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Abstract

In both our solar system and extra-solar planetary systems, tides may have a variety of
effects, driving complex orbital evolution and geophysical processes. For extra-solar
planets with orbits that pass very close to their host stars, tides have reduced orbital
eccentricities and semi-major axes, and the rates of tidal evolution may change
dramatically as orbits evolve. Understanding how the orbits have evolved and, ultimately,
discerning the origins of close-in extra-solar planets require accounting for all the
complexity of tidal evolution. The accompanying dissipation of tidal energy within the
planets has probably also affected their internal structures. In some cases, tidal dissipation
may account the apparent discrepancy between predictions and observations of the radii
of extra-solar planets that transit their host stars. Evolutionary models for these planets
that allow determinations of their internal structures and composition must include highly
variable tidal heating rates. The same tidal evolution and heating probably also affects the
orbital and geophysical properties of rocky extra-solar planets and may play a key role in
determining whether such a planet can harbor life. As tides reduce a planet’s semi-major
axis, the planet may eventually pass so close to its host star that the star's gravity
completely disrupts the planet, leading to the destruction of many planets. Tidal
destruction has left a discernible signature on the distribution of extra-solar planetary
orbits, and so interpretations of the distribution in terms of the origins of planets must

include consideration of the effects of tidal destruction.



Chapter 1
Introduction

1.1. Historical Perspective

Scientific studies of tides extend back at least to the early 1600s, with Johannes
Kepler's work on celestial motion (Kaspar 1959). In working out his laws of planetary
motion, Kepler suggested that the same invisible force that kept the Moon in orbit about
the Earth was also responsible for tides in the Earth’s oceans. As a contemporary, Galieo
Galilei ridiculed Kepler's idea of invisible forces between widely separated bodies as
medieval mysticism and proposed his own explanation for tides, involving accelerations
of the ocean as a result of the rotation of the Earth (Koppel 2007). The cause of ocean
tides remained unclear until Newton published his Principia in 1687, in which he
explained the laws of gravity and motion and correctly attributed ocean tides to the
gravitational attraction of the Moon.

In his model for ocean tides, Newton imagined the Earth without continents,
completely covered by the ocean. The variation in the strength of the Moon’s gravity
from one side of the Earth to the other induces a bulge in the ocean’s surface on both
sides of the Earth, each nearly symmetric about the line connecting the center of the Earth
to the center of the Moon. Newton also explained the neap and spring tides, the seasonal
variation in high and low tides. He pointed out that the Sun’s gravity raises a significant
tide in the ocean, which adds to or detracts from the tide raised by the Moon, depending
on the alignment of the Sun, Earth and Moon. As successful as it is, however, Newton’s

model cannot explain all the details of tidal flow. By neglecting interactions between the
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tide and land masses, Newton’s model does not account for the wide range in tidal
amplitude between different tidal bays. For example, the difference in water level
between high and low tide in Britain’s Bristol Channel can be 15 m, while in the

Mediterranean Sea, the difference is measured in centimeters (Koppel 2007).

By the nineteenth century, great scientists like Pierre-Simon Marquis de Laplace,
Lord Kelvin and G. H. Darwin (the son of Charles Darwin) began to apply the new
technique of harmonic analysis to the problem of ocean tides, and their full complexity
began to be grasped. Since the gravitational fields of the Sun and Moon oscillate in time
in a complex but periodic way over the surface of the Earth, they can be expressed as a
Fourier series, the sum of many oscillating gravitational fields, each with a single period
and amplitude. The response of the Earth’s tides (either in the oceans or the solid body)
can then be expressed as a similar sum of many, oscillating components. The amplitude
of the tide at any point on the Earth at any time can be determined by adding up the
contributions from all the tidal components.

However, the harmonic tidal model has a significant short-coming: The
amplitudes of the various components (the Fourier coefficients) cannot be determined
beforehand because each can depend in complex ways on local conditions (such as bay
depth, width, orientation, etc.). As a result, several weeks of careful measurement of the
tidal are required in order to determine the contribution from each tidal component. Once
the contributions from each component are known, the tidal amplitude can be predicted

for any time. In fact, Lord Kelvin invented a machine that calculated the tidal amplitude
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at a given bay by mechanically summing the leading terms in the Fourier series for the
tide, provided with the amplitudes of the various components (the Fourier coefficients).
Although the harmonic tidal model has been successfully applied to the Earth,
applying it to other planets (or stars) has proven difficult because the detailed
observations required to determine the various tidal components are not possible. In spite
of decades of theoretical and observational work, the uncertainties in the tidal response,
particularly its dependence on frequency, continue to plague modern studies of tides

(Error! Reference source not found.).

