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ABSTRACT OF THE DISSERTATION

Stellar Evolution in Hierarchical Triples:

Applications for Supermassive Black Holes and Exoplanets

by

Alexander Patrick Stephan

Doctor of Philosophy in Astronomy and Astrophysics

University of California, Los Angeles, 2020

Professor Smadar Naoz, Chair

Triple body systems are relevant in a wide variety of astrophysical contexts. Two of the

most interesting areas in which triples can play crucial roles are exoplanet systems in binary

star systems and binary stars orbiting supermassive black holes. While these two types of

systems are on two extreme ends of astrophysical mass scales, their dynamical behaviors are

governed by the same gravitational physics. Stability considerations require such systems

to be hierarchical, such that two bodies forming an inner binary are accompanied by the

third body on a much wider outer orbit. These systems will undergo long-term changes in

their orbital parameters on such long timescales that stellar evolution must be included for

an accurate understanding of the dynamical evolution. I have developed a secular (long-

term, orbit-averaged) code that allows to accurately follow the dynamical evolution of these

systems, including Newtonian gravitation, general relativity, tidal forces, and, as a key new

feature, stellar evolution effects, namely mass loss, radial expansion and contraction, and

stellar spin changes. Using this tool for the studies presented in this dissertation, I found

that these stellar evolution processes can significantly alter the dynamical behavior of many

astrophysical systems.

In the context of exoplanet systems, my studies have shown that a large fraction of planets

is eventually engulfed by their host stars, at many different stellar evolution stages. They
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predicted the existence of “Temporary” Hot Jupiters and of giant planets polluting white

dwarfs, both of which have been confirmed by recent observations. Furthermore, planet

engulfment offers an explanation for many observed phenomena such as the shapes of many

non-spherical planetary nebula, stellar spin and chemical abundance anomalies, and periodic

gas ejections from red giants. An additional, yet to be confirmed, prediction is the existence

of a substantial population of red giants with excess X-ray and UV radiation from ongoing

planetary engulfment processes.

Concerning binaries orbiting supermassive black holes, my studies have shown that a

large fraction of such binaries will merge or undergo common-envelope stellar evolution.

They have explained the existence of the Galactic Center infrared-excess source G2 as a

stellar binary merger product and predicted the presence of a whole population of similar

sources. The latter prediction was recently confirmed by observations. The high density of

X-ray sources in the Galactic Center is also explained by the results of my studies, as they

predict the formation of X-ray binaries, cataclysmic variables, and symbiotic binaries. The

predicted close interactions and mergers of binary stars can also strip the outer layers of

giant stars, explaining the lack of giant star observations. Finally, compact object binaries

can also be formed from binaries in galactic nuclei, producing gravitational wave sources

observable by the Laser Interferometer Gravitational-Wave Observatory (LIGO) or the Laser

Interferometer Space Antenna (LISA). Also predicted is a substantial population of white

dwarf binaries that will form the dominant background signal in LISA and that can produce

supernovae.
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CHAPTER 1

Introduction

1.1 Background

The study of planetary and stellar dynamics goes back to the earliest days in the history of

physics and astronomy, originating in the desire of ancient civilizations to understand the

movements of stars and planets in the night sky and to determine the timing of the seasons.

Despite millennia of observations and investigations, the first mathematically successful mod-

els to understand these phenomena were described only a few centuries ago, namely through

Kepler’s laws of planetary motion and Newton’s law of universal gravitation. With these

laws, the gravitational two-body problem can be solved analytically, allowing us to under-

stand and investigate the dynamics of a large number of astrophysical phenomena.

From a multitude of observational studies, we know that stellar binary systems are com-

mon in the universe (e.g., Duquennoy and Mayor 1991; Raghavan et al. 2010) and such

systems are the target of a variety of modern astrophysical studies. Topics of interest in-

clude, among many others, how stars evolve in the presence of binary star companions (e.g.,

Pinsonneault and Stanek 2006; Izzard et al. 2007; Kobulnicky and Fryer 2007; Kiel et al.

2008; Sana et al. 2012; Ivanova et al. 2013), stellar binary mergers (e.g., Tylenda et al.

2011; Nicholls et al. 2013), and the mergers of compact stellar remnants such as black holes

and neutron stars as studied by the Laser Interferometer Gravitational-Wave Observatory

(LIGO) over recent years (e.g., Abramovici et al. 1992; Abbott et al. 2016). The study

of many of these phenomena also requires the inclusion of more complex dynamical effects

beyond simple two-body dynamics, such as tidal forces, and to go beyond Newtonian gravi-

tation by applying Einstein’s theory of general relativity.
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While a large number of astrophysical phenomena can be studied through binary dy-

namics, many of these systems are in general not true binaries, but contain or interact with

other bodies. The full behavior of such systems must therefore be explored using multi-

body dynamics. Unfortunately, studies by mathematicians like Euler, Laplace, Lagrange,

Poincaré, and others over the last centuries have shown that finding analytical solutions for

systems with more than two bodies requires specific restrictions or approximations, making

each particular solution only valid for a limited subset of systems and phenomena, if an

analytical solution exists at all. In many cases, one must use direct N -body integration to

numerically calculate the dynamics of multi-body systems. However, some approximations

are well motivated by observations, such as, for example, the restricted three-body problem,

where a third body of negligible mass moves within the gravitational field of two massive

bodies, allowing analytical solutions to be found. The movements of comets or asteroids

under the influence of the Sun and Jupiter are generally well described by such an approx-

imation. Another common configuration, which has been the focus of many studies over

recent decades, is the so-called “hierarchical triple”.

1.2 The Dynamics of Hierarchical Triples

In a hierarchical triple system, two bodies orbit each other as a tight “inner binary”, ac-

companied by a third body on a much wider orbit forming an “outer binary” with the inner

binary’s center of mass, as shown in Fig. 1.1. The dynamics of such systems has been studied

over the last half century, beginning with important publications by Kozai (1962) and Lidov

(1962), who independently described the systems’ basic evolution. Assuming that the outer

orbit is much wider than the inner orbit, these systems can be described by the following

Hamiltonian (Harrington 1969):

H =
k2m1m2

2a1
+
k2(m1 +m2)m3

2a2
+
k2

a2

∞∑

j=2

(
a1
a2

)j

Mj

(
r1
a1

)j (a2
r2

)j+1

Pj(cosS), (1.1)

with

Mj = m1m2m3

(
mj−1

1 − (−m2)
j−1
)

(m1 +m2)
j , (1.2)
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𝑎1, 𝑒1

𝑎2, 𝑒2

𝑎2 ≫ 𝑎1

𝑖𝑡𝑜𝑡

Figure 1.1: Schematic of a Hierarchical Triple Configuration (not to scale). The

inner two bodies form an “inner binary” (black, dashed orbit), and their center of mass forms

an “outer binary” (dashed, red orbit) with the third, distant companion. The straight dashed

lines indicate the orbits’ arguments of periaps. The short, black and red arrows represent

the angular momentum vectors for the inner and outer orbits, respectively, and the long,

black arrow represents the total system’s angular momentum vector. Each orbit behaves

quasi-Keplerian over short timescales. The orbits’ eccentricities e1 and e2, semi-major axes

a1 and a2, orientation, and mutual inclination itot determine the gravitational interactions

between the inner and outer orbits. itot is defined as the angle between the inner and outer

orbit angular momentum vectors.
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and where k2 is the gravitational constant, m1 and m2 are the masses of the inner bodies,

m3 is the mass of the outer companion, a1 (a2) is the semi-major axis of the inner (outer)

orbit, ~r1 (~r2) is the position vector of the inner (outer) binary, S is the angle between ~r1 and

~r2, and Pj is the Legendre polynomial of order j.

In hierarchical triples, the inner and outer orbits essentially behave like two Keplerian

two-body orbits over short timescales on the order of the orbital periods, as signified by

the first two terms in Eq. (1.1). Over long timescales of many orbital periods, however, the

inner and outer orbits will exchange their angular momenta through mutual gravitational

perturbations, represented by the third term in Eq. (1.1). This so-called “Kozai-Lidov effect”

causes the orbits to precess and can lead to oscillations in orbital eccentricity and inclination,

while preserving each orbit’s semi-major axis value. As any changes in the orbital param-

eters occur very slowly compared to the orbital timescales, one can calculate the dynamics

“secularly”, i.e., orbit-averaged (Kozai 1962; Lidov 1962; Ford et al. 2000), which signif-

icantly reduces the required computation time compared to a direct N -body integration.

Hierarchical triples are thus an example for long-term stable systems with “semi-analytical”

solutions.

In the original studies by Kozai and Lidov, one of the bodies in the inner binary was

a massless particle, and the eccentricity of the outer binary was zero, which restricted the

expansion of the third term in Eq. (1.1) to the quadrupole order and limited the degree to

which angular momenta could be exchanged (Kozai 1962; Lidov 1962), fixing the orientation

of the orbits to be either prograde or retrograde. Over recent years, however, a more general

approach has been developed that also considers the octupole order term of the Hamiltonian,

allows all objects in the systems to have masses, and allows the outer orbit to be eccentric.

This more general treatment has been called the “Eccentric Kozai-Lidov” (EKL) mechanism

(Naoz et al. 2011, 2013a). Applying the EKL mechanism revealed that in many systems

the orientation of the orbits can indeed change from prograde to retrograde and vice versa,

and that the inner orbit can reach extreme eccentricity values (e.g., Li et al. 2014a,b; Naoz

2016). The qualitative differences between the previous, quadrupole-restricted treatment
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Figure 1.2: Example: Dynamical Evolution of a Hierarchical Triple. Shown is the

dynamical evolution of a hierarchical triple system’s inclination (upper panel) and inner orbit

eccentricity (lower panel, shown as 1 − e1) over time. The red curve shows the evolution

if only the quadrupole level of the expansion is included in the calculation, the blue curve

additionally includes the octupole level for the same initial system parameters (m1 = 4 M�,

m2 = 0.001 M�, m3 = 2 M�, e1 = 0.001, e2 = 0.5, a1 = 10 AU, a2 = 250 AU, itot = 75◦).

Including the octupole term allows the system to undergo inclination flips between prograde

and retrograde and leads to extreme eccentricity spikes.
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and the expanded, octupole-including treatment can be see in Fig. 1.2, where the dynamical

evolution of a hierarchical triple is shown for both cases.

The extreme eccentricities caused by the EKL mechanism can lead to very short distances

for the inner orbit periapsis, a1,per = a1(1 − e1), so much that the sizes and physical charac-

teristics of the inner bodies become relevant for a full understanding of the orbital evolution.

In some cases, the bodies would actually collide at these periapsis distances (e.g., Naoz et al.

2012; Naoz and Fabrycky 2014; Stephan et al. 2016, 2017, 2018). Tidal effects (Hut 1980;

Eggleton et al. 1998; Kiseleva et al. 1998) and general relativity (Einstein 1916) have to be

considered together with the EKL mechanism to properly investigate many astrophysical

phenomena, such as the formation of Hot Jupiters (e.g., Naoz et al. 2011, 2012; Anderson

et al. 2016) or the evolution of triple stars (e.g., Thompson 2011; Naoz and Fabrycky 2014).

However, another crucial component that has to be added for a full understanding of hier-

archical triple dynamics is stellar evolution, as stars change and evolve over timescales of

millions and billions of years. Investigating the effects of combining stellar evolution and the

EKL mechanism has been the main focus of the studies presented in this dissertation.

1.3 Stellar Evolution in Hierarchical Triples

As stars age, they lose mass through stellar winds, and they change their internal structure,

spin period, overall sizes, and energy output depending on the nuclear fusion processes

occurring inside of them. When stars exhaust their hydrogen fuel towards the end of their

main-sequence lifetime, their cores contract and heat up, eventually fusing helium or heavier

elements, if the stars had enough mass to begin with. This process leads to an expansion

of the stellar envelope, often to extreme sizes of several astronomical units (AU). Massive

stars eventually end this evolution once their cores are made of iron and nickel, preventing

energy gains from further fusion, and collapse in on themselves, exploding in supernovae

and sometimes leaving behind compact remnants such as black holes or neutron stars. Less

massive stars do not produce iron or nickel in their cores and eventually simply cease fusion,

upon which the stellar envelope is ejected and the stellar core forms a white dwarf, which
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slowly radiates away its energy as it contracts.

The changes in stellar mass, size, and internal structure have profound effects on the

dynamics of a binary or triple system, for one, by changing the strength of tidal effects,

since the tidal energy dissipation timescale ttide in a body of size R generally behaves as

ttide ∼ R−5. Furthermore, the reduction in mass will expand the semi-major axes of inner

and outer orbits, potentially changing the strength of the third term in Eq. (1.1), which

depends on the semi-major axis ratio a1/a2. This is particularly important if one of the

bodies in the inner binary has a much lower mass than both the other inner body and the

outer companion, such as for a star–planet pair with a stellar third body. The strength of

the EKL mechanism depends on the factor ε, defined as

ε =
a1
a2

e2
1 − e22

, (1.3)

which has to be < 0.1 to ensure system hierarchicalness and stability (Lithwick and Naoz

2011). When deriving the secular equations for the Hamiltonian described in Eq. (1.1), by

averaging over both the inner and outer orbits, ε becomes the prefactor for the octupole

term (e.g., Katz et al. 2011; Lithwick and Naoz 2011; Naoz et al. 2012; Naoz 2016), with

octupole-level EKL effects being stronger for higher values of ε. The semi-major axes in the

system, a1 and a2, will change if the central star loses mass. If this mass loss is adiabatic,

i.e., on a much slower timescale than the orbital timescales, the new semi-major axis af can

be determined from the initial semi-major axis ai and the initial (mi) and final (mf ) masses

of the objects in the system, such that af = mi

mf
ai. Assuming that the mass of the planet,

m2, is negligible compared to the masses of the stars, m1 and m3, one can determine the

value of the new factor εf after mass loss has occurred, such that

εf =
m1,i

m1,f

m1,f +m3

m1,i +m3

ε. (1.4)

In star–planet–star systems εf > ε, meaning that EKL effects will increase in strength as

stellar evolution progresses and mass loss continues. This can even change the qualitative

behavior of a given system, by enhancing the strength of the octupole term and triggering

orbital inclination flips, as shown in Fig. 1.3. The extreme eccentricity spikes associated
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with these flips can lead to stellar and planetary collisions and other close-encounter events.

This effect can also apply to systems with three stars of similar masses, albeit with slightly

different equations (Shappee and Thompson 2013).

In the case of supernovae, the explosions will most likely impart a “kick” onto the star,

changing the orbital trajectories instantaneously (Lu and Naoz 2019). Over recent years,

I have developed a secular code that combines these stellar evolution effects with the EKL

mechanism, considering also tidal effects and general relativistic precession. The basis of the

code consists of the secular hierarchical triple equations as presented by Naoz et al. (2013a),

with general relativistic effects from Naoz et al. (2013b), and the equilibrium tide model

as described by Hut (1980) and Eggleton et al. (1998). The equations for these effects are

also fully described by Naoz (2016). I have combined these effects with the stellar evolution

code SSE by Hurley et al. (2000), with some adjustments to the magnetic braking coefficients

following Dobbs-Dixon et al. (2004). SSE is a 1D stellar evolution code that produces a grid

of information about a star’s mass, size, spin, and luminosity as a function of its age and

initial mass, which my code uses to calculate changes in the orbital semi-major axes, stellar

tidal forces, and sizes of the stellar Roche limits. This, in turn, allows the code to calculate

the dynamical evolution of a given hierarchical triple system over the whole lifetime of the

stars.

In cases where two stars actually collide or form very tight binaries, the EKL mechanism

becomes suppressed, and it becomes necessary to investigate the stars’ common-envelope

evolution. For this purpose, I have been using BSE by Hurley et al. (2002), which is a 1D

binary stellar evolution code related to SSE that calculates the binaries’ stellar parameters

as the stars evolve or merge. An improved version of this code has been produced by the

COSMIC group for their population synthesis studies (Breivik et al. 2019), and was also

used for some parts of these studies.
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Figure 1.3: Mass Loss triggering enhanced EKL Oscillations. The figure presents the

dynamical evolution of a Jupiter-sized planet orbiting in an evolving stellar binary system.

The upper panels show the evolution of the inclination, while the lower panels show the

evolution of the planet’s semi-major axis (SMA, in blue) and periapsis (in black) over time.

The left panels show the evolution for the first 2.52 Gyrs, while the right panels zoom in

onto the last ∼ 20 Myrs of the shown evolution. The background colors signify the stellar

evolution phases of the host star, also tracked by the main star radius (in magenta). As the

star becomes a white dwarf, it loses a significant fraction of its mass, increasing the value

of ε, and triggering enhanced EKL oscillations, leading to more extreme eccentricities. In

this example, the planet is tidally disrupted at the end of the shown evolution. The initial

parameters were m1 = 1.6 M�, m2 = MJup m3 = 0.534 M�, Rp = RJup, ain = 29.5 AU,

aout = 352 AU, ein = 0.01, eout = 0.322, inc = 120.3◦.
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1.4 Application to Astrophysical Phenomena

For this dissertation, I have chosen to investigate two extreme astrophysical settings to

explore the impact of combining the EKL mechanism with stellar evolution effects on the

long-term dynamics of realistic triple system: exoplanet dynamics in stellar binary systems,

and binary stars orbiting supermassive black holes (SMBHs) in galactic nuclei.

Exoplanets have become an important focus of astrophysical research over the last two

decades, as observational surveys and new telescopes have determined that exoplanets are

as common as stars in our galaxy. The study of exoplanets is a diverse field, including

efforts to determine their formation, composition, long-term evolution, and to find Earth-

like, habitable exoplanets that may harbor life. Some studies of planetary evolution had also

considered the importance of stellar evolution (e.g., Spiegel and Madhusudhan 2012; Frewen

and Hansen 2014, 2016). However, as binaries are common in the universe, with half of

all sun-like stars residing in binary systems (e.g., Raghavan et al. 2010), hierarchical triple

dynamics has to be included in the study of exoplanet evolution.

Most galactic nuclei are suspected or have been confirmed to contain SMBHs (e.g., Magor-

rian et al. 1998), which dominate the gravitational dynamics of the stellar clusters surround-

ing them with their immense mass. Our own Galactic Center has been observed to contain

a SMBH of about 4 × 106 M� (e.g., Ghez et al. 2005), as well as a large population of

exotic phenomena, such as infrared excess objects (Gillessen et al. 2012; Ciurlo et al. 2020),

X-ray sources (e.g., Muno et al. 2005; Heinke et al. 2008), and peculiarly young stars not

expected for such a dense environment (Ghez et al. 2005). Despite the high density of stars

in the Galactic Center, several binary stars have been confirmed in the vicinity of the SMBH

(e.g., Ott et al. 1999; Martins et al. 2006), which naturally form hierarchical triples with

the SMBH as third companion. The dynamical evolution of such binaries can potentially

explain many of the observed phenomena.

While these two settings, binaries with a planet and binaries orbiting a SMBH, appear

to reside at two extreme ends of the astrophysical mass scales, they are still governed by the
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same physics. Indeed, the mass ratios of planets to stars and of stars to SMBHs are of similar

orders, making these systems mathematically similar. Studying the interplay of EKL, tides,

general relativity, and stellar evolution is crucially important for understanding the long-

term evolutionary outcomes of both types of systems. During my time as a PhD student,

I have published five first-author research papers concerning exoplanets and SMBHs, which

I include in the following two chapters as part of this dissertation. The publications are

presented in a topical, rather than chronological, order.

1.5 Structure of the Dissertation

Chapter 2 discusses my studies on exoplanet systems, covered by three publications, begin-

ning with Stephan et al. (2018), “A-type Stars, the Destroyers of Worlds: The Lives and

Deaths of Jupiters in Evolving Stellar Binaries,” in which we investigated how Jupiter-like

planets in binary systems live, evolve, and get destroyed as they undergo the EKL mech-

anism and as their host stars age. The results predicted that Jupiter-like planets in many

binary systems get destroyed, with some forming so-called “Temporary Hot Jupiters” around

evolved stars.

The second publication in Chapter 2 is Stephan et al. (2020), “Eating Planets for Lunch

and Dinner: Signatures of Planet Consumption by Evolving Stars,” a study of some of the

phenomena that can occur when planets are engulfed by their host stars during various

stellar evolution stages. This study did not utilize the EKL-code directly, but rather focused

on the physical processes that can occur in stellar envelopes as a consequence of planetary

engulfment events predicted by the previously mentioned paper. Some of the phenomena

that can occur are, for example, stellar spin-up, mass loss, extreme luminosity events, and

chemical contamination of the stellar envelope.

The third and last publication in Chapter 2 is Stephan et al. (2017), “Throwing Icebergs

at White Dwarfs.” In this study, we investigated the pollution of white dwarf stars with

heavy elements from planetary and cometary material, caused by the perturbations from
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a wide stellar binary companion. In particular, this paper was able to explain pollution

with icy, volatile-rich material from objects on extremely wide orbits around the host star.

This scenario can also be seen as a special case of the scenarios discussed in Stephan et al.

(2018) and Stephan et al. (2020), albeit with rather significant consequences for white dwarf

pollution studies.

Chapter 3 is focused on my two publications related to the Galactic Center, begin-

ning with Stephan et al. (2016), “Merging binaries in the Galactic Center: the eccentric

Kozai–Lidov mechanism with stellar evolution,” which was the first study in which I applied

the combination of the EKL mechanism with stellar evolution effects. It investigates the dy-

namical evolution of binary stars that might orbit the SMBH in our Galactic Center, taking

into account the binary’s survival timescale against scattering effects from other stars. The

results predicted that a rather large fraction of binaries in this environment (on the order of

25 %) collides or otherwise merges, often at advanced stages of stellar evolution, while the

remaining binaries are separated into single stars.

The last publication in Chapter 3 is Stephan et al. (2019), “The Fate of Binaries in the

Galactic Center: The Mundane and the Exotic.” This study investigated the fates of the

stellar mergers studied in Stephan et al. (2016) by using the binary stellar evolution code

BSE (Hurley et al. 2002), improved by the COSMIC group (Breivik et al. 2019). The study

predicted that many of these mergers can produce exotic phenomena, such as supernovae,

cataclysmic variables, or gravitational wave sources.

Finally, In Chapter 4, I discuss the broader context of these five papers and their impli-

cations for current and future observations.

12



CHAPTER 2

Exoplanets in Evolving Binary Systems

Ground- and space-based telescope missions over the last decade, such as Kepler, WASP,

HARPS, or the recently launched Transiting Exoplanet Survey Satellite (TESS), have rev-

olutionized the field of exoplanet science with the discovery of thousands of exoplanets and

exoplanet candidates. These exoplanets have been observed around a wide range of stellar

types and ages, from the main sequence to red giants and white dwarfs (e.g., Charpinet et al.

2011; Johnson et al. 2011; Gettel et al. 2012; Howard et al. 2012; Barnes et al. 2013; Nowak

et al. 2013; Niedzielski et al. 2015; Reffert et al. 2015; Vanderburg et al. 2015; Gänsicke et al.

2019). Indeed, the first exoplanet that was ever discovered is orbiting a millisecond pulsar

(Wolszczan and Frail 1992). The existence of exoplanets in all these environments raises

the question of how these exoplanets form, evolve, and survive during the various stellar

evolution stages, especially around white dwarfs and pulsars, where the currently observed

orbits would have been inside the stellar radius during the red giant phase.

As many stars, especially most stars more massive than the sun, have stellar binary com-

panions (e.g., Raghavan et al. 2010), the long-term dynamical evolution of many exoplanets

will be influenced by the EKL mechanism as well as tidal effects and the evolution of the

stars themselves. Several problems in exoplanet research directly relate to the interplay of

some or all of these effects, with some previous and concurrent studies covering topics such

as Hot Jupiters (e.g., Fabrycky and Tremaine 2007; Wu et al. 2007; Naoz et al. 2011; Wu

and Lithwick 2011; Naoz et al. 2012), planets around evolved stars (e.g., Johnson et al. 2007,

2008; Bowler et al. 2010; Gettel et al. 2012; Nowak et al. 2013; Niedzielski et al. 2015, 2016),

or white dwarf pollution (e.g., Veras and Tout 2012; Vanderburg et al. 2015; Petrovich and

Muñoz 2017). As a result, we know that many exoplanets in binary systems will eventually
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collide or merge with their host stars, however, stellar evolution and tidal effects can make

these processes more complicated. In particular, I have been investigating the circumstances

and stellar evolution phases causing host binaries to destroy their planets and have studied

the resulting effects and the probability to observe such events.

In the publications presented in this chapter, the dynamical evolution of exoplanets

in binary systems is explored through all stages of their host stars’ evolution. The first

publication, Stephan et al. (2018), focuses on the dynamics of gas giants orbiting evolving

A-type stars in binary systems. The second publication, Stephan et al. (2019), explores the

physical processes that occur when a planet is engulfed by its host star as a result of the

EKL or stellar evolution effects outlined in the first paper. The third publication, Stephan

et al. (2017), investigated how the interplay of EKL and stellar evolution effects can lead to

white dwarf pollution, a phenomenon that can provide details about exoplanet compositions

and orbital architectures.
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Abstract

Hot Jupiters (HJs), gas giant planets orbiting their host stars with periods on the order of days, commonly occur in
the Galaxy, including relatively massive (1.6–2.4Me, i.e., A-type main-sequence stars) and evolved stars. The
majority of A-type main-sequence stars have stellar binary companions, that can strongly affect the dynamical
evolution of planets around either star. In this work, we investigate the effects of gravitational perturbations by a far
away stellar companion on the orbital evolution of gas giant planets orbiting A-type stars, the so-called Eccentric
Kozai–Lidov mechanism, including the effects of general relativity, post-main-sequence stellar evolution, and
tides. We find that only 0.15% of A-type stars will host HJs during their main-sequence lifetimes. However, we
also find a new class of planets, Temporary Hot Jupiters (THJs), that form during the post-main-sequence lifetime
of about 3.7% of former A-type main-sequence stars. These THJs orbit on periods of tens to a hundred days and
only exist for a few 100,000 years before they are engulfed, but they reach similar temperatures as “classical” HJs
due to the increased stellar luminosities. THJs’ spin–orbit angles will mostly be misaligned. THJ effects on the host
stars’ evolution could also be observable for longer than a few 100,000 years. Overall, we find that approximately
70% of all gas giant planets orbiting A-type stars will eventually be destroyed or engulfed by their star, about 25%
during the main-sequence lifetime, about 45% during post-main-sequence evolution.

Key words: binaries: general – planets and satellites: dynamical evolution and stability – stars: evolution – stars:
kinematics and dynamics

1. Introduction

Exoplanets have been observed around a variety of host
stars, with different masses, at all stages of stellar evolution,
including main-sequence, subgiant and red-giant branch stages
(e.g., Charpinet et al. 2011; Johnson et al. 2011b; Gettel
et al. 2012; Howard et al. 2012; Barnes et al. 2013; Nowak
et al. 2013; Niedzielski et al. 2015, 2016; Reffert et al. 2015).
However, for massive, evolved stars, there appears to be a
deficit in short-period or high-eccentricity planets (e.g.,
Johnson et al. 2007, 2008, 2010a, 2010b; Sato
et al. 2008, 2013; Bowler et al. 2010; Schlaufman &
Winn 2013). Furthermore, high metal abundances in so-called
“polluted” white dwarf (WD) atmospheres indicate the
presence of the remnants of planetary systems around these
stars; the processes by which this material was brought onto the
WDs is an active topic of research (e.g., Farihi
et al. 2009, 2010; Klein et al. 2010, 2011; Melis et al. 2011;
Zuckerman et al. 2011; Xu et al. 2013, 2017; Stephan
et al. 2017).

