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Abstract

The presence of an orbiting companion can significantly affect the evolution of a star.
For close binaries, radial expansion of the primary’s envelope during the post-Main Sequence,
coupled with mass-loss from winds, can destabilize the orbit such that the companion plunges
into the primary star. Such common envelope (CE) events are thought to be the primary
mechanism for forming close binaries in the universe, as the orbital separation rapidly shrinks.
Despite its importance and predicted ubiquity, the details of stellar evolution through the CE
phase remain highly uncertain. Here, we construct theoretical light curves for convective CE
events. The effects of convection impart a distinct, long-term signature in the light curves,

which should be detectable with upcoming transient surveys.
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1 Stellar Evolution

Recorded astronomy began before formal telescopes and tools, using one’s eyes to measure
the change in sources of light in the sky. While some of these sources were planets reflecting
light from the sun, most were stars. The distance to these sources were first determined using
parallax, which measures the position of an object in the sky from two different points on Earth
or in Earth’s orbit. This can be done using any visible source, planet or star. Later it was
discovered that a certain family of variable stars change their brightness with relation to their
distance. The measured, periodic changes in Cepheid variable stars thus became an important
means of calculating distances, even allowing for measurements further than parallax. And
to measure distances beyond those of the visible Cepheid stars, astronomers can use Type Ia
supernovae explosions (Fernie| (1969)). But beyond measuring distance, stars make up the
majority of visible light sources, aid in exoplanet discovery, and, as they grow old and die,
can leave behind compact remnants. These remnants include white dwarfs, neutron stars, and
black holes, which are dense enough to create gravitational waves as they move through space.
Stars are also singularly responsible for creating the fundamental elements for life. Therefore,

learning how stars evolve over time is the first step in understanding the universe as a whole.

1.1 The Hertzsprung-Russell Diagram

Created independently by two astronomers in the early 1910s, the Hertzsprung-Russell
(HR) diagram is a classification of stars according to temperature and luminosity, and reveals
clear trends that stars follow throughout their life cycles. These overall patterns in stellar
evolution allow for grouping stars based on their evolutionary state and mass. An example of
an HR diagram can be seen in Figure 1.

It is important to note that, although the y-axis luminosities are from dim to bright, the
x-axis temperature reads from hottest to coolest values. This is because the original diagrams
plotted according to distinctive spectral features (classified under the letters O, B, A, F, G,
K, and M according to strengths of absorption lines of hydrogen, helium, and metals) on the

x-axis. At the time, the sequence was not clear, and, when they were finally known, they were
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1. Stellar Evolution

discovered to correlate with decreasing temperature (O type stars happen to be the hottest,

while M type are coolest).

There are two stellar classifications with respect to mass: Low-mass stars, defined as stars
with mass less than or equal to 8 Mg, and high-mass stars, defined as stars with mass greater
than 8 M. A note here that some definitions include an intermediate-mass star, where low-
mass stars are between 0.1 and 1 Mg, and intermediate-stars are between 1 and 8 M, but
for this work we will define these groups under the single umbrella of low-mass stars. Stars
with cores that burn (undergo nuclear fusion) hydrogen to helium are on the longer diagonal
branch identified as the Main-Sequence (MS). This branch starts from cooler, dimmer stars
(like AB Doradus C in Figure 1) and moves upward toward hotter, brighter stars. There
are two general divergences from the MS on the diagram, marked by Giants (also known as
the Red Giant Branch (RGB)) and Supergiants. Stars leave the MS for one of these groups
once they have finished burning all the hydrogen in their cores and begin burning helium and
other heavier elements instead. These stars are characterized by low surface temperatures
and high luminosities, as well as large radii. The last grouping shown on the diagram is the
White Dwarfs (WD), which represent the final stage of low-mass stars that have blown off

their envelopes and left behind a degenerate core.

1.1.1 Proto- and Pre-Main-Sequence Stars

Stars are formed from dense molecular clouds undergoing gravitational collapse onto cen-
tral cores (Hoyle & Lyttleton| (1939))). These cores are known as protostars, which accrete
mass from the surrounding cloud in the form of an accretion disk formed by the conserva-
tion of angular momentum. Once collapse begins, the force from gravity increases more than
the pressure gradient so that, as time passes, the collapse is driven more and more solely by
gravity. This phase for a low-mass star like the Sun can last around 500,000 years, and it is

here that the parameters for initial stellar masses and planet formation are set (Dunham et al.

(2014)).

Accretion on a low-mass protostar from the infalling envelop stops when the envelope is

2 1.1. The Hertzsprung-Russell Diagram



1.1. The Hertzsprung-Russell Diagram
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Figure 1: The Hertzsprung-Russell (HR) diagram, taken from ESO)| (2007), plots the surface
temperature of stars against their luminosities. Note that the temperature values are from
high to low. There are four main groupings shown: Main-Sequence, Giants, Supergiants, and
White Dwarfs. Besides the groupings, two stars are identified in this diagram: the Sun and
AB Doradus C. The Sun is a typical Main-Sequence (MS) star that will someday leave the
MS and move onto the Red Giant Branch (RGB), identified here with the label Giants. AB
Doradus C is one of the lowest mass stars ever found and is a Pre-Main-Sequence (PMS) star.
This means AB Doradus C is much cooler and less luminous than the Sun (its luminosity is
only about 0.2% that of the Sun’s).
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1. Stellar Evolution

blown away, and this occurs before the central temperature required for hydrogen ignition is
reached, despite the star having amassed nearly all its final mass. At this stage, the protostar
now becomes a pre-Main-Sequence (PMS) star (Larson| (2003)). The PMS star will contract,
causing its internal temperature to rise. For high mass stars, the accretion will continue well
after the core has begun hydrogen burning, meaning these stars will skip the PMS stage

entirely before settling on the MS (Hosokawa & Omukai (2009)).

There are a few differences between a protostar and what is considered a fully-realized
star. First, the source of light in the protostar phase is produced by gravitational contraction,
which causes the gas to be heated and radiate light instead of nuclear fusion. Another way
to understand this is that the accreting core of a protostar releases its accretion energy in a
thin surface layer, whereas a star’s energy source is found in the deep interior. Second, once
a hydrostatic core has formed in a protostar there is still significant surface pressure from the
infalling gas and dust, whereas stars have surface pressure that is virtually zero. However, the
diameter of the accreting core of a protostar in hydrostatic equilibrium is already nearly the
size of a star’s, so, although it is not undergoing fusion, it is already about as large as the core

of the completed star will be (Kippenhahn et al.| (2012)).