1.2. Extra-Solar Systems

From ancient to modern times, the scope of astrophysics has broadened
considerably. In Kepler's time, there were six planets and five satellites (our Moon and
the four Galilean satellites) to study. Since that time, we've added many planets and
satellites to the retinue of our Sun and even discovered hundreds of planets orbiting other
stars. Although these extra-solar planetary systems are like our solar system in many
ways, there are also many exciting differences, and the variety of orbital and physical
properties of extra-solar planets provides important tests of our theories of planet
formation. In recent years, much progress has been made in explaining the properties of
extra-solar planets, but many fundamental questions remain.

To date, scientists have discovered 300+ planets in other solar systems, with new
planets added to the catalog of extra-solar planets almost daily. Owing to biases in the

way extra-solar planets are detected, the first extra-solar planets discovered around Sun-
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like stars have masses comparable to or in excess of Jupiter, with orbital periods of only a
few days. With increasingly long observational baselines, many extra-solar planets with
orbital periods of several years have been found. As the development of increasingly
sensitive instruments proceeds, extra-solar planets with masses comparable to or even
significantly less than Neptune’s have been found, and as algorithms for processing
observational data become more sophisticated, more and more multiple planetary systems
are discovered.

Extra-solar planets span a wide range of orbital properties, and the architectures
of multiplanet extra-solar systems may be very different from the architecture of our own
solar system. For example, most extra-solar planets have substantial orbital eccentricities,
with an average eccentricity around 0.2 (compared to our solar system, where the average
orbital eccentricity for planets is about 0.07). Orbital semi-major axes of extra-solar
planets span the range from 0.017 AU (for CoRoT-7 b with an orbital period of 0.85 days
[exoplanet.eu]) to 115 AU (for Fomalhaut b with a period longer than 800 years f{alas
al. 2009]).

These orbital properties suggest a violent and vigorous formation history,
involving gravitational scattering between planets, turbulent interactions between planets
and a protoplanetary gas disk, etc. For example, studies of gravitational scattering can
reproduce the broad distribution of orbital eccentricities (Chattetjed. 2008), while
studies of interactions between a planet and a gas disk may explain the presence of
planets with orbital semi-major axes of only a few hundredths of an AU — the so-called

close-in planets (Liet al. 1996).
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Many planets in multiplanetary systems have also been found in orbital mean
motion resonances (Marat al. 2001), and many of the planets not in mean motion
resonances are involved in subtle secular interactions that seem to require very specific
initial configurations (Malhotra 2002; Barnes & Greenberg 2006a). Some studies of the
early history of extra-solar planetary systems have considered the formation of mean
motion resonances through gas drag and orbital migragignReale & Lee 2002), while
others have shown they may form through gravitational scattering of planets (Ragtmond
al. 2008b).

Observations of extra-solar planets close to their host stars also provide us with
information about planetary compositions, internal structures, and atmospheric dynamics.
The proximity of close-in planets to their host stars allows their passage across the faces
of their host stars, called the primary transit, to be visible from Earth (Charbogtnaiau
2007a). These observations allow determinations of the planets’ masses and radii, and
such observations made in several wavelengths provide transmission spectra of the
planets’ atmospheres, which can be used to determine atmospheric composition.

By comparing theoretical models of planetary radii that are tailored to each
transiting planet, scientists can estimate each planet’s internal composition and structure
(e.g. Fortneyet al. 2007). For example, HD 149026 b’s radius suggests enrichment in
heavy elements and the presence of a large rocky coregiSat@005). Comparison of
model to observed radii has begun to suggest important trends that may allow us to

distinguish between different models for planet formation (Burmetved. 2007).
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The passage of planet behind its host star, the secondary transit, is also observable
for many close-in planete.g. Deminget al. 2005). By measuring variations in the light
from the system as the planet passes behind the star and is occulted, observers can
determine the amount of radiation emitted by the planet and make temperature maps of
the planet's surface (Knutsost al. 2007). These temperature maps are helpful for
constraining the dynamics of a transiting planet’'s atmosphere. For example, a strong
hemispheric asymmetry in the temperature between a planet's day and night sides might
indicate that dynamical transport of heat is inefficient, while a more uniform distribution
suggests heat is readily transported between hemispheres (Shewm@la008). The
efficiency of heat transport depends in complex ways on the atmospheric composition,
stellar insolation, among other things, and the atmospheres of close-in planets may
behave in ways unseen in our solar system. Thus studying secondary transit observations
will elucidate ongoing processes in the atmospheres of close-in planets and fundamental
atmospheric physics.