The architectures of these planetary systems have become
the focus of a rich field of research, as it was recently shown
that dynamical processes play an important role in planetary
system formation and evolution. These processes include
resonant interactions (e.g., Lithwick & Wu 2012; Batygin &
Morbidelli 2013; Petrovich et al. 2013; Goldreich & Schlicht-
ing 2014), planet–planet scattering (e.g., Rasio & Ford 1996;
Chatterjee et al. 2008; Nagasawa et al. 2008; Beaugé &
Nesvorný 2012; Boley et al. 2012), and secular perturbations
from a companion (either a star or a planet; e.g., Fabrycky
et al. 2007; Wu et al. 2007; Naoz et al. 2011, 2012, 2013a) or

from multiple planets (e.g., Wu & Lithwick 2011; Denham
et al. 2018).
A particularly interesting group of discovered exoplanets are

the so-called “Hot Jupiters” (HJs), which are gas giants that
orbit their host stars on very tight orbits with periods on the
order of a few days. While this class of exoplanets seems
ubiquitous in the galaxy, it is noticeably absent in our own
solar system. Several models have been developed to explain
the formation and existence of these HJs, including gravita-
tional perturbations of the planets’ original orbits to high
eccentricities, followed by tidal dissipation and orbit circular-
ization and shrinking (e.g., Fabrycky & Tremaine 2007; Naoz
et al. 2011, 2012; Beaugé & Nesvorný 2012; Petrovich 2015;
Frewen & Hansen 2016), as well as disk migration during giant
planet formation (e.g., Armitage et al. 2002; Masset &
Papaloizou 2003; Armitage 2007). The idea that outer
companions have perturbed these planets and led to high-
eccentricity migration is also supported by recent observational
campaigns that have shown that most HJs have a far away
companion, either a star or a planet (e.g., Knutson et al. 2014),
though it remains unclear if most of these companions can
trigger high-eccentricity migration (e.g., Ngo et al. 2016). For a
three-body system consisting of star–planet–star to be long-
term stable the inner two bodies, the main star and the gas
giant, have to be on a much tighter orbit than the third, outer,
object, leading to a hierarchical configuration.
In recent years, so-called “retired” A-type stars, which are

observed as K-type giants, have been focused on by many
studies in attempts to discover exoplanets (e.g., Johnson
et al. 2007, 2008; Bowler et al. 2010; Johnson
et al. 2010a, 2011a, 2011b). “Retired” A-type stars are stars
that would be classified as A-type during their main-sequence
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lifetimes, but that have evolved beyond the main sequence and
are subgiant or giant K-type stars at their currently observed
life stage. While main-sequence A-type stars usually rotate
rapidly and have high surface temperatures, greatly impeding
exoplanet detection through radial velocity measurements,
“retired” A-type stars rotate slower, are cooler, and have
allowed for the discovery of several exoplanets. Furthermore,
several HJs have also been discovered around A-type main-
sequence stars through exoplanet transits (e.g., Gaudi
et al. 2017; Johnson et al. 2018).

The classification of “retired” A-type stars has been shown to
be rather challenging, as different methods to determine stellar
masses seem to yield different values (e.g., Lloyd 2011;
Johnson et al. 2013; North et al. 2017; Stello et al. 2017;
Ghezzi et al. 2018), implying that some of these stars might
rather be “retired” F-type stars. There seems to be uncertainty
over the validity of some methods when compared to precise
astroseismological measurements. In this work, we avoid these
classification problems by simply focusing on a particular
range of stellar masses, between 1.6 and 3Me (with masses
above ∼2.4Me technically belonging to the low-end B-type
mass range). This intermediate stellar mass range broadly
coincides with classical definitions of main-sequence A-type
star masses (Adelman 2004), and we refer to this mass range
when labeling a star as A-type. A further discussion concerning
A-type star evolution is given in the Appendix.

Stars more massive than the Sun, like A-type stars, reach
post-main-sequence evolution much faster than smaller stars,
and the vast majority of them have stellar companions (e.g.,
Raghavan et al. 2010; Moe & Di Stefano 2017; Murphy
et al. 2018). Indeed, several A-type stars with HJs have
companion stars (e.g., Johnson et al. 2018; Siverd et al. 2018).
This leads to an interesting interplay of dynamical and stellar
evolution effects that needs to be considered for planets in such
systems. On the one hand, a hierarchical star–planet–star
configuration will lead to secular oscillations of the orbital
parameters due to gravitational perturbations by the outer
companion on the planet’s orbit, often leading to extreme
eccentricities, the so-called Eccentric Kozai–Lidov (EKL)
mechanism (Kozai 1962; Lidov 1962; Naoz et al. 2016). On
the other hand, post-main-sequence stellar evolution will lead
to, for example, stronger tidal dissipation or engulfment of
close-in planets due to stellar radial expansion, and expanded
orbits due to stellar mass loss. In this work, we study the
combined interplay of these dynamical and stellar effects for
Jupiter-sized planets in stellar binaries with A-type star
primaries. We find that short stellar evolution timescales, high
prevalence of binary companions, and strong tides during post-
main-sequence evolution result in the destruction of nearly
70% of Jupiters orbiting A-type stars, more than we would
expect for lower mass single stars. We propose that observed
planets around intermediate mass main- and post-main-
sequence stars with stellar companions4 are consistent with
our predicted results.

2. Numerical Setup

We perform large Monte-Carlo simulations that follow the
dynamical evolution of hierarchical three-body systems,
consisting of a relatively tight inner binary pair of a star and
a Jupiter-sized planet, which are orbited by another star on a

distant orbit as outer binary. We solve the hierarchical secular
triple equations up to the octupole level of approximation (the
so-called EKL mechanism, e.g., Naoz et al. 2016),including
general relativity effects on both inner and outer orbits (e.g.,
Naoz et al. 2013b), static tides between the primary star and the
planet (following Hut 1980 and Eggleton et al. 1998; see Naoz
et al. 2016 for the complete set of equations). Tides for
radiative stars are also estimated to be much weaker than for
convective stars, so we use different tidal models for (radiative)
main-sequence and (convective) red-giant stars (e.g.,
Zahn 1977); however, observations are uncertain about their
distinctiveness (Collier Cameron & Jardine 2018). The tidal
Love numbers for stars and gas giants are set to 0.014 and 0.25,
respectively (Kiseleva et al. 1998), and we choose a viscous
timescale of 1.5years for both. We also include the effects of
stellar evolution on masses, radii, and spins on the two stars, as
derived from the stellar evolution code SSE by Hurley et al.
(2000). Unlike G- and F-type main-sequence stars, which
exhibit magnetic braking due to their convective envelopes,
A-type main-sequence stars are nearly completely radiative and
do not experience significant magnetic braking (van Saders &
Pinsonneault 2013). Their spin rates therefore do not
substantially slow down during their main-sequence evolution
lifetime, however, magnetic braking can occur during the red-
giant phase after a convective envelope has formed, addition-
ally to the slowing of the spin due to stellar expansion. These
factors are included in the calculations performed with SSE and
we also switch between tidal models for radiative and
convective stars based on SSE determinations of evolutionary
phases. Overall, the main differences between A-type stars and
smaller stars lie in the much more rapid stellar rotation rate and
the weaker tidal dissipation for radiative stars, which weaken
the importance of stellar tides during the main-sequence
lifetime. During post-main-sequence evolution, however, the
massively expanded stellar radii, together with the more
convective nature of red giants, greatly increase the strength
of stellar tidal dissipation, beyond the strength of tides for less
massive post-main-sequence stars. The interplay between the
EKL mechanism and stellar evolution has previously been
shown to play an important role in shaping the underlying
dynamics and outcome of these systems (e.g., Kratter &
Perets 2012; Shappee & Thompson 2013; Michaely &
Perets 2014; Frewen & Hansen 2016; Naoz et al. 2016;
Stephan et al. 2016, 2017; Toonen et al. 2016).
The mass of the primary star, må,1, is taken from a Salpeter

distribution with α=2.35 (Salpeter 1955); however, the mass
range is restricted between 1.6 and 3.0Me in order to ensure
that the planet host star is an A-type or, at most, a small B-type
star during its main-sequence lifetime (Adelman 2004). The
stellar initial radii and spins are calculated using SSE by Hurley
et al. (2000). Each primary star is given one planet, whose mass
(mp), size, and spin are set equal to those of Jupiter. The mass
of the outer companion star, må,2, is determined by the binary
mass ratio distribution taken from Duquennoy & Mayor
(1991). The semimajor axis, a1 of the inner binary of the
A-type star and Jupiter-sized planet is chosen uniformly
between 1 and 10 au, while the outer binary orbit’s semimajor
axis, a2, is again taken from the distribution in Duquennoy &
Mayor (1991) for the stellar companion. The inner orbit’s
eccentricity is initially set to a small value, e1=0.01, as are the
stellar and planetary spin–orbit angles, since we assume that
the planet was formed in a gaseous disk, while the outer orbit’s4 Planetary companions might have different results.
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eccentricity, e2 is chosen uniformly between 0 and 1. To ensure
long-term stability, we reject systems where a2 is greater than
∼10,000 au, as galactic tides will tend to separate such systems
relatively quickly (Kaib et al. 2013), and we only consider
hierarchical systems to ensure long-term stability, which
requires:
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and a1/a2<0.1 (e.g., Naoz et al. 2016). The inclination, i
between the inner and outer orbit’s angular momenta is chosen
isotropically in cosine.

In total, we simulate 4070 systems using these parameter
conditions, 3000 of which have a primary star mass smaller
than about 2.4Me and therefore are safely classified as A-type
stars during their main-sequence lifetimes. We calculate the
dynamical evolution of these systems for 13 Gyr, or until a
stopping condition is fulfilled. If a planet touches the surface of
a star or crosses the Roche limit, we stop the integration. We
define the Roche limit RRoche,A of a body of mass mA and radius
rA with respect to an orbiting body of mass mB as:
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star with mass mA being orbited by a much smaller planet of
mass mB. The disruption of planets is highly sensitive to the
Roche limit and thus to the numerical pre-factor value, chosen
here to be 1.66. Numerical simulations by Guillochon et al.
(2011) and Liu et al. (2013) suggested a larger value, (i.e., 2.7)
while Faber et al. (2005) simulations found ∼2.2. Thus,
choosing here a fiducial value of 1.66 means that the number of
engulfed planets represents a lower limit on the fraction of
planets that can be engulfed during post-main-sequence radial
stellar expansion. On the other hand, this value might lead us to
overestimate the number of planets forming HJs during the
main-sequence lifetime (see Petrovich 2015).

3. Results

3.1. Classification of Dynamical Evolution Outcomes

From our 4070 simulated systems, about 70% ended in the
destruction of the Jupiter-like planet, while in only 30% of
cases did the planet survive to the WD phase of its host star.
We identify several distinct groups of orbital evolution
behaviors and outcomes for Jupiters around A-type stars in
stellar binaries. There are mainly four such groups (see Table 1
for percentages):

1. Classical Hot Jupiters (CHJs): These are HJs on orbits
shorter than about 10 days, as one would expect from
previous studies of high-eccentricity migration (e.g.,
Fabrycky & Tremaine 2007; Wu et al. 2007; Naoz
et al. 2011, 2012; Petrovich 2015). These planets reach
their short-period orbits during the host stars’ main-
sequence lifetime due to an interplay of EKL-caused high
orbital eccentricities and tidal effects. They are ultimately
engulfed and destroyed as the stars evolve and expand.

About 1.5% of our systems experience this outcome. We
further discuss this group in Section 3.2.

2. Roche-limit crossers: These are those planets that reach
extremely large eccentricities through the EKL mech-
anism and cross their host stars’ Roche limits or graze the
stars’ surfaces. We assume that they are destroyed upon
crossing the Roche limit and end the computation of their
orbital evolution. The actual fate of these planets might
be more complicated, and some might even survive for an
extended time after crossing the Roche limit (e.g., Faber
et al. 2005; Dosopoulou et al. 2017; MacLeod
et al. 2018); however, for simplicity, we mark them all
as “RL-cross” in Figure 1. Some of the possible effects
are discussed in Section 4.4. About 31% of our systems
lead to Roche-limit crossing, 23% of which occur during
main-sequence and 8% occur during post-main-sequence
evolution. Those that cross the stellar Roche-limit during
post-main-sequence evolution simply do not undergo
high enough eccentricity excitations or are on initial
orbits too wide to have short periapsis distances during
the stellar main-sequence lifetime.

3. “Temporary” Hot Jupiters (THJs): These are planets that
did not reach high enough eccentricities during the main-
sequence lifetime of their host stars to experience tidal
circularization and orbital shrinking, but which do so as
the stars leave the main sequence and become giant stars.
Virtually all of them only classify as “hot” Jupiters (in
terms of temperature) for a short part of their total
lifetime. They get engulfed as their host stars continue to
expand and as tides continue to drive them to the stellar
surface; however, their orbits usually do not fully
circularize before engulfment. The engulfment process
may result in energetic disturbances on the host star and
might serve as an observable (e.g., MacLeod et al. 2018;
see also Section 4.4). We find that about 37% of our
systems experience this outcome; however, about a fifth
of these (7% of all systems) reach this outcome even
though the EKL perturbations by their companion stars
are negligible, as their initial orbits are relatively close to
the star, at about 1–3 au. Further details about this group
are discussed in Section 3.3.

4. Surviving Jupiters: These are planets that never sig-
nificantly interact with their host stars and survive until
the stars become WDs. For this population, the
companion stars’ EKL perturbations were too weak to
cause large eccentricities, and the planets’ orbits were too

Table 1
Jupiter Evolution Outcome Percentages

Phase CHJ RL-cross THJ Survived
up to tHubble

Total 1.5% 31% 37% 30%

MS 1.5% 23% L L
Post-MS L 8% 37% L
WD L 0.3% L 30%

Note.Listed are classical HJ (CHJ), RL-crossing Jupiter (RL-cross), temporary
HJ (THJ), and surviving Jupiter (survived), up to Hubble time, outcomes as
percentages of the whole population of simulated systems. The percentages are
given for the whole evolution of the stars (total), and also split between main-
sequence (MS), post-main-sequence (Post-MS), and white dwarf (WD) phases.
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wide to experience strong tidal effects during post-main-
sequence evolution. This population mostly reflects our
lack of knowledge on the initial conditions of these
systems. About 30% of Jupiters survive to this stage. A
small fraction of these (0.3% of all systems) gets

destroyed and accretes onto the WDs as the stellar mass
loss changes the orbital parameters of the systems,
allowing extreme excitations of the orbital eccentricities
through the EKL mechanism, ultimately driving these
Jupiters to cross their own Roche limits and to get tidally

Figure 1. Dynamical evolution of Jupiters around A-type stars in binary systems. Top frame of each panel: Eccentricity vs. Orbital Period. Bottom frame of each
panel: Stellar Radius vs. Orbital Period. The magenta dots show the parameters of Jupiters that survive to either the middle of the main-sequence (labeled mid-MS),
the beginning of the post-main-sequence (labeled post-MS), or the white dwarf phase (labeled post-AGB). Differently colored dots show the final parameters for
Jupiters that were destroyed by their stars either through EKL-induced high-eccentricity Roche-limit crossing or engulfment during stellar expansion. The colors
represent the various stellar evolution phases at the time of planetary death: (red) main sequence, (orange) Hertzsprung gap, (yellow) first giant branch, (green) core
helium burning, (cyan) first asymptotic giant branch, (blue) second asymptotic giant branch, and (brown) white dwarf phase. Out of 4070 planets, about 2870 were
destroyed before 13 Gyr had passed, falling into two distinct main groups—(1) high-eccentricity, KL-driven deaths, and (2) low eccentricity, tidally, and stellar
expansion driven deaths. The black stars are showing the positions of some observed Jupiters around A-type stars in this parameter space, see Section 3.2 for
references.
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disrupted by the WDs. Examples of this potential WD
pollution mechanism have been discussed in detail in
Stephan et al. (2017). Recent work (van Lieshout
et al. 2018) also indicates that some of the planet’s
material can be recycled into new planets and escape
accretion.

In Figure 1, we show three snapshots of the different
systems’ realizations during the stars’ lifetimes, mid-main-
sequence (top left), at the beginning of post-main-sequence (top
right), and post ABG phase (bottom). We consider the
eccentricity as a function of the planet’s period (top panels).
For comparison, we also plot the observed systems (depicted as
black stars) for the relevant snapshot. For context, we also
show the stellar radii for all of our systems (bottom panels).
When a planet crossed the Roche-limit, we stop the integration
and mark its orbital parameters.

Note the slight offset between the distribution of red and
magenta points on the right side of the lower frame of the mid-
main-sequence panel. This offset is simply caused by the red
points showing planets that have been destroyed via EKL-
driven high-eccentricity Roche-lobe crossing. This happens
quickly, before the host stars can significantly evolve and
expand. All the planets that lie in the region of the parameter
space that allow such large eccentricities to be reached do so
and get tidally destroyed or engulfed early in the systems’
lifetime. By the middle of the main-sequence lifetime of the
star, the rest of the systems have evolved more and their stars
have expanded; however, there simply are not many planets left
in the correct parameter space to cross the new, expanded
Roche limit; they have all already been destroyed. However,
once the stars swell to become red giants, there is a new phase
of destruction of planets that did not reach extreme eccentri-
cities. The difference in behavior between these two different
populations is due to the distinction between “quadrupole” and
“octupole” types of EKL evolution (see Naoz et al. 2016, for a
full review of the EKL mechanism). Thus, we predict an early
“burst” of planet destruction during the early main-sequence
evolution, followed by a pause until the stars become red
giants, followed by another phase of planet destruction
throughout post-main-sequence evolution.

3.2. CHJs and Surviving Jupiters

As we show in Figure 1 (see upper panels), by the middle of
the main-sequence lifetime of the host stars, several classical
HJs have been formed through high-eccentricity migration
(shown in the upper left panels as purple dots, with periods
shorter than about 10 days and eccentricities close to 0), or are
still in the process of forming until the end of the main
sequence. However, these more massive stars expand their
radius during the main sequence by about a factor of two,
which results in a higher rate of Roche-limit crossing than for
less massive stars, since the more massive stars evolve and
expand more quickly and the Roche-limit is proportional to the
radius of the star (see Equation (2)). In total, we form 64such
HJs, or about 1.5% of our systems, which is broadly consistent
with, though somewhat less efficient than, previous estimates
of EKL-induced high-eccentricity migration models in stellar
binaries, which considered smaller mass host stars (see, for
example, Naoz et al. 2012, 2016; Petrovich 2015; Anderson
et al. 2016). Some of these classical HJs only survive for short
times at these orbits, as the interplay of the EKL mechanism

and tides keeps driving them toward the stellar surface.
However, many can exist for tens to hundreds of megayears
after formation. Ultimately, though, all classical HJs get
engulfed and destroyed as their host stars evolve and expand
in radius. By the end of the main sequence, most of them have
been destroyed (see the upper right panels of Figure 1; red dots
show destroyed planets, with several red dots forming a line in
the stellar radius versus orbital period parameter space where
HJs were engulfed by their expanding host stars), with the
remaining ones being destroyed as the stars evolve toward the
giant phase (see the orange and yellow dots in the lower, large
panels). In general, classical HJs around A-type main-sequence
stars form at a lower frequency than HJs around smaller mass
stars through high-eccentricity migration, and exist for shorter
times due to faster stellar evolution, expansion, and tides.
The black stars in Figure 1 show the parameters of several

observed Jupiters around A-type or retired A-type stars
(Johnson
et al. 2007, 2008, 2010a, 2010b, 2011a, 2011b, 2014, 2018;
Collier Cameron et al. 2010; Sato et al. 2013; Bieryla
et al. 2014; Wittenmyer et al. 2014, 2015a, 2015b; Hartman
et al. 2015; Zhou et al. 2016; Beatty et al. 2017; Borgniet
et al. 2017; Gaudi et al. 2017; Lund et al. 2017; Siverd
et al. 2018; Talens et al. 2018), and they appear to be broadly
consistent with our calculations. The observed HJs agree well
with our predicted parameters at some time during the middle
of the main-sequence lifetime of A-type stars (upper left
panels), while observed Jupiters on wider orbits (periods
beyond about 100 days) around retired A-type stars agree well
with our predicted parameters for Jupiters that survive to the
end of the main-sequence lifetime (upper right panels). Note
that both observations and our predictions do not seem to show
many Jupiters on intermediate orbits between 10and 100days.
HJs migrate relatively fast through this part of the parameter
space, on the order of a few million years (a very small fraction
of the stars’ total main-sequence lifetime), and are unlikely to
be randomly observable.

3.3. Temporary Hot Jupiters

During post-main-sequence evolution, stars begin to expand,
and those planets that have short pericenter distances are
engulfed by their host stars. Furthermore, our calculations show
that a large number of moderately eccentric giant planets will
undergo significant tidal interactions with the expanding red-
giant stars, leading to orbital shrinking and circularization
before the eventual crossing of the Roche lobe or engulfment
by the star, as shown by the example system evolution in
Figure 2. During the red-giant phase, the strength of tidal
effects on the star increases significantly due to the stellar radial
expansion and the increased size of the convective envelope.
During their main-sequence lifetime, A-type stars are mostly
radiative, which severely reduces the effectiveness of their tides
(Zahn 1977). We consequently observe a switch in the role of
tides between the main-sequence and post-main-sequence
evolution; while during the main sequence, the tidal effects
on the planet were more significant, during post-main-sequence
evolution, the tides on the star dominate. Tidal interactions and
planet engulfment can be expected to have significant effects
on the red-giant stars’ envelope and mass-loss evolution, as
well as changing the stellar rotation rate; such giant planet
interactions with evolved stars have been used to explain
observed irregularities in the shape of the horizontal branch in
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the Hertzsprung–Russel diagram (e.g., Soker 1998; Soker &
Harpaz 2000; Livio & Soker 2002). Our “Temporary” HJs
would most likely lead to such interactions, though we stop our
calculations at the entering of the stellar Roche lobe. Further
investigation would require a full hydro-dynamical treatment of
the star–planet interactions. We assume that the further
evolution of the stellar envelope and post-AGB remnant will
be altered due to these interactions. THJ engulfment could also
lead to lithium enrichment in the giant stars’ atmospheres (e.g.,
Aguilera-Gómez et al. 2016).

The lower large panels in Figure 1 show the final orbital
parameters of our systems in eccentricity versus period (upper
frame) and host-star radius versus period space (lower frame).
Those dots colored red, yellow, green, cyan, and blue show the
final parameters before planets enter the stellar Roche lobe
during the different post-main-sequence and pre-WD phases.
The vast majority of these, those that form a distinct line on the
left in the stellar radius versus period frame, experience at least
some degree of high-eccentricity migration, and reach
equilibrium temperatures comparable to classical HJs (see
Figure 3). These planets begin to experience significant tidal
interactions with their host stars as those stars expand in radius,

facilitated by increasing orbital eccentricities due to the EKL
mechanism. However, due to the continued stellar evolution of
the host stars and the significantly enhanced tides, most of these
THJs enter their host stars’ Roche lobe even before they can be
fully circularized, making their status as HJs very short-lived.
We therefore name this class of HJs THJs. The THJ shown in
Figure 2 only lives for about 300,000 years once tidal orbital
decay becomes efficient before it reaches the stellar Roche
limit. This process should, as mentioned above, have
significant effects on the further evolution of the giant star’s
outer envelope.
While most (∼80%) of the THJs we discuss here are

products of high-eccentricity migration caused by the EKL
mechanism and tidal dissipation and therefore depend on the
presence of a companion star, some THJs can also be formed
without a companion. If a gas giant’s initial orbit is sufficiently
close, in general, smaller than about 3 au, post-main-sequence
expansion of the host star will eventually lead to tidal
interactions and engulfment of the planet even without
increased orbital eccentricity, consistent with previous works
investigating the evolution of gas giants around giant stars
(e.g., Villaver & Livio 2009; Spiegel & Madhusudhan 2012;
Lopez & Fortney 2016). However, one can distinguish between
these two cases considering the spin–orbit alignment of the
planet and the main star. If a THJ is formed without companion
excitations, the orbital plane will not change from its initial
orientation, which we assume to be aligned with the stellar
spin. If the THJ was formed through the EKL mechanism,
however, the spin–orbit angle will be from a nearly uniformly
random distribution between 0° and 180°. We can see this in
Figure 4. The two histograms on the right side of the figure
show the distribution of spin–orbit angles among THJs. Both
histograms show the same population, only that the far right
one labeled “THJs (all)” includes THJs formed both with and
without EKL effects, while the one labeled “THJs (EKL)” only
shows those formed through EKL effects. Those THJs formed
without EKL effects, for which the stellar companion was
irrelevant, are all aligned and form the large peak at 0°, while
those formed with EKL effects are nearly evenly spread across
the whole range of angles between 0° and 180°. While the peak
is large, it is extremely narrow and only includes ∼20% of our
total number of THJs.

4. Observational Signatures

4.1. Equilibrium Temperature

The equilibrium temperature of planets is a potentially
observable signature (e.g., Gaudi et al. 2017). We calculate the
time-averaged equilibrium temperature for elliptical orbits for
the planets in our simulations, following equations by Méndez
& Rivera-Valentín (2017), namely:
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where T0=278.5 K, Earth’s equilibrium temperature, A is the
planetary albedo (assumed to be zero), L is the host star’s
luminosity (in Le), e and a are the planet orbit’s eccentricity
and semimajor axis (in au), respectively, and β and ò are
coefficients for the planet’s heat distribution and emissivity,
respectively (both assumed to be ∼1 for simplicity).

Figure 2. Orbital evolution of a Jupiter around an evolving A-type star in a
stellar binary, leading to formation and destruction of a temporary hot Jupiter.
The figure shows an example of Jupiter’s equilibrium temperature (top frames),
inclination, and spin–orbit angle (middle frames) and semimajor axis, periapsis,
and stellar radius evolution (bottom frames) over time. In the bottom frames,
the blue line shows the planet’s semimajor axis, red and magenta show the host
star’s Roche limit and radius, and gray shows the planet’s Roche limit. The
blue shaded region marks the host star’s main-sequence phase, while the red
shaded area marks the post-main-sequence phase. The left frames of the figure
show the first 908.8Myr of evolution, while the right frames focus on the last
0.5Myr before the planet enters the star’s Roche lobe. Note that the planet’s
semimajor axis undergoes rapid tidal decay once the red-giant star has
expanded sufficiently, on the very right edge of the figure. This rapid orbital
decay lasts on the order of 300,000 years before the planet reaches the stellar
Roche limit. The equilibrium temperature of the planet rises above 1000K
(marked by the red line in the top frames) for the last 125,000 years before
entering the Roche lobe, rapidly increasing as the orbit decays, as highlighted
by the darker red shaded area. Initial system parameters are m*,1=2.39 Me,
m*,2=1.95 Me, a1=4.58 au, a2=601.6 au, e1=0.01, e2=0.587, spin–
orbit angle=0°, and i=108°. 2.
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The classical hot Jupiters (CHJs) in our calculations have
typical temperatures of about 2000–5000 K, consistent with
estimated temperatures of observed HJs, as can be seen in the
top frame of Figure 3, which shows our CHJs as magenta dots
and observed HJs as black stars in the “Hot Planets Zone.”
CHJs remain at these temperatures for potentially millions of
years, until they either evaporate or are engulfed by the host
star as it leaves the main sequence (see the red dots in the
middle frame of Figure 3. We find that THJs reach
temperatures between 1000 and 3000 K just before entering
the stellar Roche lobe, as shown in the bottom frame of

Figure 3. The THJs only exist at such high temperatures for a
short time, on the order of a few 100,000 years, as seen in the
top right frame of Figure 2, as the increase in temperature
follows from the planets’ rapid orbital decay and the rapid
increase in stellar luminosity due to post-main-sequence stellar
evolution. Considering that the stellar luminosity increases
tremendously during post-main-sequence stellar evolution,
even THJs will produce a rather small contribution to the
overall stellar spectra. At a wavelength of around 1 μm, the
contrast between THJ and stellar emissions will be around
10−5

–10−7. Additionally, the expanding stars’ large size will

Figure 3. Equilibrium temperatures of Jupiters around A-type stars in binary systems. Equilibrium temperature vs. period of Jupiters for three evolutionary periods:
middle of the main sequence (upper panel), beginning of the post-main-sequence (center panel), and the WD phase (bottom panel). Values for observed Jupiters
around A-type stars are included as black stars. Dot colors have the same meaning as in Figure 1. The red shaded area shows the approximate parameter space of “hot”
planet temperatures, from around 1000 to 5000 K. Note that THJs, which are within the red shaded area in the lower panel, can reach final equilibrium temperatures of
several thousand Kelvin shortly before being destroyed, due to the intense stellar luminosity of the post-main-sequence host stars. Equilibrium temperatures were
calculated using Equation (3) (Méndez & Rivera-Valentín 2017) for eccentric orbits, assuming zero albedo, or taken from papers cited in Section 3.2 for observed
planets.
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make planet transit detection signals smaller as well; however,
the larger size will also increase the chance that a transit can
occur. At least for THJs around “small” giant stars
(R*∼ 5 Re), such as for stars during the helium burning phase,
models suggest that transits are indeed observable (e.g., Assef
et al. 2009), and some giant planets transiting giant stars of
such sizes have indeed been observed (e.g., Lillo-Box
et al. 2014), though it remains unclear if such transits would
currently be observable for stars with sizes of hundreds of solar
radii. However, if the increase in temperature leads to
significant planetary inflation and if stellar high energy
radiation or winds can drive a significant mass loss from the
Jupiter, absorption lines from the stripped planetary material
might be observable (e.g., Murray-Clay et al. 2009).