1.1.2 Main-Sequence (MS) Stars

A star moves from the pre-Main Sequence to the Zero Age Main-Sequence (ZAMS) when
the contraction in the PMS phase, which causes the core’s density, pressure, and temperature
to increase, finally heats the core to the limit required for hydrogen burning. Low-mass, ZAMS
stars tend to be grouped on a trend line similar to the MS, but slightly higher in luminosity
(Pallay (2012))). Again, high-mass stars skip this stage altogether and enter on the MS, but the
lower the mass of the star, the further away it begins from its eventual entrance point on the
MS. Most importantly, as will be discussed in Section 3, the ZAMS marks a more stable phase
of evolution for stars. As these stars continue to burn through their hydrogen, they eventually

move onto the MS.

Main-Sequence (MS) stars are characterized by nuclear fusion of hydrogen into helium in

4 1.1. The Hertzsprung-Russell Diagram



1.1. The Hertzsprung-Russell Diagram

Figure 2: This is a cartoon of the Sun, a typical Main-Sequence (MS) star. The core, in yellow,
is where nuclear fusion takes place and has a radius of approximately 1.7 x 100 centimeters
(cm). Next, marked by light orange with arrows moving away from the core is the radiative
zone (about 4.2 x 1019 cm wide). After this is the convective zone, marked with circular arrows
(about 1.055 x 10'° cm wide). The outermost layers include the photosphere (about 4.5 x 107
cm wide), chromosphere (about 2.5 x 10% cm wide), and the corona (not present in every MS
star).

their cores (Iben (1967)). Figure 2 shows the interior of the Sun, an example of an MS star. The
core, in yellow, has a radius of approximately 1.7 x 10'° centimeters (cm). Exterior to this and
marked by a lighter orange color with arrows moving away from the core is the radiative zone.
This zone is about 4.2 x 10'% cm wide and is where the thermal energy produced in the core
is radiated away towards the surface. After this is the convective zone, marked with circular
arrows, which is approximately 1.055 x 10'° ¢cm wide. Here, convection transports energy out
towards the surface via the bulk motion of gas parcels, which then cools and circulates back
towards the interior where it is reheated and rises again, thus the circular arrows. These three
zones mark the interior of the star and are approximately 99.58% of the Sun’s volume. The
outermost layers include the photosphere (about 4.5 x 107 ¢cm wide), chromosphere (about
2.5 x 10® cm wide), and the corona (not present in every MS star). The regions of the star

that transport energy from the star’s core to the atmosphere are called the stellar envelope.

1.1.3 Red Giant Branch (RGB) Stars

Once a star’s core has depleted its supply of hydrogen, the now helium core contracts,

during which gravitational potential energy is converted into thermal energy. The internal

1. Stellar Evolution 5



1. Stellar Evolution

Figure 3: Here is a cartoon of a typical Red Giant Branch (RGB) star. Like an MS star, it
includes a convective zone, marked by darker orange and circular red arrows, a radiative zone,
marked by light orange with arrows moving away from the core, and even a hydrogen burning
zone, marked in yellow. However, the helium core, marked in dark blue, is different, as are
the sizes of the zones (here the convective zone is wider than the radiative, whereas an MS
star has a wider radiative zone). Also, a RGB star at its largest radius would be hundreds of
times larger than its MS counterpart.

layers of the star begin to heat, and eventually the shell of hydrogen surrounding the helium
core becomes hot enough to re-start hydrogen fusion. This is where the low-mass stars leave
the MS and enter the Red Giant Branch (RGB), marked by Giants in Figure 1. The hydrogen
burning shell will generate more energy than the hydrogen burning core did, causing the radi-
ation pressure to increase. Energy is transported to the outer layers of the star via convection
(Figure 3)). This will cause the star’s luminosity to increase drastically, by a factor of 1000 or
more, as its radius grows to hundreds of times larger than its MS size.

The evolution between these stages is illustrated in Figure 4. The diagram itself is shown
on a simplified HR diagram, which includes temperature and luminosity (note the temperature
again is from hot to cool and the luminosity from dim to bright). The diagram shows the steps
a Sun-like star would take along the RGB phase, starting from the Solar-type star with a red,
hydrogen burning core. Next, as a Red Giant star it has exhausted all the hydrogen in its
core, leaving behind a helium core, shown in dark blue, and has begun burning hydrogen in
the shell around the core, shown again in red. At its largest radius, the star has heated its
envelope as much as it can, preempting a helium flash, which is the sudden onset of helium

core fusion. It is important to note that the illustration, particularly at this stage, is not to
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1.1. The Hertzsprung-Russell Diagram

scale. This star at the largest radius should be hundreds of times larger than the Solar-type
star, which would take up more space than the entire figure has to offer. After this point it
becomes a Red clump star. This star is also marked by a red core, but the core is burning
helium instead of hydrogen. From here the star can move onto the Horizontal branch and, if

it is massive enough, even the Asymptotic Giant Branch, as explained below.

1.1.4 Horizontal Branch and Asymptotic Giant Branch (AGB) Stars

The energy released by the helium flash in the core has several effects, but the most
important is a rise in effective temperature and a decrease in surface area, such that the
luminosity remains roughly the same. This star will now move left along the horizontal branch
of the HR diagram. Horizontal branch stars are characterized by helium core-burning and
hydrogen shell-burning. This phase typically lasts on the order of 100 million years for a 1M,

star (Kippenhahn et al.|(2012)).

Once the helium in the core has been entirely fused into carbon and oxygen, the core will
contract again. For a low-mass star, this contraction will not produce enough heat in the core
to start another fusion process. However, the now helium shell surrounding the core can begin
helium burning as the temperature increases, as can a thin shell of hydrogen above the helium
shell. This marks another expansion in radius as the star enters the Asymptotic Giant Branch

(AGB) phase (Herwig| (2005)).

Once this helium runs low, the outward radiation pressure will start to decrease, meaning
the shell of hydrogen gas surrounding the core and layers of heavier elements will contract,
heat up, and convert into helium that falls into the helium shell. This produces a thermal pulse

that will push out the hydrogen shell until it cools and any hydrogen shell burning ceases.

For a Sun-like star, these pulses can increase the luminosity over tens of thousands of years
(Kastner & Wilson| (2021)). As these thermal pulses continue from the repeated contraction
and expansion of the star, and strong stellar winds develop, the outer layers of the AGB star

will be almost entirely ejected, leaving behind an exposed, degenerate core.
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Figure 4: Here the evolution of a Main-Sequence (MS) star through the Red Giant and
Asymptotic Giant phase is depicted along a simplified HR diagram (Yan et al.| (2020)). The
temperature is from high to low, and the luminosity from dim to bright. The figures are not
to scale. For example, if this were the evolution of our Sun, in its largest radius it would be
256 times its current size, the first position in this diagram. The Red clump star depicted
here preempts a phase known as the Asymptotic Giant Branch (AGB), which is explained in
more detail in Section 1.1.4. Hydrogen burning in the Solar-type star, as well as the Red giant
stars, is shown via the red core and red shells respectively. However, in the Red clump or
AGB star the red core represents helium burning instead. The blue core in the two Red giant
stars represents a helium core.
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1.1. The Hertzsprung-Russell Diagram

1.1.5 White Dwarfs (WDs)

These cores are very hot, with initial temperatures up to 100,000 Kelvin (K), but far less
luminous than the RGB or AGB stars, with luminosities of about 1000 times that of our Sun.
These temperatures and luminosities will fade significantly over time, with the oldest known
cores having temperatures closer to 10,000 K and very low luminosities. And at this point the
star has become a White Dwarf (WD) (Figure |1).