In addition to improving our understanding of planet formation and evolution, the
discovery of extra-solar planets has also opened up the possibility of finding life outside
our own solar system. Since the discovery of 51 Peg b (Mayor & Queloz 1995), the race
has been on to discover an extra-solar planet that could support life, a habitable planet.
However, the qualities that make a planet habitable are not well-understood and probably
involve a complex interplay between a planet’'s stellar environment, atmospheric
composition, geophysical activity and the availability of biologically useful materials

such as water and organic compounds (Lunine 2005). Even if we find a planet that we
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consider habitable, it's not clear what will be the signatures of alien life. Much
astrobiological research involves studying the signs of life for the Earth that are
observable from space and interpreting signals from hypothetical, inhabited planets in
order to improve our ability to recognize such planetg.Kalteneggeet al. 2007).
Understanding the formation histories of planets and determining whether a planet
may support life involve piecing together incomplete, confusing and sometimes
contradictory data. Given the complexities involved in solving these puzzles, Occam’s
razor provides an important guide to discerning between the various explanations for the
observations: all other things being equal, the simplest explanations are probably correct.
In this context, tides play an important and unifying role. The effects of tides help to
explain many of the observed orbital and physical properties, where many previous
explanations involve unnecessary complication or invoke unique conditions. However,
tidal effects may both simplify and complicate our picture of planetary habitability. In
many cases, tidal effects may dominate the physical conditions of a potentially habitable

planet, and other processes may play secondary roles.

1.3. Tides and Extra-Solar Systems

The relevance of tides to extra-solar systems was immediately apparent with the
discovery of 51 Peg b. With an orbital semi-major axi only 0.05 AU, 51 Peg b is
close enough to its host star that tides undoubtedly played a role in its evolutionetRasio
al. 1996). As for planets and satellites in our own solar system, the dissipation of energy

through tides plays a major role in shaping the orbital and physical properties of close-in
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extra-solar planets, so to determine the original properties of close-in planets and thus
constrain their origins, we must consider the effects of tides. Many previous studies have
modeled these effects, but made important assumptions that led to erroneous or
inaccurate conclusions, often requiring convoluted explanations to bring theoretical
expectations into agreement with observations.

For example, the influence of tides is clear in the distribution of orbital
eccentricities. The distribution of eccentriciteesf planets with semi-major axes> 0.2
AU is very uniform (Chapter 3), with values feiland broadly distributed between 0 and
up to near 1. However, for planets wih< 0.2 AU, close enough to the host star that
tides are important, eccentricities are much smaller (me&s0.2). This dichotomy has
been widely attributed to damping of eccentricities by tides after the planets formed and
the protoplanetary gas disk dissipated (Rastoal. 1996; Trilling et al. 1998;
Bodenheimeet al. 2001, 2003). Presumably, the initial eccentricities for close-in planets
were broadly distributed, like those for planets far enough from their host stars to be
unaffected by tides, and, over billions of years, dissipation of energy through tides
reduced the eccentricities to give the dichotomy we see today.

Dissipation of tidal energy within the close-in planets certainly plays an important
role in this orbital evolution. Many previous models considered only the effects of tides
raised on the close-in planets, ignoring the effect of the tides raised on the host stars,
under the presumption that the larger mass of the star means the planetary companion
raises only a negligible tidal bulge. However, the contribution from the tide on the host

star can be non-negligible. In fact, the range of uncertainty in the relevant physical
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parameters even allows the tide raised on the host star to dominate the orbital evolution in
some cases.

Tidal evolution is also complicated by the reduction of the orbital semi-major axis
that necessarily accompanies the eccentricity evolution. As a result of the strong coupling
between evolution of anda, the rates of evolution & anda may change dramatically
over time. In many cases, the rates of tidal dampirgveére much smaller in the past.
However, motivated by a desire to simplify the problem, many previous studies ignored
the coupled evolution oé and a, which resulting overestimates of the rate of tidal
circularization. These overestimates have induced many tidal studies to invoke a variety
of complex and unnecessary processes to explain the non-zero eccentricities determined
for many close-in planets, when the eccentricities can more easily be explained by simply
incorporating the coupling between evolutiore@nda.