4.2. Stellar Obliquity

Detecting planets through the transit method makes it
possible to observe the (projected) angle between the stellar
spin axes and the planets’ orbital planes through the Rossiter–
McLaughlin effect (Gaudi & Winn 2007). Our calculations
show that THJs, like CHJs, should preferentially be misaligned
to the stellar spin axis, with a nearly uniform distribution of
spin–orbit angles, showing only a small preference against

fully retrograde orbits, as can be seen from the THJ spin–orbit
angle histograms in Figure 4. Using the spin–orbit angle, it
should also be possible to distinguish THJs born through EKL
effects from THJs without that effect, as the later will remain
aligned to their original spin–orbit angle, which can be
assumed to be small, close to 0° in our case. As can also be
seen from the left frame of Figure 4, observed projected spin–
orbit angles for HJs also broadly confirm a broad range of
misalignment angles, potentially caused by EKL effects.

4.3. Orbital Eccentricity

The eccentricities of planetary orbits is an important factor
for understanding the architectures of planetary systems, as
larger eccentricities can be indicators of significant dynamical
interactions, such as planet–planet scattering events or secular
perturbations, while small eccentricity values are expected from
disk models of planetary formation and a subsequently
quiescent dynamical history. Massive evolved stars show a
deficiency of short-period eccentric planets (Johnson
et al. 2007, 2008, 2010a, 2010b, 2013; Sato et al. 2008;
Bowler et al. 2010; Schlaufman & Winn 2013). Our
calculations show that this feature is in agreement with the
dynamical evolution of giant planets in stellar binaries. As

Figure 4. Spin–orbit misalignment angles for Jupiters around A-type stars in binary systems. Left large panel: Spin–orbit misalignment angle vs. period for Jupiters
during the WD phase, with magenta dots showing survived Jupiters and differently colored dots showing destroyed Jupiters. Dot colors have the same meaning as in
Figure 1. The plot shows that HJs, both classical and temporary, that form due to the EKL mechanism are most likely to have significantly misaligned orbits compared
to their host stars’ spin axes. This is broadly consistent with the few measured projected spin–orbit angles for HJs around A-type stars, shown by the black stars. THJs
that form without the influence of the EKL mechanism are, in contrast, very well aligned (depicted by the blue and cyan points that are clustered near 0°). The two
histograms in the right side panels show the distribution of misalignment angles for THJs. The far right histogram, labeled “THJs (all),” shows the spin–orbit angle
distribution of all THJs, including both those formed with and without EKL effects, while the histogram to the left of it, labeled “THJs (EKL),” only shows those
formed through EKL effects. Both histograms are practically identical except for the scale of the x-axis, which represents the number of simulated systems. The large
peak at 0° inclination in the far right panel simply includes all non-EKL THJs. About 20% of THJs are in this peak and form without EKL effects, while about 80% of
our THJs form through the EKL mechanism, spread across the rest of the spin–orbit angle parameter space.
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shown in Figure 1, top panels, both the MS phase as well as the
post-MS phase are in agreement with the observed giant planet
eccentricities (the latter depicted as black stars). We predict that
there is a large population of highly eccentric planets around
main sequence and retired A-type stars, as shown in Figure 5
by the blue histogram; however, most of these high-eccentricity
planets have orbits longer than ∼1000 days (see Figure 1, top
panels), making them difficult to observe with current methods.
Interestingly, the highest eccentricity Jupiter-sized planet
observed that orbits a retired A-type star, HD120084, is very
consistent with these predictions, having an eccentricity of 0.66
and a period of 2082days (Sato et al. 2013).

Our results also indicate that most THJs will migrate to
close-in orbits and get engulfed by their expanding host stars
before the orbits can fully circularize, as seen in Figure 1.
These planets will still have some residual eccentricities up
until engulfment, consistent with a recent study of close-in
planets around evolved stars (Grunblatt et al. 2018).

In our simulations, we assume that all giant planets start with
very small eccentricities and treat them as singular planets
around their host stars. This ignores the potential for planet–
planet scattering during the further evolution. In the normalized
histograms in Figure 5, we see that this artifact of our initial
conditions produces an extremely high peak at small
eccentricities for our simulated systems during the post-main-
sequence phase (see blue histogram). This peak simply
represents those systems that lie outside the parameter space
that can undergo EKL oscillations. We propose that the actual
initial eccentricity distribution should be more broad, probably
caused by planet–planet interactions after dissipation of the
planet-forming disk.

4.4. Effects of Post-MS Roche-lobe Crossing and Engulfment
of THJs

A giant planet entering an expanding post-main-sequence
star’s Roche lobe, and subsequently the stellar envelope, can
undergo and cause a multitude of effects. If the giant planet is
massive and dense enough, it might resist dissipation and begin
to accrete stellar material, potentially becoming a “stellar”
companion undergoing complex common-envelope evolution
with the main star (e.g., Soker et al. 1984). Planet engulfment
should also lead to the deposition of angular momentum into
the star, changing the spin rate (see Carlberg et al. 2009), which
has similar consequences during the main-sequence phase
(Carlberg et al. 2009; Qureshi et al. 2018), as well as the
deposition of energy into the stellar envelope due to drag forces
and orbital decay, increasing the luminosity of the star or
producing bright UV and X-ray transients (e.g., Metzger
et al. 2012; MacLeod et al. 2018). The strength of drag forces
depends especially on the density of the stellar envelope and
the orbital speed of the engulfed planet, which would lead to
different strengths of this effect between main-sequence and
post-main-sequence stars or between eccentric and circular
planetary orbits. Furthermore, giant planets can have a range of
masses beyond the simple Jupiter-analogs we have considered
here, and can vary in density, especially if the planets are
inflated due to increased temperatures (Lopez & Fortney 2016).
This would lead to further variations in the possible merger
outcomes (e.g., Metzger et al. 2012; Siverd et al. 2012), while
also producing lithium enrichment through the engulfed giant
planets of varying strengths (e.g., Aguilera-Gómez et al. 2016).
The engulfment process could also lead to the ejection of
material from the stellar envelope or planet, leading to the
formation of dust around the star. A potential candidate for this
scenario is the first-ascent giant star TYC 4144 329 2, which
also has a wide separation binary companion consistent with
our model (Melis et al. 2009). Overall, our predicted THJs
should have a, potentially significant, influence on the
evolution of their host stars post-engulfment, which could
present another observable signature of THJs through increased
spin rates, larger stellar luminosities, dust formation, and
lithium enrichment. The effects on the further stellar evolution
should also be more long-lived than the predicted few 100,000
years of existence as THJs, making indirect detection of THJs
more promising than direct detection.

4.5. Occurrence Rate of HJs and THJs

To gain a better understanding of the importance of HJs and
THJs as part of the overall planet population, we can estimate
the fraction of systems that will produce HJs or THJs in the
following way:

= ( )f f f f , 4b poutcome event

where fb is the fraction of stars in binary systems, close to
100% for A-type stars (e.g., Raghavan et al. 2010; Moe & Di
Stefano 2017), fp is the fraction of Jupiter-mass planets formed
at distances of a few astronomical units from their stars, which
is highly uncertain, and which we extrapolate here to be
fp∼0.07–0.1 from values for G-type stars (e.g., Wright
et al. 2012; Bowler 2016). Lastly, fevent is the fraction of
simulated systems that has undergone one of the possible
events specified in Table 1. For example, the percentage of
systems that form HJs (during the main sequence) of all A-type

Figure 5. Simulated vs. observed eccentricity distributions for Jupiters around
retired A-type stars. The plot shows the normalized frequencies of Jupiter
eccentricities from observations (in orange) and from our simulations (in blue)
during the post-main-sequence phase. Note that the high peak between
eccentricities of 0 and 0.1 in the post-MS distribution continues beyond the
frame; as we assumed very small eccentricities for all Jupiters at the beginning
of our simulations, this is probably an artifact of our initial conditions.
Furthermore, our simulations predict a more uniform distribution of
eccentricities that continues toward higher values than currently observed.
However, these higher eccentricity planets exist mostly beyond periods of
∼1000 days, making them very difficult to observe with current methods (see
Figure 1, top right frame). Note that the currently highest eccentricity Jupiter
observed around a “retired” A-type star does indeed have an orbital period of
about 2000 days (Sato et al. 2013).

9

The Astronomical Journal, 156:128 (12pp), 2018 September Stephan, Naoz, & Gaudi

23



stars is fHJ∼0.15% (∼10% of stars have a Jupiter, and ∼1.5%
of Jupiters become HJs), while the percentage for THJs is
fTHJ∼3.7%. Interestingly, ∼2.5% of all A-type star systems
will consume a Jupiter during their main-sequence lifetime and
about ∼4.5% during their post-main-sequence evolution.

We estimate the number of stars in the galaxy as
Nå∼(100–400)×109, of which about 1% are in the mass
range we consider here (e.g., Salpeter 1955). Thus, we can also
estimate the rate at which a post-main-sequence Roche-limit
crossing will take place in the galaxy (and might result in a
luminosity or spin rate signature). To first order, considering
the average lifetime of an A-type star to be on the order of
1 Gyr and assuming roughly uniform formation and death rates,
the post-MS Roche-limit crossing rate is approximately
0.045–0.18 per year. We predict that most of these events will
be caused by THJ formation and engulfment and that, given
that THJs go through their orbital decay phase on the order of a
few 100,000 years, there will be a few to tens of thousands of
THJs in the galaxy at any given moment. The length and
strength of the increased luminosity signal in red-giant stars
caused by THJ engulfment and orbital energy deposition is
difficult to estimate, but if it is comparable to the Kelvin–
Helmholtz timescale, which is on the order of a few 10,000
years for red giants, there should be thousands of such stars
with enhanced luminosities in the galaxy at any given moment.
These rates indicate that THJs and their effects on post-main-
sequence stars should be observable and have a strong effect on
the luminosity function of intermediate mass red-giant stars.

5. Discussion

In this work, we have explored the dynamical evolution of
single giant planets around A-type stars in hierarchical binaries.
Considering initially circular planetary orbits between 1 and
10 au, we identify four principal evolution outcomes:

1. Classical hot Jupiters (CHJs): Giant planets that undergo
high-eccentricity migration to short-period orbits (P< 10
days) during the main-sequence lifetime of the main star,
caused by an interplay of the EKL mechanism and tidal
effects. These planets can typically reach temperatures of
2000–5000 K and are eventually engulfed by the star as it
expands during post-main-sequence stellar evolution.
About 1.5% of our giant planets in binaries lead to this
result.

2. Temporary hot Jupiters (THJs): THJs form during post-
main-sequence evolution, as the stars expand. These giant
planets can either form like CHJs through high-
eccentricity migration caused by EKL effects and tides,
or their initial orbits were close enough to their stars to
eventually be heated up and engulfed by their stars even
with low eccentricities (a13 au). These planets only
exist as HJs for a few 100,000 years before Roche-lobe
crossing and engulfment, but can have significant effects
on the stellar envelope and can reach temperatures of
2000–3000 K before entering the stellar Roche lobe of
the expanding star. About 37% of our systems lead to this
outcome.

3. Roche-limit crossers: These are giant planets that undergo
very strong EKL effects that are too strong to be
counteracted by tidal forces, thus crossing the Roche
limit or grazing the stellar surface at high eccentricities
and velocities. About 23% of our giant planets experience

this result during the stellar main sequence, while a
further 8% do so in the post main sequence. During the
AGB-phase, the stars lose a significant part of their mass,
changing the orbital parameters of some systems enough
to increase EKL strength significantly. This leads to about
0.3% of our giant planets to accrete and pollute the WD
remnants through high-eccentricity Roche-limit crossing.

4. Surviving Jupiters: Gas giant planets that originally had
large orbital periods and never underwent strong enough
EKL effects to lead to significant interactions with their
host stars. This is the case for about 30% of our systems.

Overall, only 30% of the planets will survive to the WD
phase without stellar interactions, while 70% will be engulfed
at some point in their evolution. The engulfed planets can have
significant effects on the stellar rotation rates and luminosities.
The EKL mechanism greatly enhances the fraction of planets
that end up being engulfed; about 80% of engulfed planets have
undergone significant EKL effects. Overall, we predict a THJ
engulfment rate of ∼0.045–0.18 per year, which, depending on
the length and strength of the engulfment effects onto the red-
giant stars’ envelopes, could translate to thousands or tens of
thousands of red giants with THJ engulfment effects at any
given moment in our galaxy.
From our calculation results, we also predict that there is a

large population of high-eccentricity giant planets around
A-type stars with orbital periods 1000 days, which is difficult
to observe, but is consistent with the known high-eccentricity
giant planets. Our results are also consistent with the observed
large, nearly isotropic spread of spin–orbit misalignment
angles, further suggesting that stellar binary dynamics are
crucial for the understanding of giant planet orbits around
A-type star.
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Appendix
A-type Stars: Definitions and Evolution

Here we give a short overview of A-type stars’ evolutionary
phases. A-type main-sequence stars are usually defined to have
masses between ∼1.6 and ∼2.4Me with surface temperatures
between about 7000 and 10,000 K (Adelman 2004). Figure 6
shows the evolution of temperature versus luminosity and
radius for three example star masses (1.6, 2.0, and 2.4Me),
calculated using SSE (Hurley et al. 2000).
As A-type stars evolve along the main sequence, shown in

red in Figure 6, they slowly expand in radius by about a factor
of two, cool down by ∼2000–3000 K, and increase in
luminosity by about a factor of two as well. Note that this
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evolution is slightly different from Sun-like G-type stars, which
initially heat up during their main-sequence evolution before
finally cooling down. The main-sequence phase lasts for about
2.2 Gyr for 1.6Me A-type stars and 0.7 Gyr for 2.4Me. After
they have expended their core hydrogen fuel, the stars then
evolve through the Hertzsprung gap, shown in orange, rapidly
expanding by another factor of two, cooling down to about
5000 K, and halving their luminosity over the course of
5–50Myr (high to low mass).

Afterward, the first giant branch phase begins, shown in
yellow, lasting for 6–100Myr. This phase progresses very
differently for low versus high mass A-type stars. A 1.6Me star
grows from 4 to 140 Re, increases in luminosity from 8 to
2500 Le and cools down from 5000 to 3500 K, while a 2.4Me
star grows only from 8 to 33 Re, increases in luminosity from
42 to 350 Le and cools down from 5000 to 4500 K. At the end
of the first giant branch phase, the stars contract to their
previous radius, luminosity, and temperature, as they begin to
burn helium in their cores, shown in green. The helium burning
phase lasts for about 200Myr for 1.6Me stars, 300Myr for
2.0Me stars, and 130Myr for 2.4Me stars. After expending
their helium fuel, the stars rapidly evolve to become AGB
giants, shown as in cyan (first ascent) and dark blue (second
ascent), expanding to sizes of about 3000–4000 Re, cooling
down to 3000 K, and increasing their luminosities to about
10,000 Le over the course of 5–9Myr. The stars then expel
their outer layers and lose mass, becoming WDs.

In total, 1.6Me stars need 2.5 Gyr, 2.0Me stars need
1.5 Gyr, and 2.4Me stars need 0.9 Gyr to reach the WD phase.
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Abstract

Exoplanets have been observed around stars at all stages of stellar evolution, in many cases orbiting in
configurations that will eventually lead to the planets being engulfed or consumed by their host stars, such as hot
Jupiters or ultrashort period planets. Furthermore, objects such as polluted white dwarfs provide strong evidence
that the consumption of planets by stars is a common phenomenon. This consumption causes several significant
changes in the stellar properties, such as changes to the stellar spin, luminosity, chemical composition, or mass-loss
processes. Here, we explore this wide variety of effects for a comprehensive range of stellar and planetary masses
and stages of stellar evolution, from the main sequence over red giants to white dwarfs. We determine that planet
consumption can cause transient luminosity features that last on the order of centuries to millennia, and that the
post-consumption stellar spins can often reach breakup speeds. Furthermore, stellar mass loss can be caused by this
spin-up, as well as through surface grazing interactions, leading to to the formation of unusual planetary nebula
shapes or collimated stellar gas ejections. Our results highlight several observable stellar features by which the
presence or previous existence of a planet around a given star can be deduced. This will provide future
observational campaigns with the tools to better constrain exoplanet demographics, as well as planetary formation
and evolution histories.

Unified Astronomy Thesaurus concepts: Stellar evolution (1599); Stellar rotation (1629); Tidal interaction (1699)

1. Introduction

Exoplanets have been observed around a variety of host
stars, at all stages of stellar evolution, including main-sequence
(MS), subgiant, and red giant branch stars (e.g., Charpinet
et al. 2011; Johnson et al. 2011; Gettel et al. 2012; Howard
et al. 2012; Barnes et al. 2013; Nowak et al. 2013; Reffert et al.
2015; Niedzielski et al. 2015, 2016). Additionally, white dwarf
pollution signatures may indicate the presence of planetary
systems in a large fraction of white dwarf systems (about 25%
to 50%, e.g., Jura et al. 2009; Klein et al. 2010, 2011;
Zuckerman et al. 2010; Melis et al. 2011). Planets that stray too
close to their host star may get disrupted and finally consumed by
the star (e.g., WASP-12b Patra et al. 2017), leading, for example,
to the observed white dwarf pollution (e.g., Vanderburg et al.
2015).

Dynamical processes play an important role in planetary
system formation and evolution, in particular planet consump-
tion. Interactions between planets may result in orbital
instability, possibly plunging planets into the star (e.g., Rasio
& Ford 1996; Chatterjee et al. 2008; Nagasawa et al. 2008;
Naoz et al. 2011; Teyssandier et al. 2013; Denham et al. 2019)
Furthermore, the fraction of stellar binaries in the field is high
(∼40%–70% for 1Me stars, e.g., Raghavan et al. 2010). The
stellar companions may also cause planets to plunge into their
host stars (e.g., Lithwick & Naoz 2011; Naoz et al. 2012,
2013a; Veras & Tout 2012; Veras et al. 2013, 2017a, 2017b;
Naoz 2016; Veras 2016; Stephan et al. 2017, 2018; Martinez
et al. 2019; Veras & Wolszczan 2019).

The interplay between dynamical effects and post-MS
evolution can be very rich. An evolving and expanding star
may not only engulf planets on initially close-in orbits, but also
faraway planets that have had their eccentricities excited due to

perturbations from a third companion. Furthermore, an
expanding star will experience stronger tidal forces (that scale
with its radius) and may shrink a faraway planet’s orbit enough
to consume it. In either case, the vicinity to the star will heat
the planets significantly prior to contact, turning them into
“temporary hot Jupiters” (Stephan et al. 2018). However, the
mass loss an evolving star undergoes can also expand the
orbits, preventing consumption (Valsecchi et al. 2014). This
orbital expansion can change the dynamical stability of a
system, especially in the presence of companions, which can
lead to star–planet collisions at later times (e.g., Hamers &
Portegies Zwart 2016; Petrovich & Muñoz 2017; Stephan et al.
2017). The interplay of stellar evolution with dynamical
processes can therefore explain a variety of interesting
observations (e.g., Xu et al. 2017; Huber et al. 2019; Wang
et al. 2019).
Here, we explore the physical processes that a star undergoes

as it consumes a planet, for a range of stellar masses and
evolutionary phases. The consumption of a planet by a star was
considered in the literature as a way to explain a variety of
astrophysical phenomena. For example, a planet grazing a
stellar surface has been suggested as the cause for the peculiar
gas ejections observed from the red giant star V Hydrae (Sahai
et al. 2016; Salas et al. 2019). Furthermore, as a planet enters a
star’s atmosphere, its interaction with the stellar gas has been
suggested to result in transit phenomena such as strong stellar
wind, as well as strong optical, UV, and X-ray radiation (e.g.,
Herbig 1977; Retter & Marom 2003; Metzger et al. 2012).
Consumption of planets or protoplanetary disk material has
also been considered to explain the FU Orionis phenomenon,
where a pre-main-sequence star undergoes a relatively fast
increase in brightness followed by a gradual decline (e.g.,
Herbig 1977; Larson 1980; Elbakyan et al. 2019). Moreover,
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planet engulfment, similar to binary star interactions, has been
considered as a cause for nonspherical planetary nebulae
systems (e.g., Morris 1981; Soker 1992, 1994, 1995, 1996,
1998a, 2001; Mastrodemos & Morris 1998; Soker & Harpaz
2000; Livio & Soker 2002; Morris et al. 2006; Kim et al. 2017;
Sabach & Soker 2018).

When a star consumes a planet, it may have significant
effects on the physical properties of the star. For example, it
has been shown that the consumption of a Hot Jupiter by a
young star can explain some observed patterns of spin–orbit
misalignments in planetary systems (Matsakos & Königl 2015).
Recently, a proof-of-concept calculation for main-sequence
G- and K-type stars by Qureshi et al. (2018) showed that
a consumption of a planet can significantly spin-up a star
(lowering the spin period). Furthermore, they showed that this
spin period change is consistent with the observed bifurcation
of spin periods in young open clusters.

In this work, we integrate all the aforementioned aspects
of planet consumption by stars for a comprehensive range of
stellar masses and evolutionary phases. We calculate a range of
observational signatures that can be used to infer active planetary
consumption events (Section 2). In particular, we determine the
phase space of planetary and stellar mass and radius that allow
the ejection of stellar gas due to grazing interactions (Section 2.1);
we calculate the duration and intensity of high-energy UV
radiation emitted over the planet’s migration through the stellar
atmosphere (Section 2.2); and we estimate the new spin periods of
post-consumption stars due to angular momentum conservation
(Section 2.3).

2. Observable Signatures of Planet Consumption

The consumption of planets by stars involves a multitude of
processes and effects as a consequence of angular momentum
and energy conservation. As a planet begins to graze and
contact the stellar surface, gravitational and tidal interactions
can disturb or even eject stellar surface material (e.g.,
Dosopoulou et al. 2017; Salas et al. 2019). When the planet
eventually migrates deeper into the stellar envelope, drag
interactions will heat the stellar gas, producing additional
luminosity (e.g., Retter & Marom 2003; Bear et al. 2011;
Metzger et al. 2012), and transfer angular momentum from the
planet’s orbit onto the star, changing the stellar spin rate and
orientation (e.g., Qureshi et al. 2018). Eventually, the planet
will be disrupted and its material will be added to the star,
changing its chemical composition. In this section, we
investigate all of these consumption signatures and determine
their strengths and relevance for different stellar types and
evolutionary phases.

2.1. Surface Grazing Interactions

As a planet grazes the surface of a star, it can be expected
that stellar surface material will be gravitationally disturbed by
the planet, assuming that the planet did not get tidally disrupted
beforehand. A planet with radius Rp can approach its host star
as close as
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without being disrupted, where M* and Mp are the star’s and
planet’s masses, respectively, and k is a numerical factor on the
order of 1.6–2.4. In general, for any star of solar or heavier
mass that has at least slightly evolved toward the later stages or
past the main sequence, and which has not yet become a white
dwarf or other compact object, this tidal disruption distance is
smaller than or on the same order as the radius of the star itself,
allowing a planet to reach the stellar surface and to undergo
grazing interactions. The star V Hya is very likely an example
of this type of interaction.
Over recent decades, the carbon star V Hya has been

observed to periodically eject “bullets” of gaseous material
(Sahai et al. 2016). These ejections can be explained by the
close periastron passage of a substellar companion that grazes
the stellar surface, scooping up surface material and ejecting
some of it as “bullets” (Salas et al. 2019). A variety of
mechanisms have been suggested as the cause of the ejections;
however, here we consider a simple ballistic model (e.g.,
Dosopoulou et al. 2017), where the velocity of the bullets vb is
approximately equal to the sum of the planet’s periastron
passage velocity and the planet’s escape velocity
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where ap and ep are the orbital semimajor axis and eccentricity,
respectively.
However, for a bullet to actually leave the star, the bullet

velocity must be larger than the stellar escape velocity vesc,*
from the periastron, such that

v v , 3b esc,* ( )
where vb is defined in Equation (2) and the escape velocity is
simply
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Equation (3) can yield a specific relation on the mass to radius
ratio of planets and stars. Specifically, assuming that the star is
much more massive than the planet and that the periastron
distance must be approximately the same as the radius of the
star, R*, Equation (3) leads to the condition
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which needs to be fulfilled for ballistic ejections to efficiently
leave the stellar system. Note that for extremely eccentric orbits
(ep∼1), the right side of Equation (5) approaches zero, greatly
enhancing ejection likelihood. Figure 1 shows how different
types of planets are able to cause V Hya-like ejections,
depending on their masses and the stellar evolutionary phases.
If a planet does not fulfill Equation (5), its interaction with the
stellar surface can only eject stellar material onto bound orbits
around the star. This could produce a gas and dust disk or cloud
around the star whose mass and extend would depend on the
planet’s mass.

2

The Astrophysical Journal, 889:45 (11pp), 2020 January 20 Stephan et al.

28



2.2. Luminosity and Energy Signatures

After a planet has grazed a stellar surface, it will eventually
orbit fully inside the stellar envelope, shedding orbital energy
and angular momentum as it spirals further into the star. The
planet will interact with the stellar gas through the drag force

r=f C v 2d d k
2

*
, where Cd is a dimensionless drag coefficient

of order unity, ρ* is the stellar density, and vk is the relative
velocity of the planet within the stellar atmosphere (Metzger
et al. 2012). This drag force acts on the planet’s effective cross-
section Ap, which depends on the size of the stellar scale height

m=H k T gmB H( ) (here, kB is the Boltzmann constant, T is the
gas temperature, μ is the mean molecular mass of the gas, mH is
the mass of a hydrogen atom, and g is the local gravity), as a
difference in distance H inward into the star will increase the
density, and thus drag force, by a factor of e. If H is much
smaller than the planet’s radius Rp, most of the drag will be
caused by the part of the planet most inward into the star, and
Ap will be of order R Hp

1 2 3 2. The drag torque at a given radius
r from the stellar center, ´f A rd p , will thus contribute to the
inward migration of the planet with inward radial speed,

r
~v C A

r

M
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p
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The inward radial speed due to drag contributes to the rate of
orbital energy dissipation via

=E
GM M v

r2
, 7

p r
orb 2
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(Metzger et al. 2012). This energy is added to the stellar gas,
heating it up. In general, the travel speed vk of the planet
upon entering the star will be much larger than the stellar

atmosphere’s sound speed g r=c P ;s * *
here, γ is the

adiabatic index, with a value of 5/3 for ideal gases, and P*
is the gas pressure in the star. The planet will therefore produce
a strong shock front as it travels through the stellar atmosphere
by which it is orbital energy is dissipated.4 Assuming the
standard Rankine–Hugoniot jump conditions and a strong
shock, we can estimate the temperature of the gas behind the
shock front as

m
=T A

k
v

m
, 8H

kshock
B

2 ( )

where A is a numerical factor of order unity depending on the
nature of the gas (∼3/16 for an ideal gas). Note that for fully
ionized gas in a star μ=0.62; however, the gas in a red giant
is generally not fully ionized preshock, and has a larger value
for μ, which has to be taken into account.
The temperature of the shock can be extremely high,

potentially reaching several 10,000 K, producing a lot of X-ray
and far-UV radiation, as the peak emission strength will occur
at λmax=bW/T, where bW∼0.28978 cmK is Wien’s dis-
placement constant. The radiation intensity as a function of
wavelength for blackbodies with the stellar and shock front
temperatures are also shown in Figure 2, following Planck’s
law. However, the radiation will not necessarily be able to

Figure 1. Ejection conditions for a range of planetary masses, stellar types, and
orbital eccentricities. The figure plots the ejection conditions outlined in
Equation (5), for four different orbital eccentricities ep: 0 (solid black line), 0.5
(dashed black line), 0.75 (dotted–dashed black line), and 0.95 (dotted black
line). Planets whose masses divided by their radius lie above these lines are
able to cause V Hya-like ejections for a given star with the corresponding value
of its mass divided by its radius. The shaded regions show approximate value
ranges of mass divided by radius for different stellar evolutionary phases, for a
range of stellar masses. The red region marks values for MS stars, yellow for
Hertzsprung gap, giant branch, and helium-burning stars, cyan for first
asymptotic giant branch (AGB) stars, and blue for 2nd AGB stars. Note that
ejections become easier the more evolved a star is, as its ratio of mass to radius
decreases. Values for different example planets are shown as vertical lines:
Earth in green, Neptune in blue, Jupiter in red, and a massive Jupiter or small
brown dwarf in magenta. While a brown dwarf can cause ejections for any type
of star or orbital eccentricity, an Earth-sized planet can only cause them for
extremely enlarged AGB stars or at extremely high eccentricities.