WDs are degenerate, meaning that they are extremely dense and "held up" by electron
degeneracy pressure as opposed to the radiation and gas pressure of the previous stage of its
stellar lifetime. Also, whereas a MS star has a larger radius the more mass it has, a WD
has an inverse relationship between mass and size. This means that a WD greater in mass
would be smaller in radius than a less massive WD. This is because more massive stellar cores
experience a stronger gravitational force and compress more. The heat in a white dwarf is
gradually radiated away, but because it has such a small radius, and therefore small surface
area, the heat escapes very slowly. It will take a WD tens to hundreds of billions of years to

radiate its heat (Liebert (1980)).

1.1.6 Supernovae (SN)

A supernova (SN) is a stellar explosion that releases high amounts of energy and luminosity,
about as bright as an entire galaxy of billions of Sun-like stars. A low-mass star will not undergo
a SN on its own. However, there are several ways a system can reach the energy limit required
for one. These methods of SN are classified by two groups: Type I and Type II.

A Type I SN is, in most cases, a WD in a binary system that is accreting gas from its
companion. When the white dwarf has managed to collect enough of this accreted gas (known
as the Chandrasekhar limit, this is thought to be when the WD mass goes above 1.4 Mg
(Mazzali et al|(2007))), it produces a thermonuclear explosion that destroys the WD and its
companion. These are the brightest kinds of SN and, as mentioned before, can be used to
measure the furthest distances in our universe.

A Type II SN occurs in high-mass stars that are at least 8 My and in the final stage of

1. Stellar Evolution 9



1. Stellar Evolution

their evolution. As the star reaches the point where it can no longer continue nuclear fusion in
its core due to a buildup of iron, the outward pressure from this process is eventually overtaken
by the inward gravitational force. This results in the star’s core collapsing inward to form a
neutron star or black hole (BH) as the star’s outer layers are pushed outward with incredible

force (Weiler & Sramek (1988))).

A note regarding RGB stars and their evolutionary phases. In Section 1.1.3, the process
of thermal pulses was described once the star had undergone a helium flash. These pulses
produce spikes in luminosity that can be seen in their light curves. However, these pulses
are on much longer timescales than a common envelope-induced SN event. Therefore, the
likelihood of the two occurring simultaneously is very low. For this reason, these pulses are

not included in the light curve models of this work.

1.2 Binary Stars

The review of a single star’s evolution above is a highly idealized version of the process,
as stars rarely form from a single, isolated cloud of gas. Most often, stars form in clusters in
galaxies, meaning there are many additional forces than the ones mentioned. Principal among
the effects of stellar evolution in clusters is that stars will develop in multi-body systems where
they are gravitationally bound to other nearby objects. A binary star is a system of two stars
specifically that are gravitationally bound and therefore orbit one another. At one point in the
mid to late twentieth century, it was estimated that 70-80% of MS F and G stars were in binary
or multi-star systems. Recently, the number of total binary stars in the universe is estimated
to be up to 50%, as the resolution of newer instruments allow for better understandings of
bright sources and whether they come from multi-body systems or single stars (Duchéne &

Kraus (2013))).

Binaries can be divided into two main groups: wide and close. A wide binary defines a pair
of stars that orbit each other at large separations so that they evolve independently. A close
binary is a pair of stars that are close enough to transfer matter (usually at 10 astronomical

units (AU) (1.496 x 104 cm) or closer) and therefore evolve together. This mass transfer can,

10 1.2. Binary Stars



1.2. Binary Stars

in some cases, drastically alter the evolutionary paths either of these stars would have taken
if in a single system. Close binaries can also be close enough to gravitationally distort one

another’s outer atmospheres.

1.2.1 Classification of Binaries

While stellar binaries define two stars that are gravitationally bound, there are many
different kinds of binaries. Because most stars develop in clusters, they can often become
bound to whatever else is forming near them, and, while this does include stars, this also
includes planets, neutron stars, BHs and WDs.

There are two classifications used in this project for companions that can produce close
binaries after common envelope (CE) events: degenerate and non-degenerate. A degenerate
companion, like the WDs from Section [1.1.5, refers to a dense stellar object with extreme
gravitational pressure. A non-degenerate companion refers to stars and planets whose internal

structures are determined by gas or radiation pressure.

1. Stellar Evolution 11
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2 Common Envelopes

2.1 Relevance in Astrophysics

In last decade, there has been significant interest in the physics of close binary systems.
Driving much of this interest is the Laser Interferometer Gravitational-Wave Observatory
(LIGO), which announced the direct detection of its first Gravitational Waves (GWs) in 2016
(Abbott et al. (2016)). Those GWs were produced by a BH-BH merger, and, to date, all de-
tected GWs by LIGO have been the products of mergers (Abbott et al.|(2021); |Abbott et al.
(2020); etc.), meaning they were first in close binaries. Currently, the primary mechanism
thought to be responsible for producing close binary end products, pre-merger, is common
envelopes (CEs) (Toonen & Nelemans| (2013); Kruckow et al.| (2018)); (Canals et al.| (2018))),
although they are not the only method being researched (Fabrycky & Tremaine| (2007)); Thomp-
son| (2011)); Shappee & Thompson| (2013)); Michaely & Perets (2016)).

The common envelope (CE) phenomenon was first proposed in [Paczynski| (1976), and
describes the process of an orbiting companion entering the outer layers of a primary star’s
envelope. The companion can then orbit the primary’s core within this now shared envelope.

This phase is predicted to last briefly, on the order of a few decades.

2.1.1 The Physics of Common Envelope (CE) Evolution

CE events tend to occur when the primary star in a binary system evolves off the Main-
Sequence (MS). The radius of the primary during post-Main-Sequence evolution expands to
hundreds of times its original size, significantly increasing the interaction cross section (Ivanova
et al.| (2012); Kochanek et al.| (2014)). In two-body systems there are several physical effects
that can lead to CEs: (i.) direct engulfment, where the radius of the primary far surpasses
the orbital separation, (ii.) Roche Lobe overflow, or (iii.) orbital decay via tidal dissipation
(Nordhaus & Blackman| (2006); Nordhaus et al.| (2010)); (Chen et al.| (2017)). As the binary
separation decreases, energy is transferred from the orbit to the CE. If enough energy is
released, the envelope becomes unbound and is ejected from the system, leaving a close, post-

CE binary.