In this dissertation (as in Jacksenal. 2008a), we model this coupled evolution
for many close-in planets and show that the distribution of iretizhlues of close-in
planets can match that of the general population, without adopting ad hoc assumptions.
The accompanying evolution o& values naturally accounts for the non-zero
eccentricities of many close-in planets and also suggests most close-in planets had
significantly largera at the start of tidal migration.

Processes to explain the origins of close-in planets, such as gas disk migration
(Lin et al. 1996) or planet-planet scattering (Nagasawal. 2008), did not bring all

planets to their current orbits. Rather the current valuasagre only reached gradually
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due to tides. These results may have important implications for planet formation models
and evolutionary models of close-in planets.

Just as the distribution of orbits provides important constraints on formation and
evolutionary processes, so too do determinations of the physical structure and
compositions of extra-solar planets. The information provided by transit observations
thus plays a critical role in our understanding of planets. Here, too, tides seem to play a
role in our interpretation of observations. In many cases, the observed and theoretical
radii of transiting planets show significant disagreement: the radii of many transiting
planets are much bigger than expected.Burrowset al. 2007).

Initially, studies suggested that tidal heating might explain this discrepency
(Bodenheimeret al. 2001, 2003). The dissipation of energy within transiting planets
warms their interiors, potentially inflating the planets. As thermal models have improved
and continued observations have revised orbital eccentricities down, the current tidal
heating rates for many planets appears to be too small to account for the degree of
inflation observed. However, these thermal models ignored the fact that past tidal heating
was probably much larger. As a close-in planet’s orbit evolved, the rate of tidal
dissipation or heating also evolved, changing by many orders of magnitude in some cases.
The heating history of each planet probably contributed significantly to the thermal
budget that governed the planet’s physical properties, including its radius.

Interpretations of the observed radii in terms of the internal structures and
compositions of transiting planets require consideration of this highly variable tidal

heating. In this dissertation (as in Jacksbml. 2008b), we model the plausible heating
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histories for several planets with measured radii. We discuss several planets are discussed,
including for example HD 209458 b, which may have undergone substantial tidal heating
during the past billion years, perhaps enough to explain its large measured radius.

The same tidal evolution of gaseous close-in planets may also play an important
role in the evolution of rocky planets. The tidal heating of hypothetical rocky (or
terrestrial) extra-solar planets may span a wide range of values, depending on stellar and
planetary properties and orbital properties. Tidal heating may be sufficiently large,
possibly exceeding radiogenic heating, and long-lived to drive plate tectonics, similar to
the Earth’s, which may enhance the planet’s habitability. In other cases, excessive tidal
heating may result in lo-like planets with violent volcanism, probably rendering them
unsuitable for life. On water-rich planets, tidal heating may generate sub-surface oceans
analogous to Europa’s with similar prospects for habitability. Tidal heating may enhance
the outgassing of volatiles, contributing to the formation and replenishment of a planet’s
atmosphere. Determining whether a planet is habitable or whether observations show
signs of life requires consideration of tidal effects.

In this dissertation (as in Jacksenal. 2008c), we also model the tidal heating
and evolution of hypothetical extra-solar terrestrial planets. We discuss the possible
effects on planetary habitability and geophysical processes. In many cases, the conditions
on the surface of a rocky extra-solar planet will probably be dominated by the processes
of tidal heating taking places in the planet’s interior.

The shaping of the orbital distribution by tides is an ongoing process and did not

cease once the planets were brought to their current orbits. In this context, the tide raised
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on the host star, so often ignored in previous studies, plays a dominant role. Once orbital
eccentricities are very small, the tide raised on the planet ceases to affect the orbit, and
the tide raised on the star continues to redaucalues, eventually pulling a close-in
planet so close to its host star that the star’s tidal gravity can rip the planet apart or the
star can consume the planet. The distribution of orbits shows evidence for ongoing
removal of planets, indicating that tidal destruction of close-in extra-solar planets is
common.

In this dissertation (as in Jacksenal. 2009), we compare predictions of tidal
theory to observations to show how they provide evidence for tidal destruction. We
discuss the implications for origins of close-in planets and future observations that may
corroborate our prediction that tides are destroying close-in planets. Interpretations of the
observed orbital distribution in terms the origins of close-in planets must include
considerations of this tidal destruction. The process can explain the observed cut-off in
small a values, the clustering of orbital periods near three days, and the youth of
transiting planets relative to non-transiting planets. Contrary to previous interpretations, a
mechanism to stop the inward migration of close-in planets at their current orbits is not
necessarily required. Planets nearing tidal destruction may be found with extremely small
a, possibly already stripped of any gaseous envelope. Where one or more planets have
already been accreted, a star may exhibit an unusual composition and/or spin rate.