Figure 2. Blackbody Emission of a 2 Me Star vs. (unobscured) shock front
blackbody emission during the MS and AGB Phases. The figure shows the
blackbody emission spectrum approximating the emission of a 2 Me star (solid
lines), compared with the blackbody emission spectrum approximating the
possible emission of the hot shock front as a Jupiter-sized planet is consumed
by the star (dashed lines). Shown are the spectra during the main sequence
(blue lines) and the AGB phases (red lines). Note that as the shock is extremely
hot, it emits much stronger in the UV and X-ray than the star itself. However,
one would probably not actually see most of this emission; during the main
sequence, the power dissipated in the shock can actually surpass the total
luminosity of the star, which should drive a wind that eventually obscures the
UV emission, turning it into lower temperature thermal emission (Metzger
et al. 2012). The energy of the shock would also spread and heat surrounding
gases as they mix, reducing the emission temperature. During the AGB phase,
as the planet migrates further inward into the stellar envelope, the shock’s
emission is unlikely to penetrate all the way to the surface of the red giant to be
observable. As such, these UV signals would most likely be indicators of
extremely recent and ongoing consumption events. For example, for a MS star
the energy dissipated in the shock should begin to drive a wind and be obscured
about 20 yr into the merger.

4 Note that there is also a contribution to the inward migration speed and
energy dissipation due to tidal forces. This energy is added to the bulk of the
star, not the shock front.
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escape the stellar envelope, depending on the optical thickness
or ionization state of the gas. Furthermore, the luminosity
added to the star can be so large that the immediate region of
the shock exceeds its local Eddington limit, which will lead to a
wind that will drive an outflow of material from the stellar
envelope. This material, in turn, can efficiently block the high-
energy radiation emitted by the shock (Metzger et al. 2012),
and can also emit additional infrared radiation as it reradiates
intercepted stellar radiation. For different stellar types and
phases, the reached temperatures and luminosity emitted by the
shock vary, as indicated in Figure 2.

We note here that we ignore the potential feedback on stellar
structure due to the large amount of energy transferred into the
stellar envelope. This feedback would be most relevant for
compact stars absorbing large planets. The luminosity
generated by the orbital decay, estimated from Equations (6)
and (7), can surpass the stellar luminosity by orders of
magnitude for a short time during the final “plunge” of the
planet into the star (compare also with Figure 2 in MacLeod
et al. 2018). This plunge occurs over timescales of hours to
days, as can be seen in Figure 3 (see also Metzger et al. 2012).
It can therefore be assumed that the interior structure for main-
sequence stars or stars in the Hertzsprung gap (i.e., subgiants)
would be majorly impacted by the sudden injection of energy,
or that the planet itself disintegrates, making our calculations
inaccurate to describe the planet’s orbital behavior during this
final plunge. For evolved and red giant stars on the AGB,
however, the energy dissipated due to orbital decay is always
much smaller than the star’s luminosity and stellar structure
should remain mostly unchanged. Stars on the first giant branch
(GB) or in the core helium-burning phase (HeB) represent an
intermediate case, where we expect the generated orbital decay

power to be of similar order to the stellar luminosity during the
final plunge. The structure of these stars might therefore be
affected by the injected energy, albeit to a lesser degree than for
main-sequence or Hertzsprung gap stars.

2.3. Angular Momentum Transfer and Stellar Spin-up

A planet will transfer angular momentum to its star either
through tidal forces, mostly important when the planet is still
outside or in the outer regions of the star, or through drag
forces, especially important when the planet has reached denser
interior layers of the star. The tidal friction timescale of the star
can be described by (e.g., Hut 1981; Eggleton et al. 1998;
Kiseleva et al. 1998; Naoz 2016)

=
+ +
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m r
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with tv and kl being the stellar viscous timescale and Love
number, respectively, ap being the planet’s semimajor axis, Mp

being the planetary mass, and m* being the star’s mass interior
to the radius r*. Note that r* is equal to R*, the star’s outer
radius, if the planet has not entered the stellar envelope yet, and
is equal to ap otherwise. This approximation ignores the tidal
effects of the stellar material outside of the planet’s orbit, as it
should generally be insignificant compared to the effects of the
stellar interior. The timescale associated with the gas drag
forces outlined in Section 2.2 can be described by
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(Metzger et al. 2012).

Figure 3. Merging of a Jupiter with a 2 (8) Me Star. This figure shows the inward radial position over time of a Jupiter-sized planet entering either a MS star (left
panel) or an AGB star (right panel). Shown are both the migration due to tides alone (dashed green and magenta lines) and due to drag and tides combined (solid blue
and red lines), as well as the radius of the star (dashed black lines). Overall, the planet will have fully merged with the MS star after about 30–120 yr, and after about
200–800 yr with the AGB star. The exact time, in all cases, depends strongly on the viscous timescale tv assumed for the star, as tidal effects dominate while the
planets are in the outer layers of the stellar envelope. Here, we assumed tv=1.5 yr (Hansen 2010; Fabrycky et al. 2007). Indeed, while for MS stars drag forces
overtake tidal forces after the planets have migrated to about 90% of the stellar radius, for AGB stars drag forces only begin to dominate at about 50% of the radius. In
either case, once drag forces become dominant, the planets will “plunge” into the stellar core on timescales comparable to the planets’ orbital periods.

4

The Astrophysical Journal, 889:45 (11pp), 2020 January 20 Stephan et al.

30



We can apply the timescales for drag and tidal migration,
using realistic models of stellar structure for internal density
profiles, to estimate the time needed for a planet to fully merge
with a star of given mass and evolutionary stage. Here, we
assume that the stellar envelope is an n=3 polytrope, with an
additional compact core in the case of the red giant. While a
MS star might only require a few tens of years to fully merge
with a planet, a red giant star might need hundreds of years to
do the same, as shown in Figure 3.

In general, drag forces overcome tidal friction eventually
after a planet enters a star, both for MS and red giant stars, as
can be seen in Figure 3. Indeed, the inward migration speed can
become even faster than the orbital speed of the planet, leading
to a “plunge,” with subsequent disruption of the planet and
mixing into the stellar core. Overall, however, an engulfed
planet spends the vast majority of its time in the outer layers of
the star, where tides dominate over drag. This makes the total
lifetime of the planet before the “plunge” highly dependent on
the assumed tidal parameters. Once the planet reaches the
“plunge” distance, it quickly falls into the core. For a MS star
the plunge distance is about one-tenth of the stellar radius (from
the surface), for a red giant star the plunge distance is at about
half the stellar radius, as can be seen in Figure 3.

Regardless of the mechanism that contributes most to
angular momentum transfer and the planet’s migration in the
stellar envelope, the angular momentum of the planet’s orbit
will change the spin of the star. Here, we calculate the new spin
rates after such spin-up events and estimate under which
conditions the spin-up would actually lead to stellar breakup or
envelope loss.

The orbital angular momentum of a planet orbiting a star
with semimajor axis ap and eccentricity e is

=
+

+ -J
M M

M M
G M M a e1 . 11

p

p
p porb

2*

*
*( ) ( ) ( )

Assuming that the planet is much less massive than the star,
which is reasonable given the mass ratio of Jupiter to the Sun,
and that the planet orbit’s closest approach distance -a e1p( )
must be the same as the size of the star’s Roche limit R ,Roche* ,
this equation can be simplified to

~ +J m GM R e1 , 12porb ,Roche* ( ) ( )
where we note that e can only vary between values of 0 and 1,
thus changing the magnitude of the angular momentum at most
by a factor of 2 . The rotational angular momentum of a
spinning star is

= WJ I , 13* * * ( )
where I* is the stellar moment of inertia and Ω* its rotation
frequency. Here, we ignore potential differential rotation
profiles. For simplicity, we assume that a MS star or a red
giant’s envelope have a polytropic index of about 3, and
basically reaches all the way from the stellar surface to the
stellar core, giving the numerical factor 0.08 for the angular
moment of inertia calculations. From this, we determine that
the stellar angular momentum is about

= W ~ WJ I M R0.08 , 14,env ,env ,env ,env
2

,env* * * * * * ( )
with I ,env* , W ,env* , M ,env* being the stellar envelope’s moment
of inertia, rotation rate, and mass, respectively.

When the star’s expanding envelope’s Roche limit grows
past the planet’s orbit, the planet will impart its angular
momentum onto the star as it eventually spirals inward. The
angular momenta must add up such that the envelope’s new
angular momentum is

W
= +

=

= W + +

J J J
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assuming here that the stellar radius does not change due to
consumption, no differential rotation, and that the planet’s
mass, as well as the angular momentum of the planetary spin,
are negligible. Note also that the stellar Roche limit can be
expressed as
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with q being a numerical factor assumed here to be about 2.7.
The new spin rate W ,env,new* is the observable factor, which
now becomes

W W= + ´
+
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Using Equation (17), we can now calculate the changes on a
red giant star’s spin in a variety of scenarios. We use the stellar
evolution code SSE (Hurley et al. 2000) to evolve stars of
masses between 1 and 8Me from the beginning of the MS to
their widest possible stellar radius during the AGB phase. SSE
gives information about the stars’ radii, masses, core masses,
temperatures, and spin rates during all evolutionary phases.
SSE provides fitting formulae based on the stellar evolution
models produced by Pols et al. (1998), giving evolution tracks
for a wide range of stellar masses and metallicities. In these
models, stellar spins are calculated considering the potential
division of a star into core and envelope, which is also taken
into account in Equation (17), while also considering effects
such as magnetic braking for the spin evolution. We adjusted
SSE’s magnetic braking coefficients by using values from
Dobbs-Dixon et al. (2004) for Sun-like stars. We calculate the
changes in stellar spin rates and periods upon consumption of
planets with varying masses, orbital eccentricities, and spin–
orbit angles. The full ranges of tested parameters are shown in
Table 1. We compare the changes in spin periods due to
consumption during different stellar evolutionary phases,
including the MS, GB, the HeB, and the first and second
AGB phases. We note here that generally the stellar radius of a
star during the HeB phase is smaller than during the GB phase;
however, giant planets can still plunge into their host stars
during that phase due to effects such as the Eccentric Kozai–
Lidov mechanism, in which a companion star can induce high
orbital eccentricity on a planet due to gravitational perturba-
tions (e.g., Naoz et al. 2011, 2012, 2013b; Naoz 2016; Stephan
et al. 2018). In Figure 4 we show the effects of stellar
consumption of prograde-orbiting gas giant planets by stars of
different masses and evolutionary phases on the stars’ spin
periods. In Figures 5 and 6 we show the same for more
evolutionary phases and for retrograde planet orbits.
We note here that we calculate the new spin periods only for

the time immediately following the planets’ consumption and
do not predict the further evolution of the spins. Magnetic
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braking, stellar winds, and further radial inflation or contraction
will change the spin periods as the stars continue to evolve.
Some previous studies have indicated that the spin-up of red
giant stars due to planet consumption could cause important
changes to the magnetic fields generated by the stellar
envelopes (e.g., Soker 1998b; Privitera et al. 2016b, 2016a),
which could strongly impact magnetic braking and mass-loss
processes.

2.4. Critical Spin Rates and Stellar Breakup

When calculating the new stellar spins ,we also need to
compare it with the rotational breakup speed of the stars, i.e.,
the rotation rate at which material on the surface of a given star
would be launched into orbit, leaving that surface. The simplest

definition of this breakup spin period can be written as

p=-P
R

GM
2 . 18,break up

3

*
*
*

( )

At this spin period, a particle on the stellar surface would
remain in circular orbit around the star, ignoring potential
additional forces such as radiation pressure or similar effects. If
the star spins with a smaller period, material from the stellar
surface will be launched into orbit. If the spin period is shorter
by a factor of 2 , material launched from the surface will have
escape velocity and leave the star completely. At spin periods
between -Pbreak up and -P 2break up , material would be
launched onto eccentric orbits, effectively leading to the
formation of an extreme equatorial bulge and potentially a
gaseous disk around the star. As this takes place the spin
periods calculated here would obviously need to be adjusted as
the shape of the star changes and potentially loses surface
material. We note here that calculated spin speeds beyond the
breakup speeds are therefore only an indicator for the formation
of oblate stars or circumstellar gaseous disks, not for the actual
final observable spins.
As Figures 5 and 6 show, for a wide variety of stellar and

planetary masses the addition of the planetary orbital angular
momentum would lead to stellar spins exceeding the spin
frequencies required for stellar surface material to be ejected,
in particular for more evolved stars past GB, but also some

Table 1
Parameters

Parameters Values

M* [Me] 1, 1.25, 1.5, 1.75, 2, 3, 4, 8
Mp [MJupiter] 1, 5, 10
Spin–orbit angle [rad] 0, π/2, π
e1 0, 0.5, 0.999

Note. Listed are the relevant parameters for Equation (17) to determine the new
stellar spin rate after consumption of a planet.

Figure 4. Consumption of prograde-orbiting planets. Shown are the spin periods (upper panels) and fractional changes of the spin periods (lower panels) due to the
consumption of prograde-orbiting planets of various masses and various eccentricities for a variety of stellar masses and evolutionary phases. The shown evolutionary
phases are main sequence (red), core helium burning (green), and second AGB (blue). The empty black downward triangles show the initial stellar spin periods before
consumption, calculated with SSE or based on observations in the case of white dwarfs (Kawaler 2003). The tested planetary masses were 1 MJup (upward triangles),
5 MJup (squares), and 10 MJup (diamonds). For each planetary mass, three orbital eccentricities were tested, shown by groups of three identical symbols; from left to
right, the eccentricities were 0, 0.5, and 0.999. The black lines mark the minimum spin periods possible before a star would begin to either lose surface material or be
significantly inflated around its equator due to centrifugal forces. The filled-in black downward triangles show spin periods below which surface material would reach
escape speeds, being completely lost from the star. These effects are generally more relevant, as shown, for relatively massive planets being consumed by relatively
low-mass stars, and for more evolved stars.
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lesser-evolved stars. It therefore seems reasonable to assume
that such object might already have been observed by previous
surveys. Indicators, for example, would be the presence of
infrared-excess radiation from debris disks or ejected stellar
gas, together with fast stellar spins. Indeed, some observed
systems (e.g., Melis et al. 2009) seem to be good candidates for
this process.

2.5. Stellar Chemical Enrichment

The consumption of a planet by a star would also enrich the
stellar gas with planetary material. However, at least for gas
giants planets, the bulk composition of the planet and the star
can be assumed to be very similar, as they are formed from the
same protostellar gas and dust disk. Still, there are some cases
where the consumption could produce detectable chemical
alterations, including lithium enrichment, rocky material
enrichment, and white dwarf pollution.

Lithium is easily destroyed in stellar nuclear fusion
processes through adding a proton to 7Li, producing two alpha
particles. As such, lithium is heavily depleted in fully
convective low-mass stars, where material is continuously
mixed back into the core fusion zone, and moderately depleted
in more massive stars, where lithium is mostly burned during
the pre-MS phase but can survive in the stellar atmosphere
(e.g., Thévenin et al. 2017). However, many observations have
shown that a small number of stars, in particular red giants,
show abnormally high lithium abundances, with ideas about
the cause including dredge-up, new lithium production, or
pollution from interstellar gas, brown dwarfs, or planets (e.g.,
Alexander 1967; Brown et al. 1989; Montalbán & Rebolo 2002;
Aguilera-Gómez et al. 2016; Bharat Kumar et al. 2018; Yan
et al. 2018).

Apart from lithium enrichment, it has been suggested that a
stellar envelope’s metallicity could also be enhanced by
absorbing a super-earth or other rocky planetary body (Church
et al. 2019). Unfortunately, for a star in isolation, it might be
difficult to deduce that the observed metallicity is larger than
the primordial metallicity. However, in the case of binary stars,
which presumably form with the same primordial metallicities,
metal enrichment of one member versus the other might be
much easier to determine. Indeed, the binary star pair of HD
240430 and HD 240429 has been suggested to be an example
of this scenario, where HD 240430 is estimated to have
consumed about 15M⊕ of rocky material (Oh et al. 2018).

Elements heavier than hydrogen and helium are expected to
sink to the cores of white dwarfs, however about one-quarter to
one-third of all white dwarfs still show such heavy elements in
their atmospheric spectra (e.g., Zuckerman et al. 2003, 2010;
Koester et al. 2014). In general, it is thought that white dwarfs
are being polluted by planetary bodies, usually rocky in
composition (e.g., Debes & Sigurdsson 2002; Jura 2003; Jura
et al. 2009; Zuckerman et al. 2011; Vanderburg et al. 2015; Xu
et al. 2016; Veras et al. 2017a, 2017b), though some icy bodies
containing volatile compounds have also been shown to
contribute (Stephan et al. 2017; Xu et al. 2017). Furthermore,
even gas giants could theoretically be brought onto extremely
eccentric orbits, getting close enough to the white dwarfs
for tidal disruption and eventual pollution (Stephan et al.
2017, 2018). The material brought onto a white dwarf from
such a massive pollution source could majorly alter the
composition of the white dwarf; many white dwarfs are so
called helium white dwarfs, with little to no hydrogen left in

their atmosphere. A gas giant planet with a mass in the range or
1 to 10 MJup, roughly 0.001–0.01Me, could cover the white
dwarf with a hydrogen atmosphere. Some of the material could
also produce second-generation planets or planetary nebulae
(e.g., Bear & Soker 2015; van Lieshout et al. 2018).

3. Discussion

We have studied the variety of consequences due to
planetary consumption throughout a star’s lifetime. Planetary
consumption is expected to be a common outcome of
dynamically hot systems (e.g., Rasio & Ford 1996; Chatterjee
et al. 2008; Nagasawa et al. 2008; Veras & Ford 2010; Naoz
et al. 2012; Valsecchi et al. 2014; Petrovich 2015; Petrovich &
Muñoz 2017; Stephan et al. 2017, 2018; Denham et al. 2019).
Considering a wide range of stellar masses (1–8Me) and a

wide range of planetary masses (1M⊕–10MJ), we examined
the effects of planet consumption on a host star. We note here
that these calculations are agnostic to the process leading to
Roche-limit crossing. The initial stage of star–planet interac-
tion, where the planet interacts with the surface of the star, can
have large observable effects. It may lead to ejections of
material, either resulting in winds and planetary nebulae (e.g.,
Livio & Soker 2002), or even violent, periodic ejections (as
was shown for the case of V Hydrae ejections Salas et al.
2019). The ejection of stellar material due to grazing
interactions depends on the star’s and planet’s mass and size,
as well as the orbital eccentricity. We quantified the phase
space, considering ballistics ejections,5 at which ejection of
material is expected at any given point of a star’s lifetime (see
Figure 1). In particular, we find that Jupiter mass planets (or
higher masses) are efficient in ejecting material over most of
the stellar lifetime and for most stellar masses, even for circular
orbits. Smaller planets on eccentric orbits can also lead to
material ejection rather efficiently. Because the escape velocity
from the surface of a star on its second AGB phase is relatively
low (a few tens of km s−1), even small, Earth-like planets are
sufficient to cause ejections, albeit small ones.
As a planet migrates further into a star’s atmosphere, it

begins to experience gas drag and creates a hot shock as it loses
orbital energy. This shock can produce observable UV
radiation. For MS stars (blue lines in Figure 2) the shock’s
blackbody emission intensity can be comparable to the star’s
radiation (as was shown previously in Metzger et al. 2012).
However, the large amount of energy released can drive a
wind, obstructing direct observation of the UV emission and
converting it into cooler thermal radiation. During the AGB
phase the planet’s shock radiation is much less intense than the
stellar emission. Thus, while it has less power, it may add a
small far-UV component to a predominantly visual emission
(see red lines in Figure 2). We estimated the timescales over
which the consumption takes place and over which the
additional UV signals might be observable. The migration of
a planet just inside the surface of a star will mostly be
dominated by tides (as shown in Figure 3) until drag becomes
dominant and “plunges” the planet into the stellar core. To
reach this phase, it takes on the order of a few decades for MS
stars and on the order of a few centuries for red giant stars, over
which UV signals and shock effects should be visible.

5 Note that there are variety of processes that may lead to ejections (e.g.,
Goodson & Winglee 1999; Fendt 2003). Here we adopted the simplest one,
which makes no assumptions on magnetic fields or accretion disks.
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Once the planet is finally consumed by the star, we estimated
the resulting stellar spin periods from angular momentum
conservation.6 We found that MS stars, post-consumption,
should be rapidly spinning (consistent with Qureshi et al. 2018)
and that the consumption can significantly alter the star’s axis
of rotation (consistent with Matsakos & Königl 2015). Red
giant stars, post-consumption, can often reach spin speeds at or
beyond breakup speeds, indicating that these stars would
undergo mass loss from their surface or are strongly tidally
distorted into a flattened shape or will become enshrouded
by ejected gas. This can also apply to smaller mass stars
consuming massive planets or brown dwarfs. Finally, we also
showed that white dwarfs can also be significantly spun up, if
the angular momentum of a planet can be efficiently transferred
to the star. This feature may explain some observed white
dwarfs with very short spin periods, such as SDSS J0837
+1856 (e.g., Hermes et al. 2017a, 2017b).

Already, observations of short-period planets show that
some may have decaying orbits that will eventually let them be
consumed by their host star. For example, WASP-12b is a
Jupiter size planet that is on a decaying orbit around a 1.35Me

star (e.g., Li et al. 2010; Patra et al. 2017). Based on our
calculations (e.g., Figures 4 and 6), we predict that the spin
period of WASP-12, upon consumption of this planet, may
decrease by a factor of two (prograde orbit), or would be
completely flipped (retrograde orbit). Additional planets that
are estimated to be on decaying orbits have also been observed
(e.g., Gaudi et al. 2017; Johnson et al. 2018; Johns et al. 2019;
Labadie-Bartz et al. 2019; Rodriguez et al. 2019).

While the observation of an active consumption event might
be challenging for a MS star, given the short timescale of a few
decades per consumption event, for a red giant star the
timescales are relatively favorable, as consumption events
would last for centuries or even millennia. Given lifetimes of a

few hundred thousand to a few million years for the AGB
phase, the chance to observe an engulfment (assuming that
every AGB star engulfs a planet) would be on the order of a
few tenths to about 1%. Beyond direct observations, the pre-
and post-consumption signatures described in this work may
provide several avenues to indirectly infer the existence of a
planet around a given star. Future Hubble Space Telescope
(HST) and James Webb Space Telescope (JWST) observations
may detect some of the signatures described here (similar to the
gas ejections from V Hydrae described by Sahai et al. 2016).

We thank the anonymous referee for their comments and
suggestions to improve this paper. A.P.S. and S.N. acknowl-
edge partial support from the NSF through grant No. AST-
1739160. S.N. thanks Howard and Astrid Preston for their
generous support. We thank Noam Soker and Brian Metzger
for helpful comments and discussions.

Appendix
Post-planet-consumption Spin Periods

Here, we provide expanded versions of Figure 4, showing
the stellar pre- and post-consumption spin periods for stars
during the main sequence, first giant branch, helium burning,
first asymptotic giant branch, second asymptotic giant branch,
and as white dwarfs. The values are calculated for a range of
stellar and planetary masses, and varying orbital eccentricities.
Figure 5 shows the values assuming a prograde orbit of the
planet during engulfment, Figure 6 assumes a retrograde orbit.
We also show the fractional change in spin periods due to
engulfment, and mark spin periods that would surpass breakup
speed, highlighting engulfment events that would most likely
lead to stellar mass loss through gas ejections or decretion
disks.

6 Note that angular momentum may not be strictly conserved due to mass
losses and winds. The consequences of these processes are beyond the scope of
this paper.
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Abstract

White dwarfs (WDs) have atmospheres that are expected to consist nearly entirely of hydrogen and helium, since
heavier elements will sink out of sight on short timescales. However, observations have revealed atmospheric
pollution by heavier elements in about a quarter to a half of all WDs. While most of the pollution can be accounted
for with asteroidal or dwarf planetary material, recent observations indicate that larger planetary bodies, as well as
icy and volatile material from Kuiper belt analog objects, are also viable sources of pollution. The commonly
accepted pollution mechanisms, namely scattering interactions between planetary bodies orbiting the WDs, can
hardly account for pollution by objects with large masses or long-period orbits. Here we report on a mechanism
that naturally leads to the emergence of massive body and icy and volatile material pollution. This mechanism
occurs in wide binary stellar systems, where the mass loss of the planets’ host stars during post main sequence
stellar evolution can trigger the Eccentric Kozai–Lidov mechanism. This mechanism leads to large eccentricity
excitations, which can bring massive and long-period objects close enough to the WDs to be accreted. We find that
this mechanism readily explains and is consistent with observations.

Key words: binaries: general – planetary systems – stars: evolution – stars: kinematics and dynamics –
stars: mass-loss – white dwarfs

1. Introduction

Most stars ( M8 ) that have exhausted their nuclear fuel
end up as white dwarfs (WDs). Over the last few decades,
many WDs have been observed with spectra that show the
presence of significant amounts of elements heavier than
hydrogen or helium in their atmospheres (Zuckerman et al.
2003, 2010; Koester et al. 2014). These heavy elements are
expected to sink rapidly to the core of WDs, which implies a
recent replenishment (Paquette et al. 1986). The commonly
expected source for this replenishment is material from
asteroidal or minor planet-sized bodies (Debes & Sigurdsson
2002; Jura 2003; Veras et al. 2017a), some of which have been
observed in the process of tidal break-up (Vanderburg et al.
2015; Xu et al. 2016). However, some observations have
suggested that planetary bodies, with sizes of the order of Mars
or larger, can also contribute to WD pollution (Jura et al. 2009;
Zuckerman et al. 2011). Furthermore, for the first time a WD
(WD 1425+540) has shown signs of pollution by icy and
volatile material from a Kuiper belt analog object that was
initially on a very wide orbit (Xu et al. 2017). Here we report
on a mechanism that naturally leads to the emergence of both
of these observed features, large planetary mass and icy and
volatile material pollution. In this mechanism we utilize the
observed high binary fraction of stars (Raghavan et al. 2010)
that facilitates the accretion of long-period planets and Kuiper
belt analog objects onto WDs. Secular (i.e., long-term
coherent) gravitational perturbations exerted by a stellar
companion on such objects can excite their eccentricities to
extreme values, and even lead to accretion onto the host star. If
these extreme eccentricity excitations take place after the host
star has evolved to the WD phase, the WD can be polluted by a
planet or a Kuiper belt analog object.

Most efforts to explain the aforementioned polluted WD
observations have focused on mechanisms to bring rocky
asteroids onto a WD, either through scattering or secular effects
(Veras et al. 2013; Hamers & Portegies Zwart 2016; Petrovich
& Muñoz 2017; Veras et al. 2017b). These can explain small-
mass object accretion by material that orbits the WD on
relatively close orbits, as well as Fe, Mg, O, and Si signatures
in the WD atmosphere (Veras et al. 2013; Farihi 2016; Hamers
& Portegies Zwart 2016; Veras 2016; Petrovich &Muñoz 2017;
Veras et al. 2017b). However, they cannot readily account for,
or have not been used to explain, accretion of planet-sized
objects (Jura et al. 2009; Zuckerman et al. 2011) or icy and
volatile material (Xu et al. 2017) from wide orbits. Here, we
consider a potential polluter (PP), the mass of which can be
anywhere between several times the mass of Jupiter to the mass
of a large asteroid, orbiting its host star on a relatively wide
orbit that is being gravitationally perturbed by a much more
distant stellar companion through the Eccentric Kozai–Lidov
(EKL) mechanism.
In this paper, planetary material refers to rocky and metallic

material in large amounts (i.e., from Mars-sized or larger
bodies), icy material refers to water ice, and volatile material
refers to volatile chemicals based largely on nitrogen, carbon,
or sulfur. Neptune-like ice giants and Kuiper belt analog
objects contain both icy and volatile material, while ice giants
also have large rocky and metallic cores. Volatile material, and
thus nitrogen, is difficult to bring onto a WD as its snow line is
much further from a star than for planetary or icy material.
While the accretion of volatile material most noticeably
enriches a WD’s atmosphere in carbon and nitrogen (Xu
et al. 2017), the accretion of icy material will over time
accumulate hydrogen in the atmosphere (especially noticeable
for helium-dominated WDs), since hydrogen always remains in
the atmosphere (e.g., Gentile Fusillo et al. 2017).
The majority of WD progenitors have a binary companion

(Raghavan et al. 2010) that can excite the eccentricities of PPs
to extreme values (Naoz 2016). This can cause some of these
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PPs to accrete onto the primary star during its main sequence
lifetime or to be engulfed by the star as it becomes a red giant.
During the Asymptotic Giant Branch (AGB) stage, stars lose
mass, which causes the orbits of surviving PPs and distant
stellar companions to expand. After this stage, if a companion
can trigger extreme eccentricity excitations, accretion onto and
pollution of WDs can occur.