12



2.1. Relevance in Astrophysics

Figure 5: This figure shows the three major steps of CE evolution. A illustrates a bound
system of a 1 Mg MS star and a 0.2 Mg companion. The companion in the cartoon is not
to scale, as it would not be visible were it shrunk down to 40% the size of the MS star. But
the primary, 1 Mg MS star is scaled according to B’s primary, which is the same star but at
its maximum radius as a RGB star (like the largest star in Figure |4). In B, the companion
has just been engulfed due to the primary’s expansion, marking the beginning of a CE event.
In C, the companion has already spiraled through the primary’s envelope and contributed
enough energy so that the envelope could be ejected, leaving behind only its degenerate core.

This process is illustrated in Figure |5. Figure 5A illustrates a bound system of a 1 Mg
MS star and a 0.2 Mg companion. A 0.2 Mg companion would be a brown dwarf, which
is a substellar source that is not large enough to sustain hydrogen burning on its own. The
companion in the cartoon is not to scale, as it would not be visible were it shrunk down to
40% the size of the MS star, but the primary, 1 My MS star is scaled according to Figure 5B’s
primary, which is the same star but at its maximum radius as a RGB star (like the largest
star in Figure 4).

Figure 5B shows the moment where the primary star, in expanding to its maximum radius,
has engulfed the secondary mass in its envelope, marking the first step of a CE event. As will
be explained in [2.2.2, it is important to note that the first large zone the companion will
encounter in the RGB star is the convective zone. The secondary mass will begin to orbit
in the envelope towards the primary star’s dense core. Due to the drag force this orbit will
rapidly shrink, creating a tight spiral inwards, and the energy released in this process will

eventually aid in unbinding the primary star’s envelope.

In Figure 5C, the companion has transferred enough energy for the primary’s envelope to

2. Common Envelopes 13



2. Common Envelopes

become unbound and eject from the system. This means that, of the primary star, only the
core remains and the overall result is a close binary. There is another option for Figure [5C
that is not depicted. As the companion moves through the primary’s envelope, the drag force
will shrink its orbit and slow its motion. If the companion mass is destroyed (called shredded)
by the effects of this force before it can transfer enough energy to unbind the envelope, the

primary star will remain as is, although the energy that was contributed from the companion

may result in a change in its evolutionary track (Nordhaus et al| (2011)). Other effects that

could change a CE process outcome include mass ratio, initial orbital separation, and internal

properties of the giant star (e.g., Marco et al| (2011); [Politano & Weiler| (2007)); Zorotovic|

(2011))). For some visualizations of the outcomes of different CE events, see Figure (6).

2.2 Previous Theoretical Work on CEs

The conditions that allow for envelope ejection are dependent on the physics of the in-

teraction, the structure of the envelope, and the details of energy and angular momentum

transport during the CE phase (Icko & Livio (1993)). One of the most commonly-used, nec-

essary conditions is that the energy released from the orbit must surpass the binding energy

of the envelope. This is denoted as:

Epind < aepfAEq, (2.1)

where AFE,p is the orbital energy released during inspiral, Eyi,g is the energy required to

unbind the envelope, and 0 < @y < 1 is the efficiency with which the liberated orbital energy

can be used to unbind the CE (for more information on this see Tutukov & Yungelson| (1979);

Iben & Tutukov (1984); Webbink! (1984); Livio & Soker| (1988); Marco et al| (2011))). How

efficiently this energy can be accessed to drive envelope ejection, and whether this condition is

sufficient, is a subject of active research (Ivanova et al|(2015);|Nandez et al.(2015); Chamandyl|

et al.| (2018a); |Grichener et al.| (2018); Ivanova (2018); Soker et al.| (2018); Wilson & Nordhaus

(2019); Wilson & Nordhaus| (2020)).

14 2.2. Previous Theoretical Work on CEs
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Figure 6: Outcomes of possible CE events as described by [Ivanova et al.| (2012). Each column
describes a different means of producing a compact object binary system. The leftmost column
has two means of reaching a Type Ia SN event. The center column produces a milli-second
pulsar (MSP) and white dwarf (WD) binary. And the rightmost column produces a neutron
star-neutron star close binary, which could go on to merge and produce gravitational waves
such as the ones observed by LIGO. These are only a few examples of possible outcomes and
by no means exhaustive.
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2.2.1 Issues with Modeling Theory

Thus far there have been two approaches to understanding CE events: population synthesis
studies and numerical simulations. Population synthesis studies of low-mass binaries often use

a predetermined constant to define a.ys, and, in order to reproduce observations, this value is

often assumed to be low (a.sy < 0.1) (Politano & Weiler| (2007); |Davis et al.| (2009); |Zorotovic|

et al|(2010); Toonen et al.| (2017)). But even with this assigned a. s value, population studies

over-produce long-period binary systems when compared to observational data.

Many numerical simulations of CEs have difficulty completely unbinding the envelope

in both low-mass and high-mass CE events. The envelope either remains bound or is only

partially ejected when only orbital energy is considered (Ricker & Taam| (2012)); Passy et al.|

(2011); Ohlmann et al| (2015)); |Chamandy et al.|(2018a)). To resolve this, many studies have

been done to investigate utilizing additional energy sources that would allow the system to

reach its required energy limit, such as from accretion, jets or recombination, as well as from

processes on longer timescales (Ricker & Taam| (2008); [Ivanova et al| (2015); Nandez et al.|

(2015); [Soker| (2015)); Kuruwita et al| (2016); [Sabach et al| (2017); Glanz & Perets| (2018));

\Grichener et al.| (2018)); [Ivanoval (2018); Kashi & Soker] (2018); [Soker et al (2018)); Reichardst|

let al.| (2020); Schreier et al.| (2021); Lau et al| (2022)).

While these effects are useful to consider, it may first be helpful to consider the physical
effects incorporated in simulations. The amount of energy allowed for unbinding the primary’s
envelope in a CE interaction is set by the initial orbital energy. As the companion goes through
its inspiraling orbit, this liberated orbital energy can be transferred to aid in unbinding unless
it is lost via radiation, which is notably not included in hydrodynamic simulations. This
means these simulations contain an incomplete analysis of the ejection efficiency a.r¢. This

is to say a more comprehensive review of the energy components in CE simulations is needed

(Chamandy et al| (2018Db)), but a means of accounting for the liberated orbital energy that

escapes the system in particular is certainly required (Wilson & Nordhaus (2019); Wilson &

Nordhaus| (2020); Wilson & Nordhaus| (2022)).
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Figure 7: Here are the steps of a Common Envelope (CE) event. A shows the primary star
at its maximum radial extent, as well as the companion mass in green. Note that the primary
star is a RGB star, and the zones are the same as those from Figure 3. B represents the first
step of a CE event, when the secondary mass has entered the outer edge of the primary star’s
envelope, specifically the convective zone, which, in low-mass primary stars, closely correlates
to the SCCR. In this step it begins its inspiral towards the primary’s core. In C the companion
has entered the radiative zone, which marks the moment where the liberated energy of the
companion’s orbit is no longer radiated away and instead entirely contributes to envelope
ejection. This effect is illustrated in D with a red arrow, representing the outward force on
the primary’s envelope. The dotted circle in D represents the previous location of the star’s
outer bounds from A, B, and C.
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2.2.2 Convection is a Necessary Ingredient in CE Evolution

If qe g r is given, it is possible, with knowledge of the energy required to unbind the primary
star’s envelope, to predict the post-CE orbital separation of a system. But, as mentioned in
Section 2.2, it is precisely how to account for this value that has caused the greatest issues thus
far. Population synthesis studies do not find &, ¢, but rather define it as one of the principal
constants, while numerical simulations seem to ignore radiative effects.