Tides play many different roles and may explain a wide variety of observations,
and consideration of all tidal effects is important in interpreting observations. Where, in

previous studies, many different trends were attributed to unique processes or conditions,
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our work shows they can be attributed to the simple process of tidal evolution. In this
way, our work simplifies interpretations, illustrating the importance and efficacy of

Occam'’s razor.
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Chapter 2
Tidal Theory

In this chapter, we review details of tidal theory. Rather than deriving the
equations from first principles, we discuss limitations and uncertainties of tidal theory

and some approximations and assumptions relevant for extra-solar systems.

2.1. Effects of Tides

Whenever two gravitating bodies are close enough to one another, the
gravitational potential of one body (the tidally-perturbing body) may be significantly
different from one side of the tidally-perturbed body to the other. This variation in the
potential may result in deformation of both bodies. (Deformation of one body is
illustrated in Figure 2.1.) The size and shape of the tidal bulge depend in a simple way on
the proximity of the two bodies and in a complex way on the deformed body’'s own
gravitational field and internal structure. In some cases, the size and shape of the tidal
deformation can be used to infer internal properties of the deformed body, such as for
Venus (Konopliv & Yoder 1996) or Europa (Hurford 2005).

If the bodies are in a bound orbit around one another, the tidal potential over the
surface of each body varies periodically as the bodies revolve and each body rotates on
its axis. Pioneering work by Darwin (1879) and others introduced the approach of
formulating the tidal potential as a Fourier series with frequencies related to the orbital

mean motion and a body’s rotation rate. If both the orbital eccenteictyinclinationi
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are zero, the resulting Fourier series involves only one frequerRy- 8j, where the
factor of two accounts for the symmetry of the tidal bulge (Figure 2.1). If @trarare
non-zero, the tidal potential will involve several components, each proportional to some

power ofe andi. Each component will also involve a frequency of the foym=I1Q-mn

whereQ is the rotational frequency of the deformed badig the orbital mean motion,
andl andm are integers. Formally the expansion of the tidal potential can include many
terms, but, to low order ie andi, only a few terms and frequencies appear. Although
orbital eccentricities of extra-solar planets have been observed to span a wide range
(Butler et al. 2006; Jacksoret al. 2008a), where they can be determined, orbital
inclinations relative to the host star’s equator tend to be small or zero so from here on, we
assume = 0.

In determining a body’s response to the tidal potential, it is commonly assumed
that the body’s shape conforms closely to the shape of the tidal potential (Jeffreys 1961;
Goldreich 1963; Kaula 1968; Hut 1981). Each component of the tidal potential is
imagined to raise its own tidal bulge, with a fixed amplitude, which runs along the tidally
deformed body’s surface at the corresponding frequency. The total response of the body
is determined by adding the response to each component. As the tidally deformed body
rotates and the tidally disturbing body revolves in its orbit, the shape of the tidally

deformed body continually changes to conform to the tidal potential.
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e/2

Figure 2.1: Simplified diagram of the tidal bulge, with only one phase)ahéwn. The
tidal-raising body is shown as the dark circle, and the empty ellipse depicts shape of the
tidally-deformed body (grossly exaggerated relative to its undeformed spherical shape).
In this figure, the rotation rate is slower than the orbital mean motion, resulting a tidal
bulge that points behind the tide-raiser. The angle by which the tidal bulge lags the tide-
raiser in space is half the phase lag angle, giving rise to the factof.ee(raz-Mello et

al. 2008).
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The amplitude of the total tidal deformation depends on the proximity of the tide-
raising body to the deformed body: the closer the bodies are to one another, the larger the
tidal bulge. If the orbit is eccentric, the size of the deformation will vary periodically.
This variation in the amplitude of the total tidal deformation is captured in the
superposition of the various tidal components: Near pericenter, the components line up
and all contribute constructively, resulting in a larger total tidal bulge. At other points in
the orbit, they lie at angles to one another and interfere with one another, resulting in a
smaller total tidal bulge.