The paper is organized as follows: we begin by describing the
numerical setup of our calculations and Monte Carlo simulations
(Section 2), followed by a description of the orbital parameters
that lead to accretion (Section 3). We end the paper by
discussing the implications of our results and our conclusions
(Section 4).

2. Initial Conditions and Numerical Setup

2.1. Monte Carlo Simulations

We perform large Monte Carlo simulations of two representa-
tive example scenarios covering different mass scales, Neptune-
like planets (denoted Neptune-runs; Howard 2013) and Kuiper
belt analogs (denoted Kuiper-runs), and give a proof of concept
for the proposed pollution mechanism. The initial parameters for
these systems are chosen to be consistent with observed main
sequence binary stars (see Table 1 for an overview of the
parameters). As such we choose the primary stellar mass from a
Salpeter distribution (Salpeter 1955), limited between 1 and 8Me.
More massive stars are not expected to evolve into WDs, while
less massive stars have not had enough time to evolve to become
WDs over the age of the Galaxy. The mass of the companion star
is chosen from a normal distribution of mass ratios consistent with
observations of field binaries (Duquennoy & Mayor 1991). The
masses and radii of Neptune-like planets are set equal to
Neptune’s, while the mass and radius of Kuiper belt dwarf planet
Eris is used for the Kuiper belt analog objects.

The semimajor axis (SMA) values (app) of the Neptune-like
planets are chosen from a uniform distribution between 20 and
50au and set with initially very low eccentricities ( =e 0.01pp ),
while Kuiper belt analog objects’ SMA values are chosen from
a uniform distribution between 40 and 100au with eccentri-
cities chosen from a uniform distribution between 0 and 0.15

(e.g., Trujillo et al. 2001). Long-term stability requires:

 =
-

< ( )a

a

e

e1
0.1 1

c

c

c

pp

2

and <a a 0.1cpp (e.g., Naoz 2016) so that the orbits of the
PP and outer companion do not ever lead to dynamical
instability and strong short-term interactions, such as, for
example, scattering. This restricts the potential binary compa-
nions to wide orbits ( a 200c au), as shown in Figure 1. We
still use observational estimates from field binaries for the
orbital separation (Duquennoy & Mayor 1991). Note that we
also reject systems with initial ac values of 10,000 au, as
galactic tides become strong enough to efficiently dissolve
binaries of such separations. Due to the wide binary restriction,
our simulations describe only about 20% of the entire binary
population parameter space. The companion’s orbital eccen-
tricity, ec, is picked from a uniform distribution between 0 and
1, as long as the orbits still fulfill the long-term stability criteria.
Overall we performed 3000 Neptune-runs and 1500 Kuiper-
runs, about 15% of which started with an initial companion star
more massive than the initial primary star and which served as
test systems. For these test systems no WD pollution is
expected, as explained in Section 2.2.
We also perform a separate Monte Carlo simulation for the

example system of WD 1425+540, which shows signs of
volatile pollution suspected to stem from an accreting Kuiper
belt analog object (Xu et al. 2017). This WD has a known
K-dwarf companion star (Wegner 1981), and we use the
simulation to determine the likelihood that our mechanism is
producing the observed pollution. The WD progenitor mass is
estimated to be around 2Me (Xu et al. 2017), and the K-dwarf
companion has a B–V color of about 1.29 (Zacharias et al.
2012), from which we estimate its mass to be approximately
0.75Me. A 2Me star loses about two-thirds of its mass before
becoming a WD (Hurley et al. 2000), meaning that the total system
lost about half its mass. Given that the current visual separation of
the binary is 40arcsec (Wegner 1981; Xu et al. 2017), which

Table 1
Initial Parameters before Applying Stability Criteria

Parameter Neptune-runs Kuiper-runs WD 1425+540 Runs

# of runs 3000 1500 1500
a iPP, [au] 20–50 40–100 120–300

ac i, [au] 200a 400a 1120

m i, [ ]M 1–8b 1–8b 2
m iPP, [ ]M ´ -5.149 10 5 ´ -8.345 10 9 ´ -8.345 10 9

mc i, [ ]M –0.1 8a –0.1 8a 0.75

e ipp, 0.01 0–0.15 0–0.15

Notes. Listed are the initial semimajor axis (a), mass (m), and eccentricity (e)
distributions for potential polluters (subscript PP), primary stars (subscript å),
and companion stars (subscript c). Unless stated differently, all of the
parameters distributions are uniform within the given ranges. The eccentricity
of the companion star’s orbit is picked from a uniform distribution between 0
and 1, while itot is chosen isotropically, for all three runs.
a Binary separation and companion mass distributions are taken from
Duquennoy & Mayor (1991), determined from binary observations.
b Primary stellar mass distribution taken from the Salpeter Initial Mass
Function (Salpeter 1955).

Figure 1. Initial distribution of ac. We show the initial distribution of binary
star separations based on a fit to observations by Duquennoy & Mayor (1991)
in green. Overplotted are the distributions of the companion star separation, ac,
for which PP orbits are long-term stable. The blue histogram shows stable
systems for Neptunes, the red one shows stable systems for Kuiper belt
analogs. The systems in the stable distributions represent ∼20% of the total
binary population.
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corresponds to ∼2240au, the separation before mass loss would
have been ∼1120au. We use this value as the minimum possible
apoapsis value for the initial binary orbital parameters, which
restricts the minimum possible SMA and eccentricity value for the
stellar companion. The Kuiper belt analog’s SMA is uniformly
chosen between 120 and 300au. The lower limit of 120au is the
roughly estimated closest distance for which a Kuiper belt analog
object can retain a large amount of volatiles around a 2Me star
(Xu et al. 2017). The objects’ initial eccentricities are uniformly
chosen between 0 and 0.15. The inclination between the Kuiper
belt analog’s orbit and the stellar companion’s orbit is chosen
isotropically. After mass loss has occurred, the Kuiper belt analog
objects’ SMA values increase by a factor of ∼3, while the SMA
value of the companion star only increases by a factor of ∼2,
which leads to the increasing value of ò. We perform 1500 runs of
possible system configurations.

2.2. Numerical Methods and Triggering EKL

We solve the hierarchical three-body Hamiltonian up to the
octupole order of approximation and average over the orbits to
obtain the hierarchical secular dynamical evolution equations,
also called the EKL mechanism (e.g., Naoz et al. 2013a;
Naoz 2016). In this framework the three-body system consists
of an inner binary formed by the host star and a PP, with an
initial SMA of app, and which is orbited by the stellar binary
companion on a much wider orbit with SMA ac, forming an
outer binary.

We consider as a proof of concept two representative
examples, which vary in the mass of the PPs; one is Neptune-
sized planets and the other is Kuiper belt analogs. We include
equilibrium tidal models for the inner binary following Hut
(1980) and Kiseleva et al. (1998); see Naoz (2016) for
complete equations. We also implement general relativity
precessions for the inner and outer binary (Naoz et al. 2013b).
Finally, we include radial expansion, contraction, structure
changes, and mass loss due to stellar evolution for the two stars
following the stellar evolution code SSE (Hurley et al. 2000),2

where we follow Dobbs-Dixon et al. (2004) and Barker &
Ogilvie (2009) for the magnetic braking coefficients.

We adopt the nominal tidal coefficent parameters for our
calculations. The tidal Love number of Kuiper belt analog
objects is set to 5×10−5, since they are icy solid objects
(Grundy et al. 2007; Goldreich & Sari 2009), for stars it is set
to 0.014 and for gas giants to 0.25 (Kiseleva et al. 1998). The
tidal viscous evolution timescale, tV, for stars, Neptune-like
planets, and Kuiper belt analog objects is set to 1.5years.
However, we tested different tV values over a range of several
orders of magnitudes and found that they have no measurable
influence on our results. In particular, once a star evolves to
become a WD, its small radius suppresses tidal effects on the
WD, unless the orbiting planet reaches extremely close
separations, at which point the planet itself will already be
tidally disrupted.

The inclusion of the octupole level of approximation leads to
qualitatively different behaviors from the quadrupole level,
including extreme eccentricity spikes and inclination flips from
prograde to retrograde, and a generally more chaotic evolution
(see Naoz 2016 for review). During the evolution of the

system, the companion induces eccentricity and inclination
oscillations on the orbit of a PP. In many cases the PP’s
eccentricity increases until it is accreted onto the evolving
primary star during or before stellar expansion. However, in
most cases the eccentricity excitations are not large enough
to plunge the PP onto the star before the WD phase, since
the octupole effects are not strong enough. The strength of the
octupole oscillations are estimated by the pre-factor of the
octupole level of the Hamiltonian, ò, which is given by
Equation (1); see Naoz (2016) for a detailed explanation. The
onset of this behavior can be estimated in the ò-inclination
phase space (Katz et al. 2011; Lithwick & Naoz 2011;
Teyssandier et al. 2013; Li et al. 2014). This parameter space is
depicted in Figure 2, where the solid black line marks the
predicted onset of octupole induced inclination flips (for the
high inclination ( 61 .7) test particle case, Katz et al. 2011).
Adiabatic (slow and uniform) mass loss in gravitationally

bound two-body systems of total mass m leads to the expansion
of the SMA a according to

= ( )a
m

m
a, 2f

f

where f subscripts denote post-mass loss values. In hierarchical
three-body systems, the mass loss in one of the inner binary
members will lead to SMA expansion for both the inner binary
and the outer companion. However, the total masses to
consider for each SMA are different. In our case, the PP’s
SMA changes to
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To simplify the description of the mechanism, we present a
case for which the companion does not lose mass. However, we
note that, throughout the rest of the calculation, we do account
for any mass lost by the companion. With these expressions we
calculate the final value of ò, which is
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As m f, is always going to be smaller than m and mc is larger
than zero, the value of  m m f, is always going to increase
faster than the value of  + +( ) ( )m m m mf c c, will decrease,
due to the fact that  f will always be larger than ò. This can
move systems that were in the quadrupole-dominated regime
before mass loss occurred into the part of the parameter space
that is octupole dominated, as shown in Figure 2. The red
shaded area in the left panel shows the estimated area of the
ò-inclination parameter space that shifts from quadrupole to
octupole-dominated behavior for an example case (see figure
caption for details). The possibility of increasing the strength of
the octupole behavior through mass loss during stellar
evolution has been shown before in the context of triple stars
(Shappee & Thompson 2013), as well as WD pollution by non-
volatile material of objects smaller than Mars (Hamers &
Portegies Zwart 2016). If, however, the companion star is more

2 We have tested the inclusion of post main sequence evolution to the secular
code in the past and showed that it played an important role in three-body
dynamical evolution (e.g., Naoz et al. 2016; Stephan et al. 2016).
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massive than the host star and evolves first beyond the main
sequence phase, the effect will be opposite. ò will become
smaller and the strength of octupole level perturbations
decreases. Likewise, once a companion star to a WD becomes
a WD itself, the mass loss might move the system from
the octupole-dominated regime back to the quadrupole-
dominated one.

In Figures 3(a) and (b), we show two example evolutions
where the ò values increase by a factor of 2, leading to large
eccentricity excitations during the WD phase (see the far right
side of the lower parts of the plots). Note that periapsis distance
and inclination oscillations (both in black) are fairly regular
during the main sequence phase of the host stars (see blue
shaded and red shaded parts of the plots). The periapsis
distance also does not reach extreme values, and the PPs never
cross the stellar Roche limit (in red) or the stellar surface (in
purple) to be destroyed or accreted. However, as shown in the
parts of the plots with a white background, this behavior
changes after the stars have lost most of their mass during post
main sequence evolution, as marked by the expanding
semimajor axes of the PPs and companion stars (in blue and
green, respectively, with the companion stars’ periapsis
distances in cyan). The eccentricities can now reach extreme
peak values, at which the periapsis distances can become small
enough such that the PPs cross their Roche limits (in gray, see
red circles) and disintegrate around the WD, forming rings of
material that can be accreted (Veras et al. 2014, 2015). The
stellar Roche limit is
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while the PP’s Roche limit is
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Here, rå and rPP are the stellar and PP radius, respectively.
When a PP crosses either Roche limit we halt the simulation.
We assume that the PP is lost if it crosses the stellar Roche limit
during the main sequence and red giant phases. If it crosses its
own Roche limit during the WD phase, we assume that the PP
will be accreted onto the WD.

3. EKL-induced WD Pollution

From the Kuiper and Neptune set of Monte Carlo runs we
predict the orbital properties of binary stars that can lead to WD
pollution through planets or Kuiper belt analog objects. Stellar
companions that facilitate this mechanism are likely to have an
SMA on the order of a few thousand au and are fairly eccentric
(>0.2), as depicted in Figure 4, top and middle left panels.
Furthermore, the mass of the companion is most likely slightly
less than a solar mass (Figure 4, bottom left). Such lower-mass
stars have a long main sequence lifetime, which is beneficial
for the EKL mechanism. Once the companion stars evolve past
the main sequence phase, they lose mass, increasing the SMA
of the outer binary, ac. As can be seen from Equation (5), ò will
decrease, and further EKL evolution is suppressed. We also
find that accretion can take place over a large range of WD
cooling ages with a higher accretion likelihood during the first
few 100 Myr to first few Gyr (Figure 4, bottom right). The
distribution of the initial masses of host stars that lead to WD
pollution was not found to differ substantially from the initial
Salpeter distribution and was therefore omitted in Figure 4.
We note that nearly all Neptune-like planets that were later

accreted onto the WD reached periapsis distances, during their
host stars’ AGB phase, within a few au of the expanding host
star, as seen in the example in Figure 3(a). During this phase
the planet can potentially lose part of its gaseous envelope due to
the strong radiation from the evolving star, which heats up the
planet. This may inflate the planet’s atmosphere and remove gas
until only the planet’s rocky core and a diminished atmosphere
remain (e.g., Owen & Wu 2013; Valsecchi et al. 2014). The

Figure 2. Octupole behavior strength within the ò-inclination phase space. We show the initial inclination as a function of ò for our Monte Carlo simulations before
(left) and after (right) mass loss has occurred. Systems that survive the full 13Gyr evolution are shown in gray, systems where the PP was accreted or destroyed during
the main sequence are shown in yellow, and green marks PPs that were destroyed during the host star’s red giant phase. Neptune-like planets and Kuiper belt analog
objects that accrete onto WDs are shown as blue and red stars, respectively. The solid black line shows the theoretically predicted flip condition in the test particle case
(e.g., Katz et al. 2011), which corresponds to high eccentricity spikes, as seen, for example, on the far right side of Figures 3(a) and (b). The red shaded area in the
left panel shows the approximate part of the parameter space that shifts from non-EKL to EKL behavior through mass loss in an example case (må=2 Me and

=m 0.75c Me, such as WD 1425+540 and its K-dwarf companion, see Wegner 1981; Xu et al. 2017).
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body that will accrete onto the WD will therefore consist mostly
of this core, not of the gaseous envelope. Furthermore, if these
planets were able to retain most of their envelopes during this

phase, once they plunge inwards of their Roche limit around the
WD the remaining gaseous envelope will be the first part to be
tidally stripped off of the planets.

Figure 3. Dynamical evolution of a Neptune-like planet (a) and a Kuiper belt analog object (b) in wide binary star systems. Top parts of each figure show the evolution
of the inclination of the PP. Bottom parts show the evolution of PP periapsis distance and SMA (in black and blue, respectively), stellar companion periapsis distance
and SMA (in cyan and green, respectively), host star radius and Roche limit (in magenta and red, respectively), and the PP Roche limit (in gray). Left panels show the
evolution during the fist 212.5Myr of the binary systems’ lifetime, while right panels zoom in on the last (a) ∼25Myr and (b) ∼35Myr of the systems’ evolution.
Note that there is no gap in the time-axis, only the scale changes at 212.5Myr. The blue shaded area marks the main sequence phase, while the red shaded area
approximately marks the red giant and asymptotic red giant branch phases. The white background marks the WD phase. The initial system parameters are: (a) må=4
Me, mc=1.5 Me, =a 40 aupp , ac=480 au, =e 0.01pp , ec=0.318, and inclination = i 58 . 265tot . (b) må=4 Me, mc=1.5 Me, =a 90 aupp , =a 1110 auc ,

=e 0.01pp , ec=0.318, and inclination = i 58 . 265tot . Inclination is defined as the angle between the inner and outer orbits’ angular momenta. The value of ò
increases by a factor of ∼2 in both examples.
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In contrast to Neptune-like planets, because of their wider
initial SMA, Kuiper belt analog objects that accrete during the
WD phase do not typically reach periapsis distances closer than
a few dozen au during the main sequence and red giant phase,
as seen in the example in Figure 3(b). It is therefore highly
likely that these objects will retain most or at least a significant
part of their volatile material. In some cases the closest
approach distance, combined with extreme radiation during
the red giant phase, might trigger a comet-like behavior of the
Kuiper belt analog object. For a more detailed discussion of the
thermal evolution of these objects, see Jura & Xu (2010, 2012)
and Malamud & Perets (2016, 2017).

We estimate the likelihoods of accretion using binary
configurations that are otherwise consistent with field binaries
(Duquennoy & Mayor 1991), disregarding the test systems
with more massive companions than host stars, for which no
WD pollution is expected and for which none occurred (see
Section 2). We find that 5% of our Neptune-runs result in
accretion of the planet onto the WD, as well as 6.5% of our
Kuiper-runs. However, our Kuiper-runs do not actually reflect
the probability of WDs accreting volatile material, as they do
not account for different Kuiper belt analog orbital configura-
tions per system. A given Kuiper belt analog can be expected to
contain thousands of objects with different orbital configura-
tions, such as the solar system’s Kuiper belt. For any given
Kuiper belt analog in a wide binary system, at least some
objects of the belt can be expected to accrete onto the WD, as
long as the initial inclination of the belt to the stellar companion
lies in the favorable regime (inclinations between ∼40° and
∼140°, see also Figure 2). Thus, we conducted a proof-of-concept

simulation for a single example system that is in the favorable part
of the parameter space,3 and found that up to one-third of the
objects of a given Kuiper belt analog can over time accrete onto
the WD. We estimate that about 75% of wide binary systems
systems lie in this favorable initial inclination regime, based on an
inclination distribution initially uniform in cosine. Our simulations
represent about 20% of the stellar binary population, since we are
restricted to wide binaries (Figure 1), and we adopt a 50% binary
fraction, consistent with observations for main sequence stars
(Raghavan et al. 2010). Toonen et al. (2017) show that the binary
fraction of WDs with main sequence stellar companions is lower
than 50%; they suggest that this is mostly due to stellar mergers
of tight binaries, which should not influence our results. Based on
these assumptions, our simulations are applicable to about 10% of
the entire WD population. Assuming that an average star system
starts out with a Neptune-like planet (the solar system, for
example, has two, Uranus and Neptune), we estimate from our
results that about 1% of all WDs should accrete such Neptune-like
planets. Assuming that an average star system possesses a Kuiper
belt analog, our results indicate that up to ∼7.5% of all WDs
should accrete Kuiper belt analog objects. This may be consistent
with observations of volatile and planetary material pollution.

Figure 4. Orbital parameter space for polluted WDs. We show the orbital parameter likelihood distributions for systems associated with WDs polluted by the
Eccentric Kozai–Lidov mechanism, after the host star has gone through mass loss and become a WD. Shown are the parameter distributions for inducing pollution by
Neptune-like planets (in blue) and Kuiper belt analog objects (in red). Shown are (left to right, top to bottom): SMA of the companion star and of the PP; eccentricity
of the companion star and mutual inclination between inner and outer orbits’ angular momenta; mass of the companion star and WD cooling age at time of accretion.
The histograms are normalized such that the integral of each one is unity. The black arrows mark the known and estimated parameters for the WD 1425+540 system
(see Figure 5 for tighter estimation of the parameter space of this system). We note that the position of our Neptune polluters are consistent with the HR 8799 (Marois
et al. 2008) planetary system.

3 We chose a fixed inclination of 70°, a WD initial progenitor mass of
1.5Me, a companion star mass of 0.75Me, a companion orbit SMA of 2000
au and orbital eccentricity of 0.5, and SMAs and eccentricities for the Kuiper
belt analog objects from uniform distributions between 40 and 100 au and 0
and 0.15, respectively. 1000 objects were tested, with about equal contributions
to object survival, destruction during main sequence or red giant phases, and
WD accretion.
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The total number of confirmed polluted WDs is on the order
of ∼200, while the overall pollution rate for all WDs is about
25–50% (e.g., Farihi 2016; Veras 2016).4 However, there have
been detailed abundance measurements for only about 15
polluted WDs so far (see Jura & Young 2014; Jura et al. 2015;
Wilson et al. 2015; Farihi et al. 2016; Gentile Fusillo et al.
2017; Melis & Dufour 2017; Xu et al. 2017, and references
therein), two of which show signs of planetary pollution in
terms of composition and amount (see Section 1 for planetary
pollution; Jura et al. 2009; Zuckerman et al. 2011), and one
with signs of volatile material pollution in the form of nitrogen
(Xu et al. 2017). While these are so far very small number
statistics, these current results could imply that the planetary
and volatile pollution rates are relatively high, on the order of
∼10%, roughly consistent with our findings that ∼7.5% of all
WDs could be polluted by Kuiper belt analog objects, while
about 1% could be polluted by Neptune-like planets. More
detailed abundance measurements are needed for a larger
number of WDs to determine the exact occurrence rates of
volatile and planetary pollution. We note here that our pollution
mechanism generally operates on any objects that are large
enough to avoid major orbital changes by non-gravitational
forces (see Hamers & Portegies Zwart 2016, for a discussion on
maximum asteroid sizes sensitive to radiative forces) and are
smaller than a significant fraction of the host star’s mass (up to
a few Jupiter masses). If any such objects commonly exist on
long-period orbits in wide binary systems, they would also
accrete onto WDs with a chance of ∼1%, and could potentially
be the sources of planetary material pollution. Given the large
uncertainty in observed planetary and volatile pollution rates,
our results are consistent with the observations.

Our additional Monte Carlo simulation for the example
system of WD 1425+540 leads to the accretion of icy material
onto the WD for about 12.5% of tested configurations. From
our results we estimate that the current periapsis distance of the
K-dwarf companion should be about 3500au, and that the
mutual inclination between the Kuiper belt analog and
companion star can be anywhere between ∼30° and 150°
(see also Figure 5). Within these loose parameter constraints
our mechanism can efficiently deliver Kuiper belt analog
objects onto the WD. WD 1425+540 has an age estimate of a
few 100Myr (Xu et al. 2017), consistent with our estimated
pollution likelihood over time (Figure 5, lower right panel).

4. Discussion and Conclusions

We have shown that WD pollution by icy and volatile
material from Neptune-like planets and Kuiper belt analog
objects can naturally be explained through the EKL evolution
in wide binary systems. The mass loss during post main
sequence stellar evolution enhances the strength of EKL
eccentricity excitations, which can lead to the accretion of PPs
onto WDs (see Figures 3(a) and (b) as examples). Systems that
are more likely to facilitate this type of pollution have had an
increase in ò value (where ò describes the strength of the
octupole level perturbations, see Equation (1)) due to stellar
mass loss during the AGB phase. These systems occupy a
specific part in the ò-inclination parameter space (where
inclination is defined as the angle between the inner and outer

orbits’ angular momenta), as shown in Figure 2. We note that
we find some PPs that were initially in the octupole-favored
regime were able to avoid accretion onto the WD progenitor
during the main sequence and red giant phases. Accretion only
took place in the WD phase for these PPs, after mass loss had
occurred (Figure 2).
Zuckerman (2014) studied WD pollution in binary systems

and showed that pollution should preferentially occur if the
binary companion was on a wide pre-mass loss orbit of at least
about 1000au, which indicates that binary separations closer
than that either suppress planetary system formation or prohibit
long-term stability and survival into the WD phase. This is
consistent with our results, where we find that the bulk of
polluted WDs had initial binary separations of about 1000au, as
shown in Figure 1. This is related to the previously discussed
stability criterion, which constrained our initial system archi-
tectures to be long-term stable. However, this criterion still
allows for systems that are in the octupole-favored regime (as
depicted in Figures 1 and 2). In these systems, the eccentricity
excitations will drive the PPs to be accreted during the main
sequence or red giant phases, before the star can become a WD.
As mentioned before, only systems with mild eccentricity
excitations before mass loss can occur are able to result in WD
pollution. These systems correspond to the ac distribution shown
in Figure 4, upper left panel.
We note here also that we ignored the effects of galactic tides

on the orbital parameters of the binaries. It has been shown that
galactic tides can excite eccentricities of wide stellar binaries
such that their pericenter distance can get sufficiently close to
scatter planetesimals onto a WD (Bonsor & Veras 2015).
However, this galactic tides mechanism acts on extremely long
timescales, on the order of a few to ten Gyr, while the EKL
mechanism is most efficient for the first one or two Gyr. In our
case galactic tides would change the companion stars’
eccentricity, ec, which would change ò (see Equation (1)),
and thus the strength of the octupole level of approximation.
This could lead to both suppression and enhancement of EKL

Figure 5. Orbital parameter likelihood distribution for the stellar companion of
WD 1425+540. We show the orbital parameter likelihood distributions for the
K-dwarf companion to WD 1425+540 if the observed volatile pollution was
caused by the Eccentric Kozai–Lidov mechanism. Shown are the initial overall
tested parameter distributions (dashed, in magenta) and the post-mass loss
parameter distributions that led to pollution (in red).

4 Note that there are ∼1000 polluted WD candidates known from SDSS data
(e.g., Zuckerman et al. 2003, 2007, 2010; Kleinman et al. 2013; Koester et al.
2014; Gentile Fusillo et al. 2015; Kepler et al. 2015, 2016).
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oscillations over time. Tides might thereby increase the
efficiency of our pollution mechanism, as binaries that are
outside of the appropriate inclination-ò parameter space could
be moved inside of it. Furthermore, comparing our mechanism
directly to the one in Bonsor & Veras (2015), it appears that
galactic tides will be most relevant at polluting WDs in very
wide binaries ( a 3000c au), while our mechanism is also
effective at modestly wide separations ( a 500c au), for
which galactic tides are weak and slow. Given that the number
of binary systems drops rapidly with separation (see distribu-
tion from Duquennoy & Mayor 1991, as plotted in Figure 1),
our mechanism appears to be sufficient to describe the general
WD population.

The implications of our results for multi-planet systems broadly
fall into two categories. In general, if a multi-planet system is
packed tightly enough with massive enough planets, we expect
EKL and large eccentricity excitations to be mostly suppressed by
the planets’mutual gravitational interactions (Innanen et al. 1997).
However, if the system is not tightly packed or if the objects are
not very massive, such as, for example, in a debris disk or a
Kuiper belt analog, EKL excitations should still occur for each
object in the disk or belt. In such systems the eccentricity and
inclination changes can lead to the crossing of orbits, and
potentially planet collisions or strong scattering. WD pollution
should still occur for those systems. As we have discussed in
Section 3, the presence of multiple objects exhibiting a range of
orbital parameters indeed increases the chance of WD accretion
for a given system in the favorable regime.

WD 1425+540, which exhibits volatile material pollution
signatures (Xu et al. 2017), has a low-mass stellar companion
on a wide orbit (Wegner 1981), consistent with our proposed
pollution model. We are able to make additional predictions for
its orbital parameters, as shown in Figure 5.