However, using detailed stellar interior profiles, Wilson & Nordhaus| (2019)) were able to
calculate sy for a matrix of primary-companion mass pairs when the primary was at the
maximal extent of its evolution. This proved that the ejection efficiency is most sensitive
in the surface-contact convective region (SCCR). The SCCR is defined as a zone where the
convective transport timescales are shorter than the orbital decay timescales, which allows the
star to radiate orbital energy and lower a.ys. Illustrations of this process are shown in Figures
7 and 8. The effect of these convective zones includes predicted post-CE orbital periods of
less than a day in many of the primary-companion pairings, which matches observation. Also,
so long as the properties of the SCCR are known, a.r¢ can be calculated. Specifically, in the
SCCR, 0% of the energy produced is allowed to contribute to envelope ejection (Gefr = 0),
and, in the non-SCCR, 100% of the energy produced is allowed to contribute to envelope
ejection (qerr = 1).

SCCRs have also successfully replicated double white dwarf (DWD) systems (Wilson &
Nordhaus (2020))). Again, by applying these convective effects, the predicted post-CE final
separations closely match those in observed DWD orbital parameter strength, another moti-
vation that convection is key in CE evolution. And, although this work only looks at low-mass
primary stars, the effects of convection and radiative losses in high-mass CEs also match
observations of Wolf-Rayet binary systems (Wilson & Nordhaus (2022])).

The work in understanding the role of convection in CE events through SCCRs has been
detailed in previous work (Wilson & Nordhaus| (2019); Wilson & Nordhaus (2020); [Wilson
& Nordhaus (2022))). In this thesis, we explore these effects on the light curves of common

envelopes in particular.
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Surface

Energy
Released

carried to surface
by convective
eddies

Figure 8: This cartoon illustrates the model of convection introduced in Wilson & Nordhaus|
(2019) and implemented in this work. The companion, illustrated as a green circle, moves
from the surface-contact convective region (SCCR, in yellow) of the primary into the radiative
zone of the primary (in red). The black arrow represents the direction of motion of the green
companion. The black arch represents the effects of the drag force, while the smaller blue
arrows represent the energy released due to the companion’s motion. While it is in the SCCR
(yellow), the energy can be carried to the surface and out of the star via convective eddies,
illustrated via purple ovals. Otherwise, once the companion reaches the radiative zone (red),
its energy is entirely contributed to the primary.
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3 Common Envelope Theory

As expounded upon in Section 2.2.1, modeling efforts, specifically for numerical simula-
tions, have thus far been ineffective in matching observed post-CE events. Previous work
modeling these light curves has either come from post-processing numerical simulations or
back-of-the-envelope calculations that assume the envelope ejection occurs rapidly, with the
envelope often expanding on a dynamical timescale (Galaviz et al| (2017); [Ivanova et al.
(2013)). Again, these numerical simulations often cannot eject the envelope without addi-
tional energy sources (Ricker & Taam (2012); Passy et al.| (2011); |Ohlmann et al.| (2015));
Chamandy et al| (2018al)). Furthermore, in both cases, important physical effects which are
known to occur in giant stars and should influence the outcomes are missing, namely convec-
tion and radiation. The exclusion of these effects produce changes in the light curves on the
order of several months (Figure 17).

Despite these issues, attempts to match incomplete models to observational data has been
made (laconi & de Marco| (2019)), and a modeled light curve has even been proposed and
matched to a possible source (Ivanova et al.| (2013))). However, the source, and whether it is
truly a CE, merger, or mass loss episode, is the subject of debate (Kashi & Soker] (2016)). So
the search for modeled light curves that predict and definitively match CE evolution sources
is still well underway (Hatfull et al| (2021)). This work fundamentally differs from previous
modeling efforts, as it includes the effects of convection and radiative cooling, which have been
determined to be important to CE evolution (Wilson & Nordhaus| (2019); Wilson & Nordhaus
(2020); Wilson & Nordhaus| (2022))). It also proves, in Section 4.3, that these effects impart a

quantitatively distinct signature on timescales of years to decades.

3.1 Stellar Interior Models

Investigating the outcomes of stellar evolution requires models for the interiors of giant
stars at the onset of the CE phase. To generate these models, we employ the open-source stellar
evolution code MESA (release 10108; |Paxton et al.| 2011} [2018). MESA produces spherically

symmetric models of stellar interiors at discrete times in the star’s evolution. Each model was
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evolved from the pre-Main-Sequence (PMS) to the White Dwarf (WD) phase for Zero Age
Main-Sequence (ZAMS) masses.

Models were generated for stellar masses of 1 Mg, 2 Mg, and 3 Mg, and evolved in
increments of 0.2 Mg with solar metallicity (z = 0.02). Mass-loss on the Red Giant Branch

(RGB) followed a Reimer’s prescription with ng = 0.7, while mass-loss on the Asymptotic

Giant Branch (AGB) followed a Blocker prescription with np = 0.7 (Reimers| (1975)); Bloecker|

(1995)). Figure 9 illustrates how the size of each of the primary masses changed over time in
the MESA profiles.
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Figure 9: Illustrated here is the outermost radius of the stars evolving over time for the 1 Mg,
2 Mg, and 3 Mg models from MESA. In order for the most likely case where a companion
would be engulfed, the largest radius in time for each profile was chosen, in other words the
maximum y-value for each of these curves. Note that in the 1 Mg this occurs while the star
is on the RGB (1.1.3), but for the 2 Mg and 3 Mg, cases the star is on the AGB (1.1.4).