The amplitude of the total tidal bulge can also depend in complex ways on the
internal structure of the tidally deformed body. Dynamical processes within the body may
also lead to a complex dependence on frequency for the various tidal components.
However, our understanding of the internal structures and processes for most celestial
bodies is very limited. Consequently, in classical modelg. Darwin 1879), the
amplitudesA; of all tidal components are assumed to be proportional to the ratio of the
tidal gravity and the deformed body’s surface gravity.

If the deformed body were completely elastic, it would respond instantaneously to
changes in the tidal potential, and the tidal bulge corresponding to each component would
align perfectly with the shape of the corresponding component of the tidal potential.
However, no real body is perfectly elastic, and some internal dissipative processes cause
the shape of the tidal response to lag the tidal potential in phase. The phase lag

corresponding to each frequeney, is given byeg, ., and is usually assumed to be small.

The phase lag gives rise to a misalignment between the tidal bulge for that component
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and the shape of the corresponding component of the tidal potential. The tidal bulge for
that component will point either behind or in front of the tide-raiser, depending on the
sign of the corresponding frequency (Figure 2.1). For components of the tidal response
that point ahead of the tide-raising body (positive frequency), the corresponding phase
lag is positive. For components that point behind the tide-raiser (negative frequency), the
phase is negative. Components whose corresponding frequencies areeztiey(are
synchronous with the tide-raising body) have zero phase lag. The misalignment results in
a torque that exchanges energy and angular momentum between the orbit and the tidally
perturbed body.

The exchange of angular momentum can affect the rotation rate of the tidally
perturbed body. If the frequency for a particular tidal component is negative, the tidal
torque resulting from that component will spin up the body. If the frequency is positive,
the torque will spin down the body. When the orbital eccentricity is zero, the angular
velocity of the tide-raiser will be constant over the entire orbit, equal to the orbital mean
motion n. If the orbital eccentricity is non-zero, the angular velocity would not be
constant: It would be fastest as the tide-raiser passes through pericenter and slowest as it
passes through apocenter.

After some time, the tidal torque may drive the rotation to an equilibrium rate in
which the net exchange of angular momentum over an orbit is zere £d, this
equilibrium rate would be. If e # 0, the equilibrium rate will be larger tharand closer
to the angular velocity of the tide-raiser as it passes through pericenter because the tidal

torque at that point is much larger than at any other point in the orbit. The time to reach
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equilibrium and the exact value for the equilibrium rotation rate depend on the system’s
orbital and physical parameters and details of the tidal respexgsBdale 1977).

For a rigid body, the presence of a mass asymmetry (such as a large land mass)
not associated with the tidal bulge may complicate the evolution and equilibrium rate of
rotation. In our own solar system, complex spin-orbit resonances may arise as a result of
the interplay between tidal torques and torques from the mass asymmetry, as for Mercury
(Goldreich & Peale 1966). Also, for a fluid planet, where the orbital and equatorial planes
are not the same, complicated rotation states, such as Cassini states, are possible in
certain circumstances (Winn & Holman 2005). However, there are no clear indications of
any such complex rotation states among extra-solar planets, so we do not consider them
here.

Tidal torques and forces can also affect the orbit as well as the spin. For a tidally
deformed body whose rotation rate is faster than the equilibrium rate, the total tidal
torque tends to transfer angular momentum from the rotation to the orbit. For such a body
whose rotation rate is slower than equilibrium, the tidal torque transfers angular
momentum from the orbit to the rotation. In the former case, energy is transferred from
the rotation to the orbit, and in the latter case, energy is transferred from the orbit to the
rotation. However, in both cases, dissipation within the deformed body reduces the total
mechanical energy of the system, while increasing the thermal energy within the body.
The variation in orbital elemenesanda can be determined by considering conservation

of total angular momentum and the work done by the tidal toqtié-érraz-Melloet al.
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2008). In terms of the phase lags, whose values we’'ve not yet specified, the rates of

change foe anda are (to second order @):

1da 3nk,Mr?
a dt == 4;165 [4'92,2 -e? (20‘92,2 _%‘92,3 _%‘9 2,1+3£o,—1)] 2.1)
1de 3nk,Mr?>

=2 [252,2 _%52,3 +%5 2,1_350,—1 (2.2)

edt  8me’

whereM is the mass of the tide-raising body, an@ndr are the mass and radius of the
tidally deformed body, respectively. The paraméteis the second order Love number
(Love 1911) and parameterizes the departure of the gravitational field of the tidally
deformed body from spherical, which depends on the internal structure of theThedy.
rate of dissipation of energy within the tidally deformed bHdg given by:

_3Kk,GM *r®

H= 6 {[4‘92,2 +e’ (_20‘92,2 18,3 +3E 5173604 )]n

_[482,2 +ez (_ 2@2,2 +49€ 23 +£2,1 )]Q} (23)

In addition to all assumptions already discussed, these equations neglect
interactions between the tidally evolving pair of bodies and other bodies. Such
interactions would modify the orbital evolution described here. The majority of the close-
in extra-solar planets are not known to be members of a multi-planet system. Models that
couple tidal evolution to planet-planet interactions have been developed (Mardling & Lin
2002), but these models usually involve many specific assumptions about the tidal
response of bodies, thereby introducing considerable uncertainty as we show in the next

section. The effects of planet-planet interactions will become increasingly relevant as
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more multiplanetary systems are discovered, though, and future work should include
these effects. They were not included here.

With the discovery of extra-solar planets with substantial eccentricities, many
authors have considered corrections to these equations for terms larger er@rdi
(e.g.Mardling & Lin 2002; Levrard et al. 2009; Wisdom 2009). For these higher order
formulations, the range of frequencies that contribute to tidal evolution broadens
considerably. However the tidal response of planets and stars is not well understood, even
for the narrow range of frequencies considered here. Introduction of many new
frequencies also introducing considerable uncertainty, and although they contain more
terms, it's not clear these higher order formulations are more accurate than the model

used here. Consequently, we didn’t use those models.

2.2. Previous Work on Tidal Phase Lags

So far, the forms of the phase lags have been left unspecified. The rates of orbital
evolution depend critically on these values. Unfortunately, even after more than a century
of work, the processes that lead to tidal dissipation and evolution for most planetary and
stellar bodies remain poorly understood. As a result, the values of the phase lags and their
dependence on frequency are mostly unknown. In his original analysis, Darwin assumed
the rate of tidal dissipation was proportional to the frequency of forcing. Since that time,
studies have considered a variety of dissipative mechanisms, determined their
dependence on frequency and the internal structure of the tidally deformed body.

However, for all bodies but the Earth, we lack the experimental and observational data
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required to determine which of these models best describes the processes of tidal
dissipation. Even when such data are available, the inferred rates of tidal evolution are
often at odds with theoretical estimates.

The modes of tidal dissipation relevant for a particular celestial body depend on
the composition of the body. For example, on Earth tidal dissipation in the oceans
dominates, in part, because the tidal amplitudes for the oceans are much larger than for
the solid body of the Earth (Macdonald 1964; Diclatyal. 1994). For rocky bodies
without oceans, dissipation mostly occurs in the viscous mantles, as for lo (Seglatz
1988). For gaseous bodies, turbulence associated with convection or radiative damping of
gravitational waves may provide the dissipation (Goldreich & Nicholson 1977; Ogilvie &
Lin 2004).

Studies of these processes have suggested the associated tidal phase lags may
span a wide range of values, and each process may involve a complicated dependence on
the tidal forcing frequencies. For example, studies of the tidal evolution of binary star
systems commonly assert that tidal phase lags are proportional to the forcing frequency,
resulting in a constant lag in time between the tidal forcing and response (Zahn 1977). By
considering convective turbulence, many such studies have shown that the lag time is
probably related to the convective overturn time (Zahn 1989). However, the predicted
time lags seem to give tidal evolution rates that are too slow compared to observations of
the orbits of binary star systems (Mathieu 1994).

Studies of planets and satellites commonly assert that tidal phase lags are constant

in magnitude, independent of frequency, with signs given by the signs of their associated
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frequencies (Goldreich 1963; Macdonald 1964; Lambeck 1977). The constant phase lag
model has been applied to studies of the Earth-Moon system (Macdonald 1964; Peale &
Cassen 1978) and the satellite systems of the giant planets (Yoder & Peale 1981) and is
based on observations that dissipation within the Earth is largely insensitive to frequency
(Goldreich 1963). However, direct measurements of the retreat of the Moon’s orbit and
estimates of the dissipation in the Earth suggest the current dissipation rates are probably
too large to be consistent with the observed orbital configuration and age of the Moon,
suggesting that the rate must have been smaller in the past (Macdonald 1964; Lambeck
1977; Murray & Dermott 1999). For the giant planets in our solar system, theoretical
estimates of tidal dissipation based on models of turbulent dissipation (Goldreich &
Nicholson 1977) may be inconsistent with observational and dynamical studies of the
planets’ satellites (Greenberg 1982, 1989; Aksnes & Franklin 2001).