We predict that WDs polluted by planets or volatile material
are more likely to have a binary companion with orbital
parameters consistent with the distributions in Figure 4, in
particular large companion separations and low companion
masses. Future observations of these systems and their
pollution signatures can be used to gain insights into the outer
planetary and Kuiper belt analog architectures of wide stellar
binary systems. By using upcoming GAIA data releases it
should be possible to find more WDs with wide binary
companions due to detailed proper motion measurements.
These WDs will be excellent observational targets for finding
more volatile pollution signatures and investigating the long-
period planetary architectures of wide binary systems.
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CHAPTER 3

Binary Stars in the Galactic Center

The Galactic Center contains the SMBH Sagittarius A∗ with a mass of roughly 4× 106 M�,

as well as millions of stars within the central parsec (Ghez et al. 2005; Gillessen et al. 2009).

This dense and rich environment has provided an ideal testing ground for studying a variety

of phenomena such as stellar cluster dynamics (e.g., Ghez et al. 2003; Alexander 2005; Ghez

et al. 2005; Hopman and Alexander 2006; Alexander and Hopman 2009; Gillessen et al. 2009;

Hopman 2009; Gillessen et al. 2012), general relativity (Hees et al. 2017; Chu et al. 2018;

Do et al. 2019), the origin of hypervelocity stars (e.g., Hills 1988; Yu and Tremaine 2003;

Ginsburg and Loeb 2007), X-ray sources suspected to be X-ray binaries (e.g., Muno et al.

2005; Cheng et al. 2018; Hailey et al. 2018; Zhu et al. 2018) or cataclysmic variables (e.g.,

Muno et al. 2006; Heinke et al. 2008; Muno et al. 2009), and, what the papers presented in

this chapter focus on, the mergers of binary stars (e.g., Antonini et al. 2010, 2011; Prodan

et al. 2015).

In 2012, a peculiar infrared-excess object, named G2, was discovered to orbit Sagittarius

A∗ on a highly eccentric orbit, suspected to be a gas cloud poised to be tidally disrupted

upon approaching periapsis (Gillessen et al. 2012). However, this object did indeed survive

periapsis passage, supporting ideas that G2 and similar objects are indeed not gas clouds,

but stellar merger products enshrouded by gas and dust (e.g., Antonini et al. 2010, 2011;

Antonini and Perets 2012; Witzel et al. 2014; Prodan et al. 2015; Stephan et al. 2016; Witzel

et al. 2017; Stephan et al. 2019). While the Galactic Center is a very dense environment,

several binary stars have been confirmed to exist within it, supporting the idea that binary

mergers can occur there (Ott et al. 1999; Martins et al. 2006; Pfuhl et al. 2014). Any stellar

binary orbiting a SMBH will undergo the EKL mechanism, as they must form a hierarchical
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triple system to be stable against the tidal forces of the SMBH.

Naturally, such stellar binaries will also undergo stellar evolution, influencing their dy-

namics. Therefore, the first study presented in this chapter, Stephan et al. (2016), was

conducted to investigate the merger probability of such stellar binaries throughout all stellar

evolutionary phases. The inclusion of tides and stellar evolution is particularly important as

they can lead to orbital shrinking of the binary. This “hardens” the binary system against

scattering events from other stars in the Galactic Center, increasing the effective survival and

thus increasing the probability to merge. The second publication in this chapter, Stephan

et al. (2019), studied the binary stellar evolution outcomes of such stellar mergers by apply-

ing the binary stellar evolution code BSE (Hurley et al. 2002), using the version improved by

the COSMIC group (Breivik et al. 2019). This study predicts that many binary mergers can

produce X-ray binaries, cataclysmic variables, gravitational wave sources, and that they can

lead to supernovae and the formation of G2-like infrared-excess sources, explaining many

observed features of the Galactic Center and galactic nuclei in general.

47



MNRAS 460, 3494–3504 (2016) doi:10.1093/mnras/stw1220
Advance Access publication 2016 May 20

Merging binaries in the Galactic Center: the eccentric Kozai–Lidov
mechanism with stellar evolution

Alexander P. Stephan,1‹ Smadar Naoz,1‹ Andrea M. Ghez,1 Gunther Witzel,1

Breann N. Sitarski,1 Tuan Do1 and Bence Kocsis2

1Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
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ABSTRACT
Most, if not all, stars in the field are born in binary configurations or higher multiplicity systems.
In dense stellar environment such as the Galactic Center (GC), many stars are expected to be
in binary configurations as well. These binaries form hierarchical triple-body systems, with
the massive black hole (MBH) as the third, distant object. The stellar binaries are expected to
undergo large-amplitude eccentricity and inclination oscillations via the so-called ‘eccentric
Kozai–Lidov’ mechanism. These eccentricity excitations, combined with post-main-sequence
stellar evolution, can drive the inner stellar binaries to merge. We study the mergers of stellar
binaries in the inner 0.1 pc of the GC caused by gravitational perturbations due to the MBH.
We run a large set of Monte Carlo simulations that include the secular evolution of the orbits,
general relativistic precession, tides and post-main-sequence stellar evolution. We find that
about 13 per cent of the initial binary population will have merged after a few Myr and about
29 per cent after a few Gyr. These expected merged systems represent a new class of objects
at the GC, and we speculate that they are connected to G2-like objects and the young stellar
population.

Key words: binaries: close – stars: evolution – stars: kinematics and dynamics – Galaxy:
centre.

1 IN T RO D U C T I O N

The proximity of the Galactic Center (GC) provides an accessible
laboratory for studying different physical processes in the presence
of a massive black hole (MBH), many of which may also take
place in many other galactic nuclei. Observations of the GC give
an exquisite opportunity to test different theoretical arguments and
physical processes that involve MBHs and dense environments.
Binary populations within the central 1 pc play a significant role
in numerous processes that take place at the GC, including the
relaxation state of the GC (Alexander & Hopman 2009),1 the stellar
number density (e.g. Alexander & Pfuhl 2014; Prodan, Antonini &
Perets 2015), the S-star cluster population (e.g. Antonini & Merritt
2013), as well as hypervelocity stars (e.g. Hills 1988; Yu & Tremaine
2003; Ginsburg & Loeb 2007; Perets 2009; Perets et al. 2009).
Furthermore, compact object binaries in the GC are a potential

� E-mail: alexpstephan@astro.ucla.edu (APS); snaoz@astro.ucla.edu (SN)
1 If the GC is relaxed, a dense, mass-segregated cusp of stellar mass BHs is
expected near the MBH.

source of gravitational wave emission (e.g. O’Leary, Kocsis & Loeb
2009; Antonini & Perets 2012).

Currently, there are three confirmed observed binaries in the in-
ner ∼0.2 pc of the GC. The first confirmed binary, IRS 16SW, is an
equal-mass binary (mprimary = msecondary = 50 M�) at a projected
distance estimated as ∼0.05 pc from the MBH with a period of
19.5 d (Ott, Eckart & Genzel 1999; Martins et al. 2006). Recently,
Pfuhl et al. (2014) discovered two additional binaries, an eclipsing
Wolf–Rayet binary with a period of 2.3 d, and a long-period binary
with an eccentricity of 0.3 and a period of 224 d. Both of these
binaries are estimated to be at only ∼0.1 pc from the MBH. The
long-period binary detection provides lower limits on the two-body
relaxation time-scale, and an upper limit on the number density of
the faint stars and the compact remnants (i.e. the dark cusp) that are
expected to exist near the MBH (see Bahcall & Wolf 1977; Alexan-
der & Hopman 2009; Alexander & Pfuhl 2014). The latter study
is extremely interesting as it lays out the dynamical consequences
of even a single detection of a long-period binary. This stresses the
need for more observations and that combining them with the under-
standing of the dynamics will allow us to draw better conclusions
and tighter constraints on the binary fraction. Recent observational
endeavours were proven to be very promising in placing some

C© 2016 The Authors
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limits on the binary fraction and the dynamical state of the GC.
These suggest that the total massive binary fraction in the GC is
comparable to the galactic binary fraction (e.g. Ott et al. 1999;
Rafelski et al. 2007). Massive O-star binaries at the GC are esti-
mated to be about 7 per cent of the total massive stellar population
(Rafelski et al. 2007). These binaries (and those outside the central
parsec) are mostly observed as eclipsing or ellipsoidal variable bina-
ries (e.g. Ott et al. 1999; Rafelski et al. 2007). Lower mass binaries
are currently not accessible by observations in the GC. Furthermore,
the observed X-ray source overabundance in the central pc (Muno
et al. 2005) suggests that compact binaries may reside there as
well.

Gillessen et al. (2012) have recently reported the discovery of
a gas cloud of about 3 MEarth, called G2, plunging towards the
MBH, with a closest approach distance that brings it as close as
3100 times the event horizon (∼245 AU). This discovery generated
many models to explain the origin of G2 (e.g. Burkert et al. 2012;
Miralda-Escudé 2012; Morris, Meyer & Ghez 2012; Murray-Clay
& Loeb 2012; Phifer et al. 2013; Guillochon et al. 2014). This object
gives a rare opportunity to study the dynamics and tidal evolution
of a source close to an MBH in real time. Follow-up observations
have shown that G2 remained compact in the continuum and that
its orbit is still consistent with a Keplerian orbit after periapsis
passage (Meyer et al. 2014; Witzel et al. 2014; Valencia-S. et al.
2015). Thus, it was suggested that this object is actually a result of
a merged stellar binary (Witzel et al. 2014; Sitarski, in preparation),
a connection previously suggested by Prodan et al. (2015). Here we
take their study further and couple post-main-sequence evolution
to the dynamical evolution. The possibility of binary mergers due
to perturbations by the MBH was first suggested, in the context of
hypervelocity stars, by Ginsburg & Loeb (2007).

Stellar binaries in the GC form hierarchical triple-body systems,
with the MBH as the third, distant object. Therefore, stellar binaries
are expected to undergo large-amplitude eccentricity and inclina-
tion oscillations, i.e. the so-called ‘eccentric Kozai–Lidov’ (EKL)
mechanism (see for review Naoz 2016). Eccentricity excitations
in a binary, induced by the MBH, can cause the binary stars to
merge (e.g. Antonini et al. 2010; Antonini, Lombardi & Merritt
2011). However, tidal forces between the binary companions tend
to shrink and circularize their orbits, either preventing or severely
delaying a merger. Here we take into account post-main-sequence
stellar evolution and show that this, in combination with the EKL
mechanism, can cause large fractions of merged systems. While the
mass-loss during stellar evolution widens the orbit, the mass-loss
can also re-trigger the EKL behaviour for similar-mass binaries,
which will lead to large eccentricities (e.g. Shappee & Thompson
2013; Michaely & Perets 2014). In addition, as the star expands,
it may undergo Roche lobe overflow, especially for binaries with
tidally shrunken and circularized orbits (e.g. Naoz et al. 2016).
Therefore, contact binaries and merger products can be formed after
one of the binary companions has left the main sequence. Merg-
ing binaries solves many unanswered questions in the GC context.
For example, merging binaries may form rejuvenated products that
appear young, which could explain the unexpected population of
young stars in the GC (Ghez et al. 2005) and it may change the ini-
tial mass function (IMF) of the GC stellar population, which could
explain the observed top-heavy IMF in the GC (Lu et al. 2013).

The paper at first describes the numerical setup of our work
(Section 2), after which it presents results and an analysis of the
binary evolutions observed in our simulations (Section 3). This is
followed by a discussion of our results in Section 4. Appendix A is
attached to discuss the evaporation time-scale.

2 N U M E R I C A L S E T U P

The numerical setup of the systems is chosen to be consistent with
binaries in the field. The mass distribution of the primary stellar
binary member is taken as a Salpeter function with α = 2.35 with
a minimum mass of 1 and a maximum of 150 M� (we denote this
mass as m1), while the mass ratio to the secondary mass (m2) is
taken from Duquennoy & Mayor (1991). This choice of numerical
binary setup differs from Antonini & Perets (2012) and Prodan
et al. (2015) as we do not have a large fraction of m1 = m2 systems.
While some studies have suggested that stellar twin binaries are
relatively common (see, for example, Pinsonneault & Stanek 2006;
Kobulnicky & Fryer 2007), more recent works suggest that stellar
twins do not form a relevant part of the binary population (Lucy
2006; Sana et al. 2012). Therefore, avoiding exact stellar twins is a
more realistic choice for the mass distribution. Additionally, since
the octupole level of approximation goes to zero for systems that
have an exact symmetry (e.g. Naoz 2016), relaxing the symmetry
allows the systems to undergo large-eccentricity excitations even
for similar masses once the stars begin to evolve and lose mass
(Shappee & Thompson 2013; Michaely & Perets 2014).

The mass of the MBH, mMBH, remains fixed at 4 × 106 M�
(following Ghez et al. 2005; Gillessen et al. 2009) for all systems
since we are mostly interested in the results for Sagittarius A�. The
eccentricity distribution is taken as uniform from 0 to 1 for the stellar
binary (inner) orbit (e1), following Raghavan et al. (2010), while
it is taken as thermal for the MBH (outer) orbit (e2) (Jeans 1919).
The mutual inclination between the inner and outer orbit is assumed
to be uniformly distributed in cosine. The argument of periapsis is
taken from a uniform distribution for both orbits, as is the angle of
the stellar spin axis. The outer orbital period is distributed uniformly
in log space, with an assumed minimum of ∼9 yr corresponding
to a semi-major axis (a2) of ∼700 AU (the closest known star to
Sagittarius A�, SO-2, has an orbital period of ∼15 yr; Ghez et al.
2005) and an assumed maximum of ∼1500 yr or 0.1 pc, due to the
conflicting time-scales for orbits larger than that, as seen in Fig. 1.
The inner orbital semi-major axis (a1) and period are taken from a
lognormal distribution with a peak at ∼170 yr and the 1σ interval
going from ∼0.9 to ∼35 000 yr (Duquennoy & Mayor 1991).

We require these randomly generated systems to satisfy dynam-
ical stability so that we can separate the long-term secular effects.
Similarly to Naoz & Fabrycky (2014), the first condition requires
that the two stars are initially outside their binary companion star’s
Roche limit, otherwise the inner stars suffer a merger before the
tertiary can act. The second condition requires that the system is hi-
erarchical enough to allow usage of the EKL equations. This means
that the systems have to fulfil the following criterion:

ε = a1

a2

e2

1 − e2
2

< 0.1, (1)

where ε is a measure of the relative strengths of the octupole and
quadrupole effects on the orbital dynamics (e.g. Naoz 2016).2 Sim-
ilar to the first condition, which requires that the inner binary mem-
bers are not already crossing their partner stars’ Roche limit, the

2 Note that the precession of the outer orbit due to general relativity (Naoz
et al. 2013b) or due to the precession from the spherical star cluster (i.e.
Newtonian precession; Kocsis & Tremaine 2011) may have quantitative
effects on a single system but will not change the overall statistics. We tested
the effect of GR effects on the outer orbit and did not find any differences
in our results.
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Figure 1. Time-scales of different physical effects and critical a1 values for
stellar evolution. Plotted in the top panel are the periapsis precession time-
scales associated with the EKL mechanism (quadrupole in blue, octupole in
green), general relativity (GR) in the inner binary (magenta), vector resonant
relaxation (VRR, red), and the evaporation time-scale for an example binary
of 2 M� total mass and a1 = 3 AU as a function of a2. Not shown is the outer
orbit precession time-scale induced by GR by the MBH of ∼105 yr, which is
not of primary concern for our calculations. The scalar resonant relaxation
time-scale is in general between 109 and 1011 yr and can dip down to 107 yr
around a2 = 0.007 AU due to the cancellation of the relativistic precession
by Newtonian precession (see Kocsis & Tremaine 2011). We omit it here
to avoid clutter. EKL oscillations can only occur if their associated time-
scales are shorter than the other precession effects, since they counteract
the buildup of large eccentricities. Note that the evaporation time-scale is
comparable with the VRR time-scale, which allows us to ignore VRR for our
calculations.3 Plotted in the bottom panel are the critical maximum binary
separations, a1, allowed for stellar evolution to take place before the binaries
evaporate. The grey areas denote a1 values prohibited by the stellar Roche
limits (bottom), or by the stability criteria of our initial conditions (top).

third criterion requires that the inner binary does not cross the
MBH’s Roche limit, in the form of

a2

a1
>

(
3mMBH

mbinary

)1/3 1 + e1

1 − e2
. (2)

Even though we reject systems that violate equation (2) from the set
of3 initial conditions, some systems cross the MBH’s Roche limit
later during their evolution. We keep track of those and will analyse
them separately.

After applying these stability tests, many of the original systems
were rejected. Out of 7000 systems with the parameters mentioned
above, we are left with 1570 systems. Note that the inner period ini-
tial conditions distribution following Duquennoy & Mayor (1991)
is probably unrealistic for the condition for star formation in the
GC. Specifically, it is unlikely that star formation episodes at the
GC will lead to the formation of binaries with separations larger
than 100 AU, as suggested by Duquennoy & Mayor (1991). Fur-
thermore, the limited parameter space available for forming stable
binary systems should also severely limit the possibility of forming
triple or higher multiplicity stars in the GC, which we therefore
ignore in our model.

3 Numerically, this is very similar to the Mardling & Aarseth (2001) nominal
triple stars stability criterion, as shown in Naoz et al. (2013b).

Figure 2. Parameter distributions before and after stability test. Shown are
the distributions of a1, a2, e1 and e2 before and after the stability test. Note
that the a1 distribution remains lognormal after the stability test, and its peak
is simply shifted to a smaller value. The new a2 distribution has a small pref-
erence for larger a2 values compared to the flat original distribution. The e1

distribution remains flat, while the e2 distribution preferentially suppresses
large e2 values of the originally thermal distribution. The inclination distri-
bution (not shown) did not change at all.

The exact distribution for the inner binary period is unknown
and thus we follow this recipe for initial conditions generation.
We ensure the stability of the systems by our stability criteria. We
thus caution the reader from interpreting the rejection method of
our initial conditions as a physical process. The orbital parameter
distributions before and after our rejection process are depicted in
Fig. 2.

We solve the hierarchical triple secular equations up to the oc-
tupole level of approximation (as described in Naoz et al. 2013a;
Naoz 2016), including general relativity (GR) effects for both the
inner and outer orbit (Naoz et al. 2013b)4 and static tides for both
members of the stellar binary (following Hut 1980; Eggleton, Kise-
leva & Hut 1998). See Naoz (2016) for the complete set of equa-
tions. We also include the effects of stellar evolution on stellar radii,
masses and spins following the stellar evolution code SSE by Hur-
ley, Pols & Tout (2000). The octupole level code with post-main-
sequence effects was successfully tested in a previous study (Naoz
et al. 2016). Our code, which couples the secular evolution with
the physical processes mentioned above, allows us to go beyond
the initial study of the dynamical evolution of binaries at the GC
by Antonini & Perets (2012) and Prodan et al. (2015). Specifically,
the post-main-sequence evolution adds significant contributions to
merging the binaries.

We have two sets of Monte Carlo simulations adopting two dif-
ferent tidal efficiencies. One series of systems has efficient tides,
which is achieved by using a constant viscous time of 1.5 yr (750
systems); the other set of systems has less efficient tides with a
constant viscous time of 150 yr (1570 systems). The different as-
sumptions for the viscous time cause variations in the formation
likelihood of tight, circular binaries. The less efficient tides are
probably more realistic (e.g. Hansen 2010), and we use a larger
sample size for those runs in order to obtain better statistics. Unless

4 We note that the GR precession of the outer orbit has an insignificant effect
on the dynamical evolution and can be neglected.
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explicitly stated otherwise, all results discussed in this work refer
to the more realistic less efficient tide scenario.

Eccentricity excitations in the inner binary orbit will take place if
the shortest time-scale associated with the EKL mechanism, i.e. the
quadrupole time-scale, is shorter than the precession of the periapsis
due to short-range forces. Such short-range forces come from GR
and the precession of the nodes due to oblate objects from static
tides or rotating objects (e.g. Naoz 2016). The octupole level of
approximation assisted time-scale gives a sense of the time-scale
required to pump the eccentricity up to extreme eccentricity spikes.
In Fig. 1, we show the quadrupole, octupole and GR time-scales for
a nominal example system (see Naoz 2016, for the relevant time-
scales). This shows that the quadrupole time-scale is shorter than
the GR time-scale for the considered values for a2, thus allowing
eccentricity and inclination oscillations to occur.

Binary mergers in dense stellar groups can be prevented through
close encounters with other stars, which can change the orbital
parameters of the binaries. The change depends to a large degree
on whether the binary’s orbital energy is larger or smaller than
its centre-of-mass motion energy compared to other cluster stars,
which are known as hard or soft binaries, respectively. Binaries in
the GC are generally soft and are expected to become less bound
through stellar encounters, until they disassociate or ‘evaporate’. A
derivation for the evaporation time-scale can be found in Binney
& Tremaine (1987). For completeness, the derivation of the evap-
oration time-scale with the total mass of the system is presented
in Appendix A. The evaporation time-scale for a nominal example
system is also shown in Fig. 1. However, some binaries in the GC
can be hard, especially if their orbital separation is reduced by tidal
effects. Hard binaries can actually form even tighter, harder bina-
ries through stellar interactions, and their evaporation time-scale
becomes exponentially longer with their hardness (see, for exam-
ple, Heggie 1975; Hut 1983; Hut & Bahcall 1983; Heggie, Hut &
McMillan 1996). GC binaries need to be very tight in order to be
hard, and a1 needs to be of the order of ∼0.1 AU or less. At such sep-
arations, the tides of the binary companions become very strong.
We therefore assume that such tight binaries survive evaporation
effects for at least 10 Gyr, see Appendix A.

Mergers through EKL oscillations can only occur if the time-
scale of quadrupole effects is shorter than the evaporation time-
scale. However, post-main-sequence stellar evolution can also lead
to mergers, which is likewise limited by the survival time of the
binary. The bottom panel of Fig. 1 shows the maximum binary sep-
aration possible in order for post-main-sequence stellar evolution
to occur before the binary evaporates.

Another important physical process that takes place in the GC is
vector resonant relaxation (VRR). This process changes the direc-
tion of the outer orbit’s angular momentum, but not its magnitude.
Since efficient eccentricity excitations due to the EKL mechanism
require large mutual inclinations between the inner and outer orbits,5

VRR will change the inclination and will effectively refill the avail-
able phase space that allows large-eccentricity oscillations. Binaries
that did not undergo substantial tidal effects nor merged can, due
to the VRR process, change their inclination relative to the MBH
such that they leave the favourable EKL regime. The associated
time-scale is shown in Fig. 1 (e.g. Hopman & Alexander 2006;
Kocsis & Tremaine 2011, 2015). As depicted in this example, the

5 If both the inner and the outer orbits are initially eccentric, further eccen-
tricity excitations can take place in a nearly coplanar configurations (Li et al.
2014a).

VRR time-scale is comparable to the evaporation time-scale for
most parts of the parameter space, but becomes shorter than the
evaporation time-scale beyond ∼0.1 pc. Thus, we neglect the VRR
effects in our calculations, but limit them to the inner 0.1 pc of the
GC. However, we note here that the VRR time-scale is in general
too long to have an effect on EKL-induced mergers; see Section 3
for an explanation in light of the results of our calculations.

The integration time for each binary is determined by its evapora-
tion time-scale (see Appendix A). If a binary became tightly locked,
and thus decoupled from the gravitational perturbations of the MBH,
we recalculate the evaporation time (we set the evaporation time to
10 Gyr for hard binaries) and continue the post-main-sequence evo-
lution using the binary stellar evolution code BSE (Hurley, Tout &
Pols 2002) until the binary either merged or evaporated. Our maxi-
mum evolution time is 10 Gyr.

3 R ESULTS

During the EKL evolution, the inner orbit eccentricity is excited
to extremely high values (e.g. Teyssandier et al. 2013; Li et al.
2014a,b) that can result in crossing of the Roche limit, which may
drive the two stars into merging (e.g. Naoz & Fabrycky 2014). The
Roche limit is defined by

aRoche,ij = Rj

μRoche,j i

, (3)

where Rj is the radius of the star at mass mj and, following Eggleton
(1983), μRoche, ji is a dimensionless number

μRoche,j i = 0.49
(mj/mi)2/3

0.6(mj/mi)2/3 + ln(1 + (mj/mi)1/3)
. (4)

If the inner binary pericentre distance, a1(1 − e1), becomes smaller
than either aRoche, 12 or aRoche, 21, we assume that one of the stars will
overflow its Roche lobe. We stop the calculation here and identify
this system as a merger candidate.

We categorize the outcomes of the binaries’ evolution into three
main cases.

(i) Tidally locked binaries. The tidal interactions of the binaries
will in some cases lead to circularization and shrinking of binary
orbits. The stars’ spin periods and orbital period will in this case
synchronize, tidally locking the binary. These tight, tidally locked
binaries are an important class of objects, since the tightening of
their orbits can significantly delay evaporation of the binaries. Since
strong tidal evolution significantly slows down the computation, we
stop the simulation if the orbit is sufficiently tight (a1 < 0.1 AU),
circularized (e1 < 10−5), and if the spin and orbital periods have syn-
chronized to approximately reach the expected spin rate � (within a
fractional difference of 10−5) (e.g. Fabrycky, Johnson & Goodman
2007):

� = 2
2π/Pin

cos ψ + sec ψ
. (5)

Here, Pin is the inner binary period and ψ is the orbital obliquity.
Tidally locked binaries are a transient phase with their duration

determined by the main-sequence lifetime of the more massive star.
If the post-main-sequence radial expansion occurs before the bi-
nary is somehow disrupted, the stars will merge (see below). We
found that after 6 Myr of evolution, about 10 per cent of the sys-
tems became tidally locked (using the low-efficiency tides model;
see the right-hand column of Fig. 3 as an example). The system
undergoes large-eccentricity excitations while tidal interactions are
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Figure 3. Example evolution for the three merger scenarios. The plot shows the evolution of eccentricity, semi-major axis, periapsis distance, Roche limit and
stellar radius for three example systems that lead to mergers. The left column shows a direct merger caused by high orbital eccentricity due to EKL cycles, the
centre column shows a radial merger caused by the rapid expansion of the larger stellar companion in the binary due to stellar evolution and the right column
shows a tidal merger, a system that becomes tidally locked before it can evaporate and will survive long enough to merge due to radial expansion similar to
the centre column’s example system. Note that the systems in the centre and the right column are examples of regular contact binary mergers, while the left
column’s system could be an example of a direct collision or otherwise high-velocity merger with a much more complex binary evolution, which is beyond
the scope of this work. After 6 Myr of evolution, we register mostly direct mergers and a few radial mergers; after 10 Gyr, 35 per cent of all mergers are direct
mergers, 10 per cent are radial mergers and 55 per cent are tidal mergers.

slowly shrinking and circularizing the orbit. As discussed below,
after post-main-sequence evolution, many of these tidally locked
systems become merged binaries.

(ii) Merged binaries and G2-like objects. There are three chan-
nels for merging binaries. The first channel consists of Roche limit
crossing at the periapsis via eccentricity excitations due to EKL
dynamical evolution (depicted in the left column of Fig. 3), which
we coin as ‘direct mergers’.6 The second channel consists of ‘radial
mergers’ in wide binaries due to Roche lobe overflow during the
post-main-sequence expansion of the more massive binary compan-
ions (see middle panels in Fig. 3). The final channel takes place in
the post-main-sequence evolution of a tidally locked binary. This
type of system has decoupled from the MBH gravitational per-
turbations and thus the subsequent evolution of the binary can be
followed using BSE. We recalculate the evaporation time for this
system and allow for stellar evolution to take place. As the more
massive star evolves beyond the main sequence, its radius begins
to expand and overflow its Roche lobe (see the left-hand panels in
Fig. 3). We find, as expected, that most (about 95 per cent) of the
tidally locked binaries end up as merged systems after 10 Gyr of
evolution, while the remaining unmerged systems have just started

6 This channel was noted already by Antonini et al. (2010), Antonini & Perets
(2012) and Prodan et al. (2015), although their abundance of occurrences
was smaller due to a larger abundance of twin stars.

expanding in radius as they are close to 1 M� in mass. We coin this
merging channel as ‘tidal mergers’.

Considering that the last star formation episode in the GC hap-
pened about 6 Myr ago, the merged binaries would still be in a
morphed extended phase, which may be observable as G2-like ob-
jects (Witzel et al. 2014; Sitarski, in preparation). We find that at
this time-scale nearly all merged systems would be direct mergers,
with only a few radial mergers just occurring from the most massive
stars. No tidal mergers would have occurred yet, as can be seen in
Fig. 4. As mentioned before, binaries are registered as mergers if
they crossed their Roche limit, and even direct mergers probably
represent at most grazing encounters and not head-on collisions.
The physical merging into a single star will occur after an extended
merging process that may last for a few Myr (for circular orbits, as
found using BSE). During the merging process, the two stars enter a
dusty red phase (e.g. Tylenda et al. 2011a,b, 2013; Nicholls et al.
2013), which may be identified as an IR excess source (e.g. Witzel
et al. 2014). Once the two stars have merged into one, the product
will readjust to form a stable star of the order of a Kelvin–Helmholtz
time-scale. This entire process gives enough time to observe a sys-
tem that began merging within the last 6 Myr as a G2-like object
today.