For each evolutionary model, the point in time where the star has attained its maximum
radius was chosen. This yields the largest cross section for CE interactions, making it a likely
time for a CE event to occur, as the primary occupies its greatest possible volume for engulfing

its companions. This large size also results in strong tidal torques that will shrink the orbit
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of companions that avoid direct engulfment but are orbiting within ~10 AU (Nordhaus &
Spiegel 2013; [Nordhaus et al.|2010; [Villaver & Livio|2009). For each star, the MESA interior

profile includes radial information regarding the mass, density, convective properties, and core
and envelope boundaries. For example, the interior temperature of a 1 Mg (purple), 2 Mg
(pink), and 3 Mg (orange) star as a function of radial position inside the star is plotted in
Figure 10. Radial information such as this is then used to calculate the primary star’s binding
energy, location of the convective zones, inspiral timescales, tidal disruption radii, and the

energy released during orbital decay.
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Figure 10: This figure shows how the interior of each of the primary stars at their maximum
radius values (Figure 9) changes with temperature. The purple dash-double dot curve shows
the 1 Mg model, while the red dashed curve and orange dash-dot curve show the 2 My and
3 Mg models respectively. The x-axis is from the core of the star to the edge, and the y-axis
is from cool to hot temperatures.

The calculations that follow allow the CE efficiency to be determined, as well as the post-
CE orbital separations for the companions that survive the CE interaction. Additionally, the
time-evolution of the luminosity during CE evolution can be calculated. From this, one can

produce light curves that in turn can be used to calculate the predicted fluxes and magnitudes
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of these events. Such theoretical time-domain signatures will be important for upcoming

transient facilities, such as the Vera C. Rubin observatory (Zeljko Ivezié et al. (2008)).

3.2 Orbital Decay and Envelope Ejection

To identify the first, convective region of the primary star, the calculated convective ve-
locities (Veony) from MESA are extracted from the interior profile when the star is at the
maximum radial extent in its evolution. This allows for calculating the convective timescale,
as shown in eqn. (3.2 This is the time required for convection to carry energy from the point

r in the primary star out to the primary’s surface (R,).

Ry
teonw [T] = / L dr (32)

Veonv [T]

Note that terms shown with an r in square brackets are radially dependent. Through a
similar method we can determine, for each radial point in the primary, the time required for
the orbit to fully decay, otherwise known as the inspiral timescale (Nordhaus & Blackman

(2006)). This is given as,

‘ . _ Tshred (% — MTM)\/U% + (17¢[7”]2 + cs[r]z)Q
tznspzral [T]

4EmGmarplr]

dr, (3.3)

where r; is the initial radial position, r4,.eq is the tidal shredding radius, which can be esti-
mated via rgpreq =~ Ro i/ an% (where M_ope is the mass of the core of the primary star and
ma is the mass of the companion), ¢s[r] is the speed of sound at each radial position in the
star, and Uy = vy — Veny = Vg for slow rotators such as RGB/AGB stars (Nordhaus et al.
(2007)). Additionally, the parameter &, accounts for the geometry of the companion’s wake,
the gaseous drag of the medium, and the Mach number (Park & Bogdanovi¢| (2017))). Here, it
is assumed £ = 4. We note that the ejection efficiency da.ys is not sensitive to this parameter
(&) for the mass ratios considered here.

These two timescales are illustrated in Figure [11, which includes a graph for each of the

three primary masses. The convective timescale, the time required at each position along the
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Figure 11: Hlustrated above are the inspiral and convective timescales for primary masses from
1 Mg (at the top) to 3 Mg (at the bottom). The convective timescales, the time required for
convection to carry energy from point 7 in the primary star out to the primary’s surface (R,),
are shown by a thick, black line. The inspiral timescales (the time required for the companion
mass to spiral from its current radius to the center of the primary star) for the five companion
masses are illustrated with different colors and line styles. The shredding radius, where the

companion mass shreds due to the primary star’s gravity, for each companion is marked with
an HX' "
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primary star’s radius for energy to be carried from that point to the star’s surface, is shown
in black. The inspiral timescales, the time required for the companion mass to spiral from
its current radius to the center of the primary, of several masses are also shown using various
colors and line patterns. These lines end at the point where they would shred due to the
primary’s gravitational force, marked by an "X". If the envelope is ejected before this point
the secondary mass will survive, as the process will halt before it reaches the shredding radius,

and the remnant will be a close binary.

In regions where tcony < tinspiral; convection will transport orbital energy radially outward
faster then the orbit decays. This energy will reach the optically thin surface region where it
is radiated away. For lower-mass stars (S 3 M) there tends to be only a single convective
region at maximum extent, whereas stars larger than this have a deeper, yet physically distinct,
secondary convective layer (Wilson & Nordhaus (2019))). All the models used here only have

a single SCCR zone.

3.2.1 Energy and Luminosity Considerations

In order to compute a.yr, the energy required to unbind the primary’s envelope must be
known. Using direct calculations from the MESA stellar evolution models, it is possible to
avoid adding in parameters that approximate the primary star’s gravitational binding energy
for situations where the interior structure is not known (Marco et al| (2011))). Then, the

minimum energy required to eject the envelope’s mass exterior to a radius r is given by:

M, r
Eyimnalr] = — /M G]‘f”dm[r], (3.4)

where M, is the total mass of the primary star. This is often referred to as the binding energy
of the envelope.
The energy liberated via inspiral is:

b = S ML Ml

), (3.5)
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Figure 12: Hlustrated above are the inspiral and binding energies for the three primary masses,
from 1 Mg (at the top) to 3 Mg (at the bottom). The binding energy, in black, at every point
in the primary star’s radius represents the minimum amount of energy the star requires for
its envelope to unbind. The companion’s inspiral energies, shown in different colors and line
patterns, all intersect with the binding energy before ending with an "X." The "X’s" represent
the shredding radius for each companion, and, because these occur after intersection, they all
unbind the primary’s envelope and survive to form close binary pairs.
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where 7; is the radius of the companion’s orbit at the onset of energy transfer due to its inspiral

through the primary star.

In Figure 12, the binding and inspiral energies for the three primary stellar masses and
their respective companion masses are shown. For this work, only companion masses whose
inspiral energy values intersected the binding energy (in black) were used, as these represent
companions that meet the minimum energy requirement necessary to unbind the primary
star’s envelope without being shredded (shown by an "X"). This means the point of crossover
between these two energy lines is approximately the final separation of the binary. For work

that investigates shredded companion effects, see [Yarza et al.| (2022)).
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Figure 13: The maximum luminosity convection can carry out of the 1 Mg primary star is
shown by the solid black line labeled Lyqz,cony. The drag luminosities for several companions
are shown with the dashed and coloured lines. The radii points where the companions are
destroyed via tidal disruption are marked by an "X." Altogether, this figure shows what
amount of orbital energy from the companions, in the form of luminosity, can be carried to
the surface of the star via convection and radiated away. Note that, for the modeled light
curves, the companions all meet the binding energy minimum, illustrated in Figure 12, before
they meet the tidal disruption radii. Therefore they will be stopped by the ensuing envelope
ejection force before they are destroyed by the primary.
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From eqn. 3.4 and 3.5, the ejection efficiency parameter a.ry can be derived as:

Epind = QeffAFEob. (3.6)

Again, ayy is the effective efficiency of energy transfer to unbind the envelope from the
decaying orbit of the companion. If &.fr = 1, then the process is 100% efficient and all the
orbital energy goes towards unbinding the envelope of the primary. If a.;y = 0, then the
process is 0% efficient and all the orbital energy leaves the system, meaning the CE will never
be ejected. As in |Wilson & Nordhaus (2019), @.s¢ is set to 0 for regions of SCCR and 1 for
regions of non-SCCR.

