellite. Small
flares are seen simultaneously in both bands, which points to an underlying shock
interaction that powers the outburst.
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« Williams et al. (2020)

This work presents photometry and spectroscopy of ILOT AT 2019abn, which could
have been caused by a stellar merger.

« Blagorodnova et al. (2021)

This submitted paper studies LRN AT 2018bwo in NGC 45 and its yellow supergiant
progenitor. For the first time, progenitor and transient observations are combined
with tailored binary evolution models and theoretical interpretation of the outburst
light curve. An illustration of the theoretical modeling of the transient is shown in

Figure 2.4.

2.3 Future work

My future work will be focused along three main lines. First, I plan to significantly
develop theoretical methods that are used to study CEE. With the members of my group,
we are working on coupling a special version of moving-mesh hydrodynamics with radiative
transport in the flux-limited diffusion approximation. Once finished, this code will allow us
to study multi-dimensional behavior of LRNe over many orders of magnitude of spatial and
temporal scales. We will be able to predict observational appearance and study even more
complex phenomena related to the formation of dust and molecules. This code is also much
more widely applicable to all astronomical transients, where multi-dimensional effects are
important. I also plan to address the gap between 1D stellar evolution codes, which are
used to study CEE long before or after the dynamical phase and explicit multi-dimensional
hydrodynamic codes, which simulate the short dynamical phase. This could be achieved
with low-Mach number hydrodynamics, which evolves perturbations on slowly-changing
hydrostatic background and which does not have restrictions on the timestep due to the
sound speed. This would be an ideal tool to study internal structure of binaries in the
long pre-dynamical phase of CEE or the evolution of angular momentum on intermediate
timescale after a merger. I will opportunistically complement these investigations with
analytic and semi-analytic models addressing topics such as stability of mass transfer
in binary stars, generation of magnetic fields in CEE, or loss of angular momentum by
outflows from binary stars.

Second, with the new tools available I plan to make new predictions, compare them
with observations, and provide new constraints on the CEE theory. I will address open
questions such as: are all LRNe are all caused by slowly inspiralling binaries or do some
of them come from binary collisions? Are all optical LRNe stellar mergers? Are the
recently-identified long and cool infrared transients bona fide CEE events that leave be-
hind surviving binaries? Are LRNe powered simply by diffusion or by shock interaction?
How do ejecta masses and energies of LRNe compare to CEE predictions and what does
this imply for astrophysically-important stellar populations? What happens inside binary
stars as they approach CEE? How are magnetic fields amplified? What happens after the
merger in terms of angular momentum redistribution and magnetic field evolution? Can
we make correspondence to NS mergers? What will be the observational appearance of
merger remnants and can we identify them in astronomical surveys?

Finally, I plan to utilize the current and upcoming photometric and spectroscopic
time-domain surveys to constrain CEE theory and binary and multiple star interactions
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in general. For example, with my group we are working on constraining the properties of
tidal Darwin instability in populations of contact binaries and on explaining the observed
gap in the distribution of effective temperatures of contact binaries. Other topics that
interest me are long-term changes and spot evolution in binary stars, identification and
analysis of peculiar objects, and hunt for remnants of stellar mergers.
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