We postulate that all mergers will, in the short term, appear as G2-
like IR excess sources, but after they have settled down the newly
formed stars will look rejuvenated, younger than the other stars in
their population, due to their now enlarged mass and previous slower
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Figure 4. Time of mergers compared to main-sequence lifetimes. Plotted
are the times that any particular merger happened versus the masses of
the larger companion in the binary. The main-sequence lifetime for the
range of 1–100 M� is plotted in green, which allows us to compare if a
merger happened mostly due to EKL-induced large eccentricities or rather
due to radial expansion of the more massive companion at the end of its
main-sequence lifetime. Black crosses stand for mergers that were directly
registered by our simulation, while red dots stand for those registered tidally
locked systems that we expect to merge once inflation begins, based on
the binaries’ separation at tidal locking and expected radial size during
inflation. Blue dots represent mergers of not tidally locked systems that
were caused by the radial expansion of one of the binary companions due
to stellar evolution. Blue circles indicate binaries registered as mergers that
have crossed the MBH Roche limit during their evolution.

main-sequence evolution speed. If a star formation burst indeed took
place about 6 Myr ago, then we expect that the G2-like objects are
direct mergers still going through the merging process. However, our
results also suggest a possible connection between the young stellar
population and the merger products. The young stellar population
in the GC consists of fairly massive stars and could be a sample of
settled down mergers (e.g. Ghez et al. 2003). Specifically, the S-stars
may be consistent with the late mergers in our simulations, which
would indicate that a star formation period took place significantly
earlier than 6 Myr ago, as these binary mergers would have needed
time to settle down to their current state. Of course, it is possible that
several star formation episodes have occurred, which would then
allow G2-like objects to be formed from recent episodes, while older
episode mergers would appear rejuvenated today. We find that after
10 Gyr of evolution the direct mergers constitute about 35 per cent
of total merged population, while the radial mergers make up about
10 per cent and the tidal mergers about 55 per cent.

As an overview, merging binaries will either undergo direct merg-
ers or mergers due to stellar evolution (either radial mergers or tidal
mergers). This is depicted in Fig. 4, where the stellar evolution-
induced mergers are mostly located close to the end of the stellar
mass lifetime.

(iii) Evaporated binaries. Binary systems that never merged or
tidally locked are assumed to evaporate after their evaporation time
is reached and the simulation is halted. Stars that tidally locked, but
did not evolve and merge before the end of their newly calculated
evaporation time, are likewise assumed to evaporate. Furthermore,
systems that, at any point in their evolution, crossed the MBH
Roche limit due to changes of the inner binary eccentricity e1 (see
equation 2) are assumed to evaporate as well. Binaries that cross

the MBH Roche limit will generally become unbound, while those
in the double loss cone have a high chance of merging, as shown
by Mandel & Levin (2015, the double loss cone is defined as the
set of orbits around the MBH for which a binary is supposed to
become unbound, while the individual binary companions are also
supposed to be tidally disrupted). We have 104 of all 1570 calculated
systems, among them 18 merging systems, that cross the single
loss cone during their evolution. We therefore assume that those 18
systems evaporate instead of merge. This reduces the total number of
merged system only insignificantly, of the order of 4 per cent of total
mergers, or ∼1 per cent of all systems. None of our systems cross
the double loss cone, since our initial conditions already rejected
all systems that would bring the binary so close to the MBH. The
systems also cannot evolve to cross the double loss cone later, since
a2 does not change.

As depicted in Fig. 5, the fraction of binary stars declines over
time both due to merging and evaporating. Lu et al. (2013) found
that the last star formation episode in the inner parts of the GC took
place a few Myr ago (adopted here as 6 Myr ago). Considering
this time-scale, about 70 per cent of the initial binary fraction is still
expected to be present at the GC. Furthermore, we expect that about
13 per cent of the initial binary population has merged, and thus
may be detectable as G2-like objects. Therefore, we refer below to
all merged products after 6 Myr as G2-like candidates.

Interestingly, the different tidal assumptions are indistinguish-
able at the 6 Myr mark. Prior to that, the direct merger channel is
the only operating channel. The efficiency of this channel is then
reduced (see also Fig. 4), and the merger rate stalls. This leads to
an apparent plateau in the fraction of mergers at this time-scale.
A few tens of Myr later, the massive stars start to leave the main
sequence and inflate in size. Thus, the merger rate increases again
by allowing radial mergers to occur. As the tidal evolution equations
are highly sensitive to the stellar radius (e.g. Naoz 2016), the more
efficient tides tend to produce slightly more merged systems over
long times by forming more tidally locked and circularized systems
and enabling the tidal merger channel.

The binary population of the earliest star formation episode
roughly 10 Gyr ago has been completely depleted and the bina-
ries have either evaporated or have merged as depicted in Fig. 5.
The binary merger rate at late times is dominated by the main-
sequence lifetime of the more massive binary companion in the
tidally locked binaries. Since these binaries are hard, we assumed a
survival time of 10 Gyr, consistent with the estimated ionization rate
(see Appendix A). After this time, basically all of the hard binaries
have merged and all remaining soft binaries have evaporated, which
leads to the second plateau in the merger rate. About 29 per cent of
the initial binary population has merged after 10 Gyr. Thus, we
expect that the old stars will harbour little to no binary systems.
However, we expect that a significant fraction of this population
will be the result of merged systems and may seem younger in
comparison. A similar argument was raised for the blue straggler
population (Perets & Fabrycky 2009; Naoz & Fabrycky 2014).

As expected from the EKL mechanism, merged binaries are pref-
erentially found in systems with large mutual inclination (however,
a large range is allowed), and with a stronger octupole contribution
(estimated as ε), as seen in Fig. 6. The left-hand panel shows the
distribution of all systems and the merged systems in inclination–
epsilon space, while the right-hand panel shows the Gaussian kernel
density estimate (KDE) of the merger distribution. The KDE can
be understood as a smoothed 2D density distribution (a smoothed
histogram of mergers per area in the plot’s space), assuming an

MNRAS 460, 3494–3504 (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/460/4/3494/2609116 by guest on 17 M
ay 2020

53



3500 A. P. Stephan et al.

Figure 5. Binary, evaporated and merger fractions over time. Plotted are the fractions of binaries, evaporated binaries and merged binaries as a function of
time. The solid, coloured lines show the results for the (normal) inefficient tide model, while the dashed lines show the results for the efficient tide model.
Note that the only significant difference between those two models is in the long-term expected total fraction of mergers due to the larger probability for the
formation of tidally locked systems. In the short to medium term, the results are virtually identical. The black vertical line marks the age of the young stellar
population in the GC, determined to be 6 Myr by Lu et al. (2013). Note that the distributions of binaries and evaporated binaries of the two models begin to
diverge only for stellar populations older than that, with fewer evaporated binaries in the efficient tide case. Thus, the tidal model is not of dominant importance
in order to predict the fractions of mergers and binaries for the young stellar population. The different tidal strengths are mostly just influencing the formation
of tidally locked systems, which can become merger products at later times.

Figure 6. Merger distribution and Gaussian kernel density estimate (KDE)
of the mergers as a function of inclination and epsilon. Plotted in the left-
hand panel is the distribution of all systems (in grey) versus the distribution
of mergers (direct in black, radial in blue, tidal in red), and plotted in
the right-hand panel is the Gaussian KDE, or the smoothed density of
all mergers in inclination–epsilon space, assuming an intrinsic Gaussian
distribution. The colour bar shows the density, while the contours enclose
certain density levels (see labels). While we do not expect the intrinsic
distribution of mergers to be truly Gaussian, the KDE helps to highlight the
strong concentration of mergers towards 90◦ inclination and high epsilon
values due to direct mergers [for the definition of epsilon, see equation (1)].

underlying Gaussian distribution. It highlights the strong concen-
tration of mergers at high epsilon values and towards 90◦ inclination.

We note that the binary inclination with respect to the MBH is
sensitive to the VRR time-scale, which will alter the outer orbit
angular momentum orientation. This cannot really decrease our
merger rate as the direct mergers take place on much shorter time-
scales than the VRR effects. Furthermore, tidally locked systems are
decoupled from the tertiary and are thus insensitive to the outer orbit
orientation. Finally, the radial mergers may be marginally effected;
however, VRR will refill the EKL high inclination parameter space
and can thus re-trigger eccentricity excitations.

The binary orbital configuration around the MBH (referred to
here as the outer orbit) sets limits to the different outcomes of the
inner orbit, and thus a promising observable is the outer orbit’s pe-
riod distribution. As shown in Fig. 6, the merger outcome is very
sensitive to ε and thus to the eccentricity and the outer orbit sep-
aration a2. We note that the outer orbit separation from the MBH,
a2, does not change during the evolution, as a consequence of the
secular approximation. The outer orbit eccentricity does not change
because the outer orbit carries most of the angular momentum in the
system, and thus the changes on to e2 are insignificant compared to
the angular momentum variation of the inner orbit. The e2 distribu-
tion of all merged systems is shown in Fig. 7. G2-like candidates,
i.e. those binaries that merged in the last 6 Myr, are preferentially
on eccentric orbits, with a long tail down to e2 ∼ 0.1. As time goes
by, stellar evolution merger products become an important compo-
nent of the overall merger population and allow for smaller values
in the e2 distribution. However, highly eccentric outer orbits are
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Figure 7. Merger likelihood as a function of eccentricity. Plotted are the
fractions of merged systems as a function of the initial binary’s orbital ec-
centricity around the MBH, shown after 6 Myr (cyan curve) and 10 Gyr
(magenta curve). Note that the curves are normalized with the initial e2

distribution after rejection (see Fig. 2), thus showing the merger fraction
for a flat e2 distribution. Both curves show a clear preference for higher ec-
centricities for mergers to form, which makes intuitively sense since larger
eccentricities around the MBH induce stronger EKL interactions. At late
times, however, low eccentricities can also yield a significant merger frac-
tion. This can be explained with tidal effects and the evaporation time. These
low-eccentricity systems had a higher long-term stability against evapora-
tion and their weaker EKL oscillations allowed the systems to become tidally
captured instead of directly merging.

still preferred for forming mergers. This is due to the stronger EKL
oscillations for eccentric outer orbits that enhance the formation of
tidally locked systems.

Another potential observable is the separation of merger products
and binaries from the MBH. Again, we expect a strong transition
between the two time-scales considered throughout the paper. As
can be seen in the top panel of Fig. 8, G2-like candidates have a long
tail distribution with a preference to close separations. After 10 Gyr,
the population of merger products is more uniformly distributed as
a function of a2, with a continued slight preference for smaller a2

values (bottom panel).
Finally, we consider the validity of our secular approach in light of

the extremely dense nature of the GC. The double averaging method
applied here will break when the value of the inner orbit angular
momentum goes to zero (i.e. extreme inner orbit eccentricity) on
shorter time-scale than the inner orbital period (e.g. Ivanov, Polnarev
& Saha 2005; Katz & Dong 2012; Antognini et al. 2014; Antonini,
Murray & Mikkola 2014; Bode & Wegg 2014; Luo, Katz & Dong
2016). To test the validity of our method, we use the criterion
described by Katz & Dong (2012) and Antonini et al. (2014, for the
inner orbit), i.e.

√
1 − e1 � 15/2√

2
π

mMBH

mbinary

[
a1

a2(1 − e2)

]3

. (6)

If this criterion is fulfilled, the secular approach will underesti-
mate the strength of the dynamical evolution; however, only about
10 per cent of merged system and 10 per cent of all unmerged sys-
tems enter this regime during their EKL evolution. In most cases,
the expected consequences of violating the double averaging pro-
cess, either for the inner or the outer orbit, are higher eccentricity
excitations, which may also take place on slightly different time-
scales. We conclude that we may be underestimating the rate of

Figure 8. Binary, evaporated and merger fractions versus a2. Plotted are the
fraction of binaries, evaporated binaries and merged binaries as a function
of a2, the semi-major axis of the binary’s orbit around the MBH. Shown
are the distributions at two timesteps, 6 Myr (upper panel) and 10 Gyr
(lower panel). Note that the distributions of mergers and evaporated binaries
show a preference for smaller a2 after 6 Myr and a lack of mergers at
the largest a2 values, but this preference is strongly reduced after 10 Gyr.
This makes intuitively sense since the binaries with smaller a2 values will
undergo stronger EKL evolution; thus, they will merge faster and tidally
lock faster, while they are also more likely to be evaporated due to a higher
likelihood of scattering events. Binaries further away live longer, undergo
weaker EKL oscillations and have more time to become tidally locked,
which increases the merger fraction at large a2 values once the binary leaves
the main sequence. After 10 Gyr, all stars in our sample have been either
evaporated or have undergone post-main-sequence stellar evolution, so there
will be no binaries of the original population left after this time.

direct mergers and therefore also the total fraction of merged sys-
tems. The time-scales for these mergers are of the order of a few to
tens of quadrupole time-scales, roughly 105 yr.

4 D I SCUSSI ON

We have studied the secular evolution of binary stellar systems in
the GC while considering the octupole level of approximation for
the hierarchical three-body problem. We include GR, tidal effects
and post-main-sequence stellar evolution. The latter includes mass-
loss, inflation of stellar radii and magnetic braking for both stars.
We predict a population of merged products that should exist in the
GC.

We identify three distinct formation channels for merged sys-
tems. As a system evolves, the EKL mechanism can cause large-
eccentricity excitations for the inner orbit. If the eccentricity
excitation happens on a relatively short time-scale compared to
the short-range forces such as tides or GR, the binary members
may cross each other’s Roche limits (see the left-hand panels of
Fig. 3); we refer to this channel as direct mergers. On the other
hand, during close pericentre passages when tides are important,
the orbital energy is dissipated and the orbit circularizes while the
separation shrinks. In this case, as the radius of the more massive
star starts to expand as it exits the main sequence, it overflows its
Roche lobe and the system merges (see the right-hand panels of
Fig. 3). We refer to this channel as tidal mergers. Even binaries that
neither undergo strong eccentricity excitations nor become tidally
locked can become mergers due to radial expansion of the more
massive binary member, if the periapsis distance is smaller than the
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expanded star’s new Roche limit (see the central panels of Fig. 3).
We refer to this channel as radial mergers.

Direct mergers happen only early in the systems’ evolution, up to
the first few Myr after formation.7 After roughly 6 Myr of evolution,
13 per cent of all our binaries will have merged as direct mergers
(see Figs 4 and 5). The merger rate then stalls and the evolution of
the remaining binaries can continue on one of three possible routes:
(1) they can either evaporate without any further interesting interac-
tions; (2) they can continue to undergo small-amplitude eccentricity
and inclination oscillations for a significant amount of time; or (3)
they can undergo strong tidal interactions which circularize and
shrink their inner orbits. After a few Myr, as the massive stars start
to expand in radius due post-main-sequence evolution, the merger
rate begins to increase again as the surviving binaries become ra-
dial or tidal mergers. The total number of mergers increases over the
next few Gyr until the fraction of available binaries goes to zero due
to evaporation and mergers (see the plateau in Fig. 5 for times >109

yr). At this stage, the total merger fraction is around 29 per cent,
35 per cent of which are direct mergers from the first few Myr of
evolution, 10 per cent of which are radial and 55 per cent are tidal
mergers.

However, for these merger fractions, we assumed a minimum
survival time of 10 Gyr for hard binaries, which gave many tidally
locked binaries time to evolve past the main sequence and allowed
them to merge during expansion. If we instead ignore the formation
of hard binaries and continue to treat their evaporation time as
we have for soft binaries, the total merger fraction is reduced to
approximately 18 per cent since most tidally locked binaries would
evaporate before they expand. See Appendix A for a justification of
using the longer survival time, which yields more mergers.

If a star formation episode took place about 6 Myr ago, we
suggest that the direct merger population are G2-like candidates. As
the overall evolution of these merged products is still unclear, we
can only speculate, based on observations of dusty binary mergers
(e.g. Tylenda et al. 2011a,b, 2013; Nicholls et al. 2013) and the
current state of common-envelope evolution theory (see for review
Ivanova et al. 2013), that they will harbour extended gas and dust
envelopes, which match G2 observations. Radial mergers would
occur after ∼10 Myr until ∼200 Myr after star formation as the
most massive stars begin to evolve past the main sequence and
expand radially. This does not work for lower mass star binaries as
these will evaporate before stellar evolution can occur. However,
mergers can occur for smaller mass stars whose orbits have been
tidally shrunken and circularized, extending their lifetime against
evaporation. These tidal mergers begin to occur after a few tens
of Myr until a few Gyr after star formation. There is considerable
overlap in the occurrence times for radial and tidal mergers around
the 100 Myr time mark, due to competing time-scales for the onset
of stellar evolution and tidal circularization of the inner orbit for
stellar masses between 3 and 10 M�. Assuming that the earliest
star formation episode occurred 10 Gyr ago, all of these old stellar
binaries will have evaporated or merged by now. These merger
products would have had time to cool down and relax and may look
like young stars compared to the surrounding stars (e.g. Antonini

7 Note that VRR is neglected in this calculation since direct mergers take
place before VRR can have an effect. Furthermore, VRR acts to refill the
high inclination parameter space that can lead to strong EKL evolution. By
ignoring VRR effects, we are effectively underestimating the direct merger
rate, which makes our results a conservative estimate.

et al. 2011, similar arguments were done for blue stragglers by
Perets & Fabrycky 2009; Naoz & Fabrycky 2014).

Thus, we distinguish between the early merger population and
the late population. These populations also show somewhat different
orbital element distribution (see Figs 7 and 8). Early, direct mergers
show a slight preference for small separations and high orbital ec-
centricities around the MBH, which is less profound for late (radial
and tidal) mergers. This is consistent with the EKL mechanism for
which closer eccentric binary orbit around the MBH may result in
larger eccentricity excitations. However, for radial and tidal merg-
ers, the dominating factor is the survival time of a system against
evaporation, which is longer for larger semi-major axis values and
smaller eccentricities.

We also find that the efficiency of tides has a negligible effect on
the results. This is because the direct mergers are independent of
the tides, and the radial and tidal mergers are more sensitive to the
post-main-sequence radial expansion.

We conclude that there is a possible connection between the bi-
nary mergers described in this work and the formation of millisec-
ond pulsars (MSPs). Macquart & Kanekar (2015) have recently
pointed out that the GC could harbour a relative overabundance of
MSPs, although they argued that this would be due to the dense na-
ture of the GC stellar environment. Binary mergers, however, could
naturally produce such rapidly spinning pulsars due to the need of
conserving the binaries’ orbital angular momentum.

We note that we do not speculate here on how the binaries arrived
at their separations from the MBH. Instead, we pose a simpler
question of what will be the resulting dynamical evolution of a
binary at a given distance from the MBH. It is unclear if these
binaries could have formed there as the gravitational and tidal forces
should prevent the formation of stars so close to the MBH (see, for
example, Allen & Sanders 1986; Morris 1993; Ghez et al. 2003;
Alexander 2005; Genzel, Eisenhauer & Gillessen 2010). However,
Levin & Beloborodov (2003) have claimed that in situ star formation
close to the MBH would be possible in a dense gaseous disc (see
Amaro-Seoane & Chen 2014; Chen & Amaro-Seoane 2014, for
similar ideas). That disc could have existed around the MBH in
the past, formed either through gradual accumulation of infalling
gas or tidal disruption of an infalling molecular cloud. However, it
has been suggested that the presence of such a gaseous disc could
lead to efficient merging of binaries, see Bartos et al. (2016). If the
binaries arrived at their location via two-body relaxation processes
(see Antonini & Perets 2012), then the precession due to this process
should also be taken into account.

The merger products formed through these mechanisms can un-
dergo very interesting and potentially wildly differing further evo-
lution. The direct merger scenario can lead to very violent mergers
through collisions or grazing of the stars’ outer envelope. Radial
mergers will lead to Roche lobe overflow with a comparatively
wide, moderately eccentric stellar orbit, while tidal mergers will
lead to common-envelope evolution of circularly and tightly orbit-
ing stars. All these mechanisms will lead to highly complex and
interesting mass-transfer and post-main-sequence evolutions. Re-
gardless of the details of the processes mentioned above, these
merger products represent a new and interesting class of objects
that should be present in the GC.
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A P P E N D I X A : B I NA RY E VA P O R AT I O N
TI ME-SCALE

We closely follow the work done by Binney & Tremaine (1987) for
the evaporation time-scales of binaries at the GC, but allow different
masses for the binary companions and interacting stars.
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The dynamical behaviour of binaries in stellar groups and clusters
can be generalized into two separate cases, i.e. soft and hard binaries.
Given a binary with average orbital energy

Ẽ = −Gm1m2

2a1
(A1)

that travels through a cluster with velocity dispersion σ , the binary
is soft if the energy of its centre-of-mass motion relative to the
cluster is larger than Ẽ, i.e.

2|Ẽ|
(m1 + m2)σ 2

< 1. (A2)

In general, soft binaries become softer through their interactions
with other cluster stars until they evaporate, while hard binaries
become harder until they merge or other forces become domi-
nant (see, for example, Heggie 1975; Hut 1983; Hut & Bahcall
1983; Heggie et al. 1996). But, as has been pointed out by Hop-
man (2009), it is not obvious that this general rule holds true close
to an MBH due to the more violent nature of the environment
and the tidal influence of the MBH. However, binaries in the GC
need to have extremely small inner orbital separations to qual-
ify as hard binaries, of the order of ∼0.1 AU or less. At these
separations, the stars will feel tidal forces from their binary com-
panions which can help to stabilize the systems against external
influences.

The softness condition is usually strongly satisfied by the GC.
Assuming a velocity dispersion of σ = 280 km s−1√0.1 pc/a2

(Kocsis & Tremaine 2011), the ratio of the energies is small for
nearly all systems under consideration (smaller than ∼0.2 even for
two 100 M� binary companions on an a1 ∼ 1 AU orbit with an
MBH semi-major axis of a2 ∼ 0.1 pc, assuming an average cluster
star mass of 1 M�). This means that the GC binaries will be-
come wider over time through encounters with other stars in the
cluster.

The widening or ‘softening’ of soft binaries works through close
encounters of field or cluster stars with one of the binary compan-
ions. Since the velocity dispersion is high compared to the orbital
velocity of the binary companions, such an encounter will have a
much stronger influence on the companion closer to the passing
third star than on the farther companion. The change of internal
energy can be written as

�Ẽ = 1

2
μ�(V 2) = μ(�v1(v1 − v2) + 1

2
(�v1)2) (A3)

with μ = m1m2
m1+m2

and the v vectors describing the velocities of the
binary companions. Following the derivation of Binney & Tremaine
(1987), but allowing for different binary companion masses m1 and

m2 and cluster star masses m3, we derive an energy diffusion rate
of

〈D(�Ẽ)〉 = 16

√
π

3

G2ρ ln 


σ

m1m2m3

m1 + m2
(A4)

with a stellar mass density in the cluster of ρ = 1.35 ×
106 M� pc−3(a2/0.25˜pc)−1.3 (see Genzel et al. 2010), and ln 


being the Coulomb logarithm with 
 = 15.
Combining equations (A1) and (A4), we can now find the ex-

pected lifetime of soft binaries in the GC, their evaporation time:

tEV =
√

3σ

32
√
πGρa1 ln 


m1 + m2

m3
. (A5)

This solution is equivalent to the result in Binney & Tremaine
(1987) except for the last factor that includes the masses of the
binary companions (m1 and m2) and of the average cluster star
(m3, assumed to be ∼1 M�; see also Hopman 2009). This result
immediately shows that massive binaries have a longer expected
lifetime than binaries that are assumed to be comparable to the
cluster stars. Considering the stellar IMF referred to in Section 2, the
lifetime could therefore be longer by up to two orders of magnitude,
a significant difference for our simulations as this allows stellar
evolution to become relevant. Furthermore, reducing a1 through
tidal interactions will also increase the evaporation time, giving
tidally evolved and locked systems more time to reach post-main-
sequence evolution.

While the conditions of the GC strongly favour binaries to be
soft, we do observe that some binaries can become hard over time
due to tidal energy dissipation and shrinking of their inner orbits. If
the radial separation becomes so small that a binary qualifies as a
hard binary, we generally assume that the binary survives for at least
10 Gyr. As pointed out above, hard binaries will in general become
harder through encounters with other stars, not softer. However,
they can be ionized by single strong encounters, with an ionization
probability per unit time of

B(Ẽ) = 8
√
πG2 m3ρσ

33/2|Ẽ|2
(

1 + mσ 2

5|Ẽ|

)−1
[

1 + exp

(
|Ẽ|
mσ 2

)]−1

.

(A6)

Equation (A6) is taken from Binney & Tremaine (1987) for an exam-
ple of a binary with equal masses encountering another equal-mass
star. This probability becomes very small (of the order of ∼10−10 per
year or smaller) for the hard binaries in our sample, thus justifying
our choice of a 10 Gyr survival time.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Abstract

The Galactic center is dominated by the gravity of a super-massive black hole (SMBH), Sagittarius A*, and is
suspected to contain a sizable population of binary stars. Such binaries form hierarchical triples with the SMBH,
undergoing Eccentric Kozai–Lidov (EKL) evolution, which can lead to high-eccentricity excitations for the binary
companions’ mutual orbit. This effect can lead to stellar collisions or Roche-lobe crossings, as well as orbital
shrinking due to tidal dissipation. In this work we investigate the dynamical and stellar evolution of such binary
systems, especially with regards to the binaries’ post-main-sequence evolution. We find that the majority of
binaries (∼75%) is eventually separated into single stars, while the remaining binaries (∼25%) undergo phases of
common-envelope evolution and/or stellar mergers. These objects can produce a number of different exotic
outcomes, including rejuvenated stars, G2-like infrared-excess objects, stripped giant stars, Type Ia supernovae
(SNe), cataclysmic variables, symbiotic binaries, or compact object binaries. We estimate that, within a sphere of
250Mpc radius, about 7.5–15 SNe Ia per year should occur in galactic nuclei due to this mechanism, potentially
detectable by the Zwicky Transient Facility and ASAS-SN. Likewise, we estimate that, within a sphere of 1 Gpc3

volume, about 10–20 compact object binaries form per year that could become gravitational wave sources. Based
on results of EKL-driven compact object binary mergers in galactic nuclei by Hoang et al., this compact object
binary formation rate translates to about 15–30 events per year that are detectable by Advanced LIGO.

Key words: binaries: general – Galaxy: center – novae, cataclysmic variables – stars: black holes – stars: evolution
– stars: kinematics and dynamics

1. Introduction

The Galactic center (GC) contains the closest known super-
massive black hole (SMBH), Sagittarius A*, which dominates
the gravitational dynamics of its environment due to its large
mass of about 4×106Me (e.g., Ghez et al. 2005; Gillessen
et al. 2009). Thus, the environment of the GC has served as a
“laboratory” to test the nature of gravity, stellar cluster
dynamics, and general relativity (GR) over the last decades
(e.g., Ghez et al. 2003, 2005; Alexander 2005; Hopman &
Alexander 2006; Gillessen et al. 2009, 2012; Hopman 2009;
Alexander & Pfuhl 2014; Hees et al. 2017; Chu et al. 2018).
The gravitational influence of the SMBH is suspected to cause
a number of interesting astrophysical phenomena, such as
hypervelocity stars (e.g., Ginsburg & Loeb 2007) and stellar
binary mergers (e.g., Antonini et al. 2010, 2011; Prodan et al.
2015; Stephan et al. 2016). Furthermore, there appears to be a
large number of X-ray sources associated with the GC,
sometimes interpreted to indicate a large number of X-ray
binaries, stellar-mass black hole–star binary pairs, where the
black hole accretes material from its companion, emitting
X-ray radiation (e.g., Muno et al. 2005; Cheng et al. 2018; Zhu
et al. 2018). Muno et al. (2006, 2009) and Heinke et al. (2008),
however, suggested that many of the observed GC X-ray
sources are actually cataclysmic variables (CVs), consisting of
white dwarf (WD)–main-sequence star binary pairs.