The drag luminosity, generated from the inspiral orbit of the companion, is given as:

Ldrag - {WT%CCP[T] 03) [T] ’ (37)

where 740 = % is the accretion radius (Nordhaus & Blackman (2006)). The drag lumi-
nosities of several different companion masses at each radial position in a 1 Mg primary star
can be seen in Figure (13,

This drag luminosity can also be derived as a function of time using the inspiral timescale,
so that the change in luminosity of the system can be observed as the CE event moves forward
in time (Figure 14). This is the first step in producing an overall light curve, as the resulting
graph illustrates how the star’s luminosity is affected from the moment the CE event begins
until the companion moves into the non-SCCR region and its energy starts contributing to

unbinding the envelope. From this point, the star will undergo a process similar to a Type 11

SN event (1.1.6), as the envelope is blown off and the degenerate core is left behind.
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Figure 14: The drag luminosities that would be visible as the companion enters the SCCR
zone of the primary star, where the orbital energy can be carried out of the star and radiated
away, is shown here for the three primary masses and each of the five companion masses over
time. The points where each companion moves from the SCCR. to the non-SCCR region of the
star is shown with an "X." Beyond that point, the energy of the companion is kept entirely
within the star and used to unbind the envelope of the primary, therefore none is able to
escape as luminosity. So the system’s overall luminosity at that point is no longer effected by

the companion’s inspiraling orbit.
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4 Common Envelope Light Curves

Figure |14 shows the drag luminosity that reaches the surface during the common envelope
inspiral phase. Once the orbital energy can no longer be transported to the surface, the energy
must contribute to unbinding the envelope. If this is greater than the binding energy of the
envelope, the primary star’s envelope is ejected. The lightcurve for the ejection phase is then
similar to that of a Type IIP SN (1.1.6)), characterized by a unique plateau (P) in their light
curves, which have been studied with great detail (Chugail (1991)); Popov| (1993); Kasen &
Woosley! (2009)). The application of Type IIP SN luminosity to a CE event for this stage has
already been made in other light curve modeling efforts (Ivanova et al. (2013); Hatfull et al.

(2021)).

4.1 The Plateau Phase

In the Type IIP SN model, the stellar plasma expands and cools as it is pushed outward in
the ejection process. Recombination, defined here as ions recombining into hydrogen atoms,
due to this cooling then changes the plasma’s opacity, which propagates a "cooling wave,"
or recombination front, through the star, as illustrated in Figure [15. The location of the
recombination front stays relatively constant, producing a visible plateau. This is called the
plateau phase.

To calculate the luminosity change in this phase of the system, the work of [Popov]| (1993)
was used, which presents an analytical model for the plateau stage of Type IIP SN. The
observable feature of the SN light curve includes the duration of the plateau (t,). This can be
expressed using the energy of the ejection and the ejected mass, as well as the initial radius
of the envelope. Analytical models are useful because they can provide general parameters for

an event, such a SN, without the complexities of numerical computations.

4.1.1 Derivation

The main assumptions of this model include a uniform density profile,
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Figure 15: This figure shows the bounds of the recombination front when the red giant is at its
largest size. The surface temperature of a red giant is close to 3000 K, whereas recombination
occurs between 5000-6000 K. Therefore, the recombination boundary is found inside the enve-
lope. This also marks the bounds, according to Popov, between the opaque and transparent
parts of the envelope, with the envelope being transparent between the surface of the star to
the outer edge of the recombination front before becoming opaque.

p(w,t) = poig, (4.8)
R(t)?
and approximate opacity via a step function of temperature, assuming at a specific temperature

Tion that the recombination of hydrogen occurs:

ky, T >Tp
ri(z,t) = (4.9)

0, if T < Tion.
This creates a "two-zone" model where, at temperatures inside the envelope that are greater
than T;,,, the envelope is opaque and, at temperatures less than T;,,, the envelope is trans-
parent. The boundary between is called the recombination front. The moment recombination
begins is denoted by time t;, and the radius where this boundary between the opaque and
transparent zones is located is denoted by R; (this is illustrated in Figure [15)).

The characteristic timescales for this model are the photon diffusion timescale,
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9 M
tg= ——5——~ 4.10
d (4m3cRy)’ (4.10)
and the expansion timescale,
Ry
te = —. 4.11
¢ Usc ( )

The envelope kinetic energy is Fi;, ~ I, the total energy of the ejection. An approximated

scale velocity can be derived in the case of uniform density as eqn. 4.12.

10E

o, (4.12)

Vse =

We also define a characteristic time, t,, for the changes in the magnitude in models given

by:

ta = \/2gte. (4.13)

In the plateau phase, recombination begins at moment t;, where the surface temperature
of the gas reaches T;,,. The value of ¢; is calculated from eqn. 4.19, which is derived from the
two luminosity equations below (eqn. 4.15 and 4.18).

Combining the previously derived terms, one can find the radius of the photosphere of
the envelope (eqn. 4.14). The photosphere is the lowest layer of a star’s atmosphere, or the
innermost point that can be observed directly, e.g. is optically thin enough to allow energy,

and therefore luminosity, to escape from the system.

5 t2 t

a a
Because the photosphere gives the bounds for where light can escape from the system, one

can then calculate the luminosity, as in eqn. |4.15.

t2 t
Lbol(t) = SWUSBE%RUEC[tit(l + #) — @] (4.15)
a a
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Figure 16: Illustrated here is a light curve of only the plateau phase for a primary mass of 1
Mg and a companion mass of 0.02 M. The differently colored sections represent the zones
where t < t; and ¢t > t;, where t; is when the surface temperature of the star reaches Tj,y,.

Here, ogp is the Stefan-Boltzmann constant. The maximum bolometric luminosity will
occur at time t,, shown below.
3 t2

tm = [Ztitz(l + 37(21)]‘ (4.16)

Wl

The duration of the plateau, t,, can be estimated by setting R;(¢,) = 0 in eqn. 4.14 and
solving for t,:

2
I

t
tp = [Btit2(1+ = %)]
b e 3t2

=

=4

W=

tm. (4.17)

For t < t;, the surface temperature of the envelope is greater than T;,,. This means
the constant opacity models of |Arnett (1980) can be used to estimate ¢;. The bolometric

luminosity for ¢ < t; under these assumptions can be defined as:
t2
Ey,(0) 2

Ly (t) = ——e

. (4.18)

Time t; can be found by setting both luminosity equations on either side of the recombi-

nation front (eqn. 4.15 and 4.18)) equal, as show in eqn. 4.19.
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2
Ew(0) %
t?( L 8Tospv2 2T (4.19)
d

Figure 16 illustrates these two luminosities with the boundary between the two at t;.

4.2 The Post-Plateau Phase

After this plateau phase, the luminosity drops rapidly by several orders of magnitude,
as only the degenerate remnant is left behind. Therefore, the end of the light curve is an
extension of this rapid decay. In this work, this section was an interpolated extension of the
declining trend from the end of the plateau phase.

An example full light curve of a common envelope system consisting of a 1 Mg primary
star and 0.2 Mg, secondary companion can be seen in Figure 17| in blue-green. Also shown in
comparison is a modeled light curve from Hatfull et al. (2021) that does not include the effects
of convection or radiative cooling. When convection is included, the light curve exhibits a
clear increase over the duration of three decades. When convection is not included, the light
curve is substantially different, exhibiting change on a much shorter timescale (on the order

of a hundred days).

4.3 Light Curves

Figure 18 includes models of 1 My, 2 Mg, and 3 Mg primary stars with companions of
between 0.02 - 0.2 M. These secondary masses were chosen because they allowed for enough
energy to unbind the envelope without being shredded, therefore making them good candidates
to form close binary systems.

The three different phases of calculations have been put together to form the full light
curves. They begin with the inspiral through a convective CE, as described in Chapter |3.
This phase encapsulates approximately the first decade of the light curve. Next is the plateau
phase (driven by the expanding envelope), as outlined in Section 4.1. This phase lasts on the
order of approximately 100 days, and occurs far more quickly than the CE section of the light

curve (this is why surveys like that of the Vera C. Rubin observatory are important; they
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Figure 17: Here is an example of a full light curve in blue-green and dash-dotted line style
for primary mass 1 Mg and companion mass 0.02 M. Also pictures is an example light
curve from the models described in |Hatfull et al.|(2021]), which do not include convection and
radiative cooling.

will observe the sky with enough frequency to capture a quick event such as this). The final
phase of the model light curves, described in Section 4.2 and occurring over approximately
two decades, is the luminosity drop off. This is due to the envelope leaving the system and

the emergence of the white dwarf.

4.4 Intermediate-Luminosity Optical Transients (ILOTSs)

Intermediate-luminosity optical transients, or ILOTs, are defined as events with luminosi-
ties between novae and peak SN events, or, more specifically, luminosities about four orders
of magnitude above those of novae (Soker & Kashi| (2011)). This means their total explosion
energies are approximately between 106 — 10%° erg, and, as Figure 12 demonstrates, this is
precisely the range of the CE events calculated in this work. Along with these intermediary
luminosity values, ILOTs are defined to last for a time period of weeks to several years, result
from a binary interaction, and have an expansion velocity of several hundreds of kilometers

per second. The events of Figure 18 meet these various requirements, and therefore it could
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be that as yet undefined ILOT events could be a result of convective CE evolution.
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Figure 18: The complete light curves for primary masses of 1 My, 2 Mg, and 3 Mg, from
top to bottom, are shown for their respective five companion masses in various colors and line
styles.
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5 Conclusions

5.1 Summary

This work investigates the effect of convection on the theoretical light curves for common
envelope events. Convection has been shown to be a necessary ingredient that is often neglected
in CE modeling. RGB/AGB stars have deep convective envelopes, capable of transporting
the liberated orbital energy to the surface of the star faster then the orbit decays. This in
turn allows the CE to radiatively cool and self-regulate. When convection is included, the
observed galactic distributions of white dwarf + M dwarfs, double white dwarfs, and Wolf-
Rayet binaries are reproduced. In this work, we produced theoretical light curves of convective
common envelopes. The time-evolution of the luminosity comes from two distinct phases: the
inspiral dynamics, and a plateau phase that occurs once the envelope is ejected. This yields
a gradual increase in light that starts once the companion has entered the primary star’s
envelope. Convection in the star’s outer layers carries energy (and therefore luminosity) to
the surface. This differs from current modeling techniques that show no gradual increase but
an immediate pulse to the plateau phase due to ejection (Figure 17).

These light curves allow for calculations of flux densities at each point in time of these
events, which, coupled with a distance, allow for direct comparisons to the Vera C. Rubin
observatory telescope bands. This means the models will match directly to data from the
observatory. Given CE rates in the galaxy (~1 per year), it is likely the Rubin observatory

will detect a CE event in the future.

5.2 Future Work

Looking ahead, one of the main efforts of this project will be to expand the modeled
systems beyond those of the 1 Mg, 2 Mg, and 3 Mg primary stars, so that, when the Vera C.
Rubin observatory’s data becomes public, any variations on these shortened time scales can
be calculated and matched. Along with comparison to future data, the light curves can be
compared to already observed ILOT events, as described in Section [4.4. This means the first

observed and confirmed common envelope event may only be several years away from being
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discovered.

The light curves are not the end of the project. Currently, efforts to calculate the ap-
parent magnitude of the sources for another means of direct comparison to the results of the
instrument are underway. The process is explained below in Section [5.2.1.

Other projects are also listed in Section 5.2.2.

5.2.1 Vera C. Rubin Observatory Models

At this point, for each moment in time of this event, calculations thus far have provided
the radius and luminosity of the system. Using the relationship between luminosity, radius and
temperature (L = 47 R%20T?), the surface temperature of these systems at each point in time
can also be calculated. With these three values, one can derive the flux using a Blackbody
approximation for each moment in time, which can in turn be used to calculate the apparent
magnitude of the sources and determine whether they will be visible across the observing
bands of the Vera C. Rubin Observatory instrument (Zeljko Ivezi¢ et al| (2008)). This step
will allow for direct comparison between observed data and these theoretical light curve models

to confirm a CE event.

5.2.2 Beyond Light Curves

Other work related to common envelope event modeling efforts, but not directly to light
curves, will include working with AstroBEAR (Cunningham et al.| (2009))) to aid in modeling
efforts on the fluid dynamics of these systems.

An extension of this, with help from Professor Joel Kastner, also includes modeling the
three (or possibly four) body system V4046 Sagittarii (Sgr), a close binary system surrounded
by a substantially massive disk and a third body (also possibly in its own binary system)
orbiting the system much further away (Kastner et al.| (2011); Rapson et al| (2015); Ruiz-
Rodriguez et al| (2019); Martinez-Brunner et al. (2022)). In combining common envelope
evolution with a simplified three-body modeling software like REBOUND (IAS15 integrator,

Rein & Spiegel (2015)), the goal would be two-fold: to see if the methods of this thesis can
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accurately recreate the close binary system of V4046 Sgr, as well as discovering what physical
properties allow for a third-body and a massive disk (theory predicts that third bodies usually
disrupt disks around binaries and leave their surroundings rather bare, but this is not what

has been observed in this system (Kastner et al. (2011))).
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