Any binary that orbits the GC’s SMBH will feel gravitational
perturbations on the binary’s orbit by the SMBH. These
perturbations can lead to chaotic orbital eccentricity and
inclination excitations, the so-called Eccentric Kozai–Lidov
(EKL) mechanism (see, for a review, Naoz 2016). This effect
can cause binary stars in the GC to merge (e.g., Antonini et al.
2010, 2011; Antonini & Perets 2012; Witzel et al. 2014, 2017;
Prodan et al. 2015; Stephan et al. 2016; Fragione 2019), which
has been used to explain extended infrared-excess objects such
as G2 (e.g., Gillessen et al. 2012). However, the exact nature of
these merger-candidate events is not always the same. While
some binary stars might just collide or have grazing encounters
due to the induced large eccentricities, others might first
undergo orbit shrinking and circularization due to tidal
dissipation, and might not begin merging until the stars begin
to expand due to stellar evolution (Stephan et al. 2016). The
shrinking of the orbit can furthermore “harden” the orbit and
make it long-term stable against scattering interactions with
other stars in the GC (compare also with Trani et al. 2019),
allowing the binary companions to remain coupled long
enough for the stars to leave the main sequence and become
red giants.
In this work, we investigate the possible outcomes of post-

main-sequence binary star evolution in the GC, taking into
consideration the effects of EKL, tides, GR, and interactions
with the GC’s stellar cluster. Most of these stars end their
regular lives as WDs (M*,ini8Me), as these constitute the
bulk of the stellar population (e.g., Salpeter 1955), and which
could serve as progenitors of Type Ia supernovae (SNe).
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Furthermore, we also consider progenitors of stellar-mass black
holes and neutron stars.

2. Numerical Setup

In Stephan et al. (2016), we executed a large Monte Carlo
simulation of binary stars in the inner 0.1pc around the GC’s
SMBH that explored the dynamical evolution of the binaries
until they either merged, tidally locked, or separated. In this
work, we expand on these earlier simulations and use the same
system parameters for our new Monte Carlo runs: the primary
stellar mass was chosen from a Salpeter distribution with
α=2.35 (Salpeter 1955), with the masses limited between 1
and 150Me, the mass ratio to the secondary was taken from
Duquennoy & Mayor (1991), and the mass of the SMBH was
set to 4×106Me (e.g., Ghez et al. 2005; Gillessen et al.
2009). The inner binary semimajor axis distribution was also
taken from Duquennoy & Mayor (1991), while the outer binary
semimajor axis was initially drawn uniformly between about
700au and 0.1pc. The inner limit corresponds approximately
to the orbit of the star S0-2 (Ghez et al. 2005), while for most
orbits beyond 0.1pc the effects of vector resonant relaxation
become nonnegligible (e.g., Hamers et al. 2018). This is also
shown in Figure 1, where we show several important
dynamical timescales for the GC. The inner binary orbit
eccentricity was drawn uniformly between 0 and 1 (Raghavan
et al. 2010), while the outer one was taken as thermal
(Jeans 1919). The angle between the inner and outer angular
momenta was drawn isotropically. These systems were then
tested for orbital stability, requiring that

a

a

e

e1
, 11

2

2

2
2

 =
-

( )

where a1 (a2) is the inner (outer) orbit semimajor axis, and e2 is
the outer orbit eccentricity. Further analytic stability criteria
had to be fulfilled, ensuring that the binaries do not cross the

SMBH’s tidal radius (see Naoz et al. 2016; Stephan et al. 2016,
for a complete list of conditions). In total, we had 5203 stable
systems, 1570 from Stephan et al. (2016) and 3633 additional
ones, to provide better statistical significance. The distribution
of semimajor axis and eccentricity values after application of
the stability criteria for the new simulations are equivalent to
the old ones shown by Stephan et al. (2016), Figure 2.
The systems were then evolved including effects from EKL,

GR, tides (e.g., Naoz et al. 2016, for the complete set of
equations), and stellar evolution, following the single-star
stellar evolution code SSE by Hurley et al. (2000).8 The time it
takes on average for binaries to be separated by interactions
with other stars in the GC, (called the “evaporation timescale”)
served as the time limit for our calculations. However, if tidal
effects are able to shrink the inner orbital distance of a binary,
its expected survival time increases, as it becomes more stable
against such scattering events (for equations, see Binney &
Tremaine 1987; Stephan et al. 2016). Scattering events can also
lead to exchanges of stars in the binaries with other objects
orbiting the GC (e.g., Trani et al. 2019); while this can have
interesting implications for further secular binary evolution, the
encounter and exchange rate for tidally shrunken binaries is
rather low and does not substantially influence our results.
Furthermore, short-period binaries do not feel strong EKL
effects, as GR and tidal effects suppress the gravitational
perturbations by the SMBH. This leads to the formation of a
large population of long-lived short-period binaries, as
described by Stephan et al. (2016) and in the present work.
High-eccentricity mergers induced by EKL occur very early

in the binaries’ lifetimes (as shown by Stephan et al. 2016).
Radial mergers are caused by the radial expansion of one star in
the binary and do not necessarily require EKL-induced
eccentricity or tidal orbital shrinking (though either effect
facilitates the occurrence of such mergers), and therefore occur
somewhat later, when the most massive stars begin to evolve
past the main-sequence. Tidal mergers are binaries that become
short-period binaries due to the interplay of EKL-induced high
eccentricities and tidal orbital shrinking, destined to merge
during post-main-sequence stellar evolution due to stellar
expansion, after hundreds of megayears or even several
gigayears. Tidal mergers were the dominant merging mech-
anism described by Stephan et al. (2016), producing 56%of
mergers, compared to 33%of mergers through EKL during the
main-sequence, and 11%of mergers due to radial expansion of
evolved, massive stars.
We use the merging binary systems from our simulations as

the basis for this work. We take the orbital parameters of these
binaries at the moment when they either crossed the Roche lobe
or became tidally locked short-period binaries and determine
their further binary star evolution using the binary stellar
evolution code BSE (Hurley et al. 2002). In particular, we use
the BSE version distributed with the COSMIC binary popula-
tion synthesis suite.
Several updates have been made to the BSE version used in

COSMIC. Metallicity-dependent wind prescriptions for high-
mass stars have been implemented following Vink et al.
(2001), Vink & de Koter (2005), and Belczynski et al. (2010).
Prescriptions for compact object formation and natal kicks have

Figure 1. Timescales of physical effects in the GC. The figure shows the
timescales for several physical effects acting on binaries in the GC as a function
of outer orbital distance from the SMBH, such as GR (magenta), vector
resonant relaxation (red), evaporation (dark gray), and the timescales for the
quadrupole (blue) and octupole (green) levels of the EKL mechanism. The
filled areas show the strengths of these effects for a range of possible binary
parameters, ranging in combined binary mass from 2to 10Me and in binary
semimajor axis from 1to 10au. The black lines show the inner and outer limits
of semimajor axis (SMA) values around the SMBH used in this work, from
∼700au to 0.1pc.

8 It has been shown that stellar evolution can have significant effects on the
dynamical evolution in many astrophysical settings involving the EKL
mechanism (e.g., Shappee & Thompson 2013; Stephan et al. 2016, 2017,
2018; Petrovich & Muñoz 2017).
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also been updated following Fryer & Kalogera (2001), Fryer
et al. (2012), and, for electron-capture SNe for neutron stars,
following Kiel et al. (2008). We used the default parameters for
BSE except in the case of the updated prescriptions detailed
above. In particular, we assume the “rapid” model from Fryer
et al. (2012) for compact object formation and that natal kicks
are drawn from a Maxwellian distribution with σ=265 km s−1

(Hobbs et al. 2005), with BH natal kicks being modified due to
the amount of mass that falls back onto the proto-BH during
formation. Finally, we note that our treatment for the common
envelope follows the standard αλ formalism and default
BSE values, with α=1.0 and λ determined by the stellar
properties at the time just prior to the common envelope (Claeys
et al. 2014).

BSE keeps track of the stars’ evolutionary phases and,
furthermore, indicates when and if binary stars merge and what
type of object would be the outcome of such mergers. Double
WD mergers would be candidates for SNe Ia, if their combined
mass is large enough, while WD-red giant and WD-main-
sequence mergers are candidates for symbiotic binaries (SBs)
and CVs, as the WD would easily be able to accrete material
from the companion star’s envelope. Mergers involving helium
stars, red giant stars, and main-sequence stars are probably
candidates for G2-like objects, stars shrouded by a gaseous
dust-rich cloud for a few megayears after merging had occurred
(Witzel et al. 2014, 2017; Stephan et al. 2016). Helium stars
themselves are examples of “stripped giants,” which have been
speculated to exist in the GC (Ghez et al. 2008).

We note that while we use BSE to perform the calculations
for merger candidates’ further stellar evolution, even for
eccentric binaries, there are some limitations with this treatment
(Sepinsky et al. 2007a, 2007b, 2010). However, BSE does
include effects like SN kicks for neutron stars and provides
results massively faster than full stellar hydrodynamic models.
These are important advantages that allow us to advance
this work.

3. Results and Discussion

Here we go into greater detail about the different types of
outcomes and their implications for the binary population in
the GC.

3.1. Dynamical Evolution Outcomes

We summarize the dynamical evolution outcomes before
including binary evolution calculations below.

1. Unbound Binaries: 75% of the initial binary population is
separated by interactions with other stars in the GC into
single stars before the binary members can interact in a
meaningful way. This unbinding (evaporation) of binaries
begins after a few megayears of dynamical evolution and
is mostly finished after a few hundred megayears(∼25%
of binaries have separated after about 6 Myr). After that
point, any binary that has not separated has either merged
or has a tidally shrunken orbit that is long-term stable
against separation.

2. EKL Mergers: 10% of binaries merge due to high
eccentricities induced by EKL-oscillations. The binaries
merge early, within the first few megayears of their
dynamical evolution.

3. Radial Mergers: 2% of binaries merge simply due to
radial expansion of one of their members during the red
giant phase. These systems generally include very
massive stars that evolve rapidly, within the first few
megayears of evolution.

4. Tidally Locked: 13% of binaries have tightened and
circularized their orbits due to the interplay of EKL and
tides to such a degree that they are long-term stable
against separation. These systems must reach this tidally
locked state within only a few megayears after formation
to escape evaporation. Their subsequent fate then
depends on the stellar masses and orbital separation.

3.2. Binary Evolution Outcomes

The different outcomes of binary evolution are essential to
understand the census of binaries in galactic nuclei. The
outcomes were determined using BSE, as applied to EKL and
radial mergers as well as the tidally locked binaries described
above. We refer to these systems as “merger candidates.” BSE
evolves these systems while keeping track of common-
envelope phases, Roche lobe overflow phases, mergers, kicks,
and possible separation. Sometimes this will result in the
formation of very tight compact object binaries instead of true
mergers (e.g., Taam & Ricker 2010), though, it can usually be
expected that such systems merge eventually either through
gravitational wave emission or further gravitational perturba-
tions by the SMBH. In general, the results can be divided into
three groups, based on the evolutionary state of the stars when
they merge:9

1. Main-sequence or Red Giant Mergers: 85.4% of merger
candidates eventually merge as some combination of
main-sequence, red giant, and/or helium (stripped giant)
stars. We extrapolate from current observations of binary

Figure 2. Types of mergers as a function of time. The plot shows a histogram
of the times the main types of mergers occur. Mergers of two main-sequence
stars are shown in blue, mergers involving at least one red giant star (and no
WD or other compact object) are shown in red, and mergers involving at least
one WD are shown in green. The peak of main-sequence binary mergers in the
first megayear of evolution is due to EKL-driven high-eccentricity collisions,
while the continued merging of RG and WD systems over several gigayears is
due to tidally shrunken and circularized binaries. Mergers that involve at least
one BH or NS constitute about 1% of the systems and are not depicted here to
avoid clutter.

9 Merged stars undergo a much more violent evolution, where it can be
expected that a lot of material is ejected and forms an extended envelope. Thus,
while the Kelvin–Helmholtz timescale of a new star is on the order of a few 105

years, an extended envelope may still be engulfing it.
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Figure 3. Flowchart of binary evolution outcomes. The diagram shows the outcomes of binary evolution in the inner 0.1pc of the GC. Dynamical effects such as
scattering with other stars separate 75% of all binaries into independent singles before they can interact with each other. 10% of binaries will collide or have grazing
encounters due to EKL-induced high eccentricities. 2% will merge simply due to radial expansion of one of the binary members due to stellar evolution. 13% of
binaries will tidally shrink their orbits and become decoupled from gravitational perturbations by the SMBH. We determined the further evolution of these binary pairs
and their evolutionary phases during merging using BSE. The different possible outcomes are shown in the figure. Generally, the most likely combinations for merging
binaries are pairs of main-sequence stars, main-sequence and red giant stars, pairs of red giant stars, and white dwarfs with evolved stellar companions. There is also a
sizable population of binaries that were separated due to neutron star kicks, producing single neutron stars orbiting the SMBH, as well as a small population of binaries
containing black holes or neutron stars that can become gravitational wave sources and might have been X-ray sources at some point, marked by the green box (see
Bortolas et al. 2017; Hoang et al. 2018). Mergers involving white dwarfs are candidates for SBs, CVs, and SNe Ia (purple box), while mergers involving red giants,
stripped giants, or main-sequence stars are candidates for G2-like objects or progenitors of rejuvenated stars (red boxes; e.g., Witzel et al. 2014, 2017; Stephan
et al. 2016).
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star mergers (e.g., Tylenda et al. 2011a, 2011b, 2013;
Nicholls et al. 2013; Kamiński et al. 2018) that the
forming objects will be shrouded by extended gas and
dust clouds for an extended period of time. These mergers
are therefore candidates for explaining the sizable
population of observed G2-like objects (A. Ciurlo et al.
2019, in preparation). We show the occurrence rate of
these mergers, split into mergers only involving main-
sequence stars and mergers involving red giants, as the
blue and red, respectively, histograms in Figure 2. Note
that main-sequence star-only mergers tend to occur early,
especially due to EKL-driven high-eccentricity mergers.

The resulting merger product may appear as a
rejuvenated star, as it is now a more massive star that has
burned less fuel than equally massive stars that evolved
as singles. Such stars are also known as blue stragglers in
open clusters (e.g., Perets & Fabrycky 2009; Geller et al.
2011; Naoz & Fabrycky 2014). The difference in
measured age versus the actual age of the star could be
substantial, but is highly dependent on the types of stars
and their evolutionary state at the moment of merging, as
well as the details of the merging process. According to
the results given by BSE, the new star could appear
younger by several gigayears, or just a few megayears,
depending on the exact circumstances. Exploring the
exact stellar evolution processes that determine the
degree of rejuvenation, however, goes beyond the scope
of this work. Regarding mergers involving red giants and
helium stars, previous studies suggest that the resulting
products can be carbon stars or even R Coronae Borealis
(R CrB) variables (e.g., Iben et al. 1996; Izzard et al.
2007; Zhang & Jeffery 2013).

We note here that a small fraction of binaries can
produce Type Ia-like SNe during their red giant
evolution. These are mostly similar-mass stellar pairs
on very short orbits (∼1 day). When these binaries evolve
into red giants, they form helium cores that can
eventually collide as the stars enter common-envelope
evolution and coalesce into a single object. As they
collide, some of these helium cores are able to ignite and
explode the stars without leaving a remnant behind.
While this is very similar to an SN Ia, the cores’
combined mass is generally very low (0.5Me),
probably producing somewhat less energy than a typical
SN Ia (∼1050–1051 erg; for a review of types of SNe and
their luminosities, see Kasliwal 2012); such events might
therefore be more difficult to identify and characterize
correctly when occurring in the crowded environment of
galactic nuclei. However, the combination of tidal effects
and EKL with an SMBH serves to strongly enhance the
formation of such short-period binaries. According to
BSE, about 1% of the entire GC stellar binary population
lead to such low-energy SNe.

2. White Dwarf Binaries: 11.2% of merger-candidate
systems evolve to contain a WD star with either a WD,
stripped giant, red giant, or main-sequence star compa-
nion. Such systems (i.e., WD–WD or WD–MS) are
candidates for SNe Ia, given enough mass or enough
collision energy. BSE evolution concluded that 15.4% of
these systems would result in SNe Ia (which is 0.4% of
the entire GC stellar binary population). Binaries and
higher-multiplicity systems containing WDs outside of

the GC have been investigated in previous studies as
potential sources for WD collisions and SNe Ia, including
due to EKL effects (e.g., Katz & Dong 2012; Toonen
et al. 2017). The occurrence rate over time of these
mergers is shown in green in Figure 2.

Given our results for SNe Ia, we can estimate the
occurrence rate of such SNe in the galactic neighborhood.
The GC contains on the order of 107Me of stars and
stellar remnants within a radius of about one parsec from
the SMBH (e.g., Genzel et al. 2003; Schödel et al. 2003).
Given an age of the Galaxy of about 10Gyr, the star
formation rate is approximately 103MeMyr−1. Assum-
ing a Salpeter Initial Mass Function (IMF), and an
average star mass of 1Me, the SN Ia likelihood is 0.4%
and the SN Ia rate is 4×10−6 yr−1 for our GC.10 Based
on the observation statistics of the ASAS-SN collabora-
tion (e.g., Holoien et al. 2019), we assume an effective
observation radius of 250Mpc (up to redshift 0.06), or an
effectively observable sphere of 0.065Gpc3. Assuming a
galaxy density of 0.02Galaxies/Mpc3 (Conselice et al.
2005), there are about 1.3×106 galaxies within this
sphere. If we assume that half (or all) of these galaxies
have central massive BHs and nuclear star clusters similar
to ours, the expected rate of SNe Ia within this observable
sphere would be about 2.5 yr−1 (or 5 yr−1), on average. If
we also include Type Ia-like SNe from colliding helium
cores (see red giant mergers), the rate is approximately
tripled, to a maximum of 7.5 yr−1 (or 15 yr−1), on
average; unfortunately, due to their low energy, these
explosions might be more challenging to observe.
However, the Zwicky Transient Facility (ZTF) should
be capable of observing even these fainter supernovae, at
even greater distances (Bellm et al. 2019).

Furthermore, binary pairs of WDs and main-
sequence or red giant stars are also candidates for CVs
or SBs, respectively, as the WDs will be accreting
material from their companions for some part of their
evolution. These objects, as well as some WD pairs,
could remain as tight binaries for extended periods of
time before merging (e.g., Taam & Ricker 2010). The
large population of observed X-ray sources in the GC
might be explained by these WD harboring binaries (see
also Zhu et al. 2018). As the binary pairs eventually
merge, some of them are candidates for carbon stars or, in
some cases, R CrB variables (e.g., Iben et al. 1996; Izzard
et al. 2007; Zhang & Jeffery 2013).

3. Black holes and Neutron stars: 3.4% of merger
candidates will eventually evolve to contain a stellar-
mass black hole or a neutron star, many of which could
have been high-mass X-ray binaries before the secondary
became a compact object; however, most of these pairs
will separate due to SN kicks when the neutron stars form
(see also Bortolas et al. 2017; Lu & Naoz 2019). Lu &
Naoz (2019) showed that this can also bring NSs onto
eccentric orbits close enough to the SMBH to merge via
gravitational wave emissions, which should be detectable
by LISA. Nevertheless, a small number of binary black
holes and black hole–neutron star binaries will survive
(∼0.1% of the entire GC binary population) and can

10 This is a conservative estimate, as the GC’s actual IMF is top-heavy (Lu
et al. 2013). We would expect this to lead to a higher rate than the one
calculated here.
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serve as gravitational wave sources in the GC (e.g.,
Hoang et al. 2018). The formation rate of such binaries
would be about 10−6 yr−1 for our GC (see calculations
above for SNe Ia, assuming again a Salpeter IMF and an
average star mass of 1Me). Within a sphere of 1Gpc3

volume, with 0.02Galaxies/Mpc3, and half (up to all) of
galaxies containing an MBH and nuclear star cluster, the
total expected formation rate of compact object binaries is
about 10–20 yr−1. Assuming a merger efficiency of these
compact object binaries due to further EKL effects of
about 10%, as was shown by Hoang et al. (2018), this
formation rate translates to about 1–2 gravitational wave
signals producing inspirals per year per Gpc3. Given
Advanced LIGO’s detection range of up to 1.5 Gpc
(Abbott et al. 2018), this implies a rate of about 15–30
detectable events per year, with 7 to 15 (2 to 5) being
BH–BH (BH–NS) mergers. Other merger scenarios for
BH binaries in galactic nuclei exist (e.g., Bartos et al.
2017; Stone et al. 2017); however, future observations by
LISA should be able to distinguish between them (Hoang
et al. 2019).

There will also be a small number of neutron stars
with WD companions, which can evolve into ultracom-
pact X-ray binaries (e.g., Bobrick et al. 2017). Some of
these systems will also have been low-mass X-ray binary
(LMXB) or transient X-ray source (Zhu et al. 2018)
candidates before the secondaries became WDs, poten-
tially explaining part of the observed GC population of
X-ray sources (e.g., Hailey et al. 2018; for examples of
LMXB formation models, see Naoz et al. 2016;
Generozov et al. 2018).

The dynamical and evolutionary outcomes of our simula-
tions listed above are summarized in Figure 3.

4. Conclusions

We have followed the dynamical evolution of binary stars in
the vicinity of an SMBH following a burst of star formation,
including the effects of stellar evolution, tides, and GR. In the
first few megayears, about 25% of binaries became unbound
due to scattering interactions with passing stars, while 10%
merged due to EKL-induced high eccentricities, 2% crossed
their companion’s Roche lobe due to stellar expansion, and
13% became tightly bound binaries due to tidal dissipation.
Over the next few gigayears, the fraction of unbound binaries
rose to 75%, becoming part of the rather mundane population
of GC single stars, while the merged and tightly bound binaries
evolved into a number of more exotic outcomes. These
outcomes include G2-like objects shrouded by gas and dust
for an extended period of time, white dwarfs with main-
sequence and red giant star companions forming CVs and SBs,
some SNe Ia from WD–WD pairs, as well as Type Ia-like
events from the collision of red giant helium cores.
Furthermore, some compact object binaries form that could
be detected as gravitational wave sources. The results are
summarized in Figure 3.

These results, of course, can be extended to more continuous
or episodic star formation histories, leading to the continuous
formation of such binary merger products. If this is the case, we
estimate that SN Ia detecting surveys such as ASAS-SN and
ZTF would see about 7.5–15 SN Ia, on average, per year from
the processes described in this work, out to redshift 0.06.

Furthermore, this study suggests that compact object binaries
can form at a rate of about 10–20yr−1Gpc−3, which should
yield about 15–30 gravitational wave inspiral events per year
detectable by Advanced LIGO, with 7 to 15 (2 to 5) being BH–
BH (BH–NS) mergers.
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CHAPTER 4

Conclusions

The studies presented in this dissertation have investigated how the interplay of the EKL

mechanism, tidal forces, general relativity, and stellar evolution shape the long-term dynam-

ical evolution of hierarchical triple systems. Additionally, these studies have also explored

what types of astrophysical phenomena can be caused by some of the dynamical evolution

outcomes, such as stellar mergers and planetary engulfment. Regardless of each specific

outcome, the results have shown that stellar evolution must be included for a complete un-

derstanding of hierarchical triple dynamics, as it can often fundamentally alter the dynamical

behavior of a given system.

In the context of exoplanets (Chapter 2), the inclusion of stellar evolution in the hierar-

chical triple dynamics has allowed to make several predictions, some of which have already

been confirmed by observations. Stephan et al. (2018) predicted that giant planets can evolve

into Temporary Hot Jupiters around evolving post-main sequence stars. These planets would

persist as normal giant planets far from their host star for most of their lifetime, where they

are generally not observable due to their long orbital periods and small transit likelihoods.

As their host stars evolve and expand, however, the interplay of tides and EKL allow such

planets to be driven closer to the star, enhancing chances to observe them.

Since its launch, TESS has discovered several planets that confirm the Temporary Hot

Jupiter prediction (e.g., Huber et al. 2019; Wang et al. 2019). Such planets will be impor-

tant targets for future studies investigating exoplanet system architecture, formation, and

evolution. Furthermore, these Temporary Hot Jupiters will eventually be engulfed by their

stars, leading to interactions with their stellar envelopes, which was investigated in Stephan
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et al. (2020). This study predicted a whole array of phenomena, including phases of X-ray

and UV excess radiation, stellar chemical enrichment, stellar spin increases, or stellar mass

ejections. Several observed objects can be explained by these results, such as non-spherical

planetary nebulae (e.g., Soker 1998; Livio and Soker 2002), collimated gas ejection from the

carbon star V Hydrae (e.g., Sahai et al. 2016; Salas et al. 2019, . The latter publication

followed the methodology presented in this dissertation), or abnormally fast spinning stars

(e.g., Mamajek and Hillenbrand 2008; Qureshi et al. 2018).

Lastly, concerning stellar chemical enrichment of stars by planetary material, Stephan

et al. (2017) predicted that white dwarf pollution by volatile-rich comets or gas giants can

be caused through enhanced EKL oscillations due to stellar mass loss. This result perfectly

explains the nitrogen pollution observed by Xu et al. (2017), and our prediction for giant

planets polluting white dwarfs was confirmed by recent discoveries (Gänsicke et al. 2019).

Stephan et al. (2020) similarly predicted that stellar atmospheres can be chemically polluted

by engulfed planets, which can explain observed lithium enrichment in some red giants (e.g.,

Alexander 1967; Brown et al. 1989; Montalbán and Rebolo 2002; Aguilera-Gómez et al.

2016), as well as stellar binaries with unequal metallicities (e.g., Oh et al. 2018).

Concerning binary stars orbiting SMBHs (Chapter 3), Stephan et al. (2016) predicted

that the interplay of EKL, tides, and stellar evolution drives a large fraction of these binaries

to merge. Such mergers were suspected to produce G2-like objects, and our study predicted

that there should be a whole population of such objects, with a variety of orbital orientations

and trajectories around Sagittarius A∗. This prediction was in contrast to some claims

that G2 ought to be a gas cloud, potentially part of a gas stream (e.g., Gillessen et al.

2012). However, observations of a total of six G2-like objects with a wide variety of orbital

parameters and orientations, appear to confirm our prediction (Ciurlo et al. 2020).

Apart from G2-like objects, Stephan et al. (2019) also studied other binary evolution

outcomes that might occur in galactic nuclei. This study showed that galactic nuclei can

be hosts to a wide variety of astrophysical objects, such as X-ray binaries, cataclysmic

variables, or symbiotic binaries, which can explain observed X-ray sources (e.g., Muno et al.
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2005, 2006; Heinke et al. 2008; Cheng et al. 2018). Compact object binaries can also be

formed, which can lead to gravitational wave events as observed by LIGO (e.g., Hoang et al.

2018) or which might be observable by the Laser Interferomete Space Antenna (LISA) (e.g.,

Hoang et al. 2019). Our study also predicts the existence of a population of white dwarf

binaries that might produce Type Ia supernovae, which have yet to be observed in galactic

nuclei. However, it might be difficult to localize a supernova in such crowded and bright

environments. These white dwarf binaries should produce a background gravitational wave

signal that LISA might observe.

Finally, it is evident that the interplay of EKL and stellar evolution has a major impact

on the long-term evolution of many hierarchical triple systems. For many such systems, the

hierarchical triple configuration is just a transient state, with the two inner bodies eventually

merging or colliding. These mergers, collisions, and close encounters are responsible for

many of the astrophysical phenomena we observe today, including Hot Jupiters, white dwarf

pollution, gravitational wave events, or stellar mergers, and the studies presented in this

dissertation have contributed to our understanding of them.

Looking ahead, I plan to continue my study of the interplay of stellar evolution and

hierarchical triple dynamics, but I also intend to expand the application of the methods I

have developed in the course of this dissertation. While hierarchical triples can describe a

large number of real astrophysical systems, they are limited to only three bodies. In a recent

study I collaborated in, Denham et al. (2019), the secular dynamics of a four-body system

were investigated. The system consisted of a central star, two close-in, low-eccentricity, and

nearly co-planar planets, and a distant, inclined fourth body. In such a configuration, the

outer body causes EKL precession on the inner two planets, while the planets themselves

exchange angular momentum via Laplace-Lagrange secular interactions. This particular

study investigated the stability limits for this type of configuration, without including stellar

evolution or tidal effects. In the future, I intend to include those effects into similar multi-

planet models, and to expand these models to larger numbers of planets. These models will

be able to investigate the long-term dynamical evolution of most known exoplanet systems.
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