Tidal dissipation is often parameterized in terms of the @@aalue (Goldreich
1963). By analogy with the damped harmonic oscillaf@rjs defined as the ratio
maximum gravitational and elastic energy stored in the tidal deformation during one
orbital period to the energy dissipated over one period. For the damped harmonic
oscillator driven at a single frequency, there corresponds a single phase lag. ditgge
situation corresponds to the tidal responseefer 0, where there is a single driving
frequency. However, for a damped harmonic oscillator driven at multiple frequencies,

there correspond multiple phase lags. This situation corresponds to the tidal response for

a non-zero value d, in which case there are multiple phase lags.
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For a phase lag proportional to frequengy, =7v, ., wherer is the tidal time lag
(Zahn 1989; Eggletoat al. 1998). In the constai@ model,‘glym‘ = const. for all indiceb

andm and the magnitudes of #Lm‘ are set equal to @/ the tidal dissipation parameter

(Goldreich & Soter 1966). As opposed to the constant time lag model, the cdpstant

model is equivalent to assuming that eggrhas its own lag time, given /v, .. (An

interesting consequence of this relationship is that a tidal model cannot assume that all
phase lags are the same constant in time and the same constant in phase, as is sometimes
assumed [Levrardt al.2009].)

Other recent studies have suggested more complex dependences of the tidal phase
lags on frequency. For example, recent work suggests a non-linear dependence of tidal
phase lags on frequency for gaseous planets and stars under which, in some cases, a
resonance between the tidal forcing and the body’s response can occur, resulting in rapid
dissipation rates for certain frequencies (Ogilvie & Lin 2004; Ogilvie 2009). For rocky
planets, recent work suggests tidal phase lags may depend on frequency to some
fractional power, based on measurements of the dissipation of seismic energy within the
Earth (Efroimsky & Lainey 2007). However the lack of available data makes it difficult
to determine which of these various models is the best description of the tidal response of
planets and stars. For the sake of simplicity and in the absence of additional constraints,

we focus here on the application of the constantodel.
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2.3. Idiosyncrasies of the Constant Q Tidal Model

Although its conceptual simplicity is appealing, the constantodel introduces
peculiar discontinuities that complicate the tidal evolution equations. As the rotation rate
of the deformed body and the orbital mean motion change, some of the tidal frequencies

V,» may approach zero, but the magnitudes of the corresponding phase, |agsain

constant (by assumption) until the corresponding frequency drops to zero, where the
phase lag drops to zero discontinuously. Whether this behavior accurately describes the
tidal response of real planets and stars is unclear. However, as long as tidal frequencies
do not cross these discontinuities, the cons@nmodel probably gives at least a
gualitatively correct description of tidal evolution. In any case, uncertainties associated
with the frequency dependence of the tidal response may be folded into the already
considerable uncertainties in the appropriate valu€¥fof planets and stars (Jacksen

al. 2008a).
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Applying the assumptions of the const@nmodel, Equations (2.1), (2.2) and (2.3)

become
1@:3”‘9'\/”5 _ 5 _ arei e : (2.4)
adt  40ma [45|gr(V2,2) ez(ZC)Slgn(Vz,z) Srsign(V,;) 2S'Qn(V2,1)+3S|gr(Vo,—1))]
1de 3nk,Mr°r. . . . .
ot 8Q2ma5 [25|gn(v2'2)—%sugn(vzs)+%S|gn(v2,1)—3S|gr(v0'_1)] (2.5)
H :—3kégnl\:lair5{[4sign4/22 Y+ & (- 20sign@,, )+ 14sign(v ., )+ sign(v,,,)-3sign(v, ) Jn

{[— 4sigry }Iré(— 20sign(V ,, )+49sign(v, ;) +signv ))Q} (2.6)

2,2 2,2 23 21

where the magnitudes of all tieg, | are assumed to beQ,/with signs given by, .
Under these assumptions, the equilibrium rotation®atg to second order ia

is given by:

Qe = NA+ZE%) (2.7)

where the factor of 19/2 comes from the particular assumption of frequency dependence

of the tidal response. Alternative assumptions would give slightly different factors

(Ferraz-Melloet al.2008).

If the v, , pass from positive to zero to negative values, the contributions of the

correspondinge, . to the tidal evolution will change. Because each phase lag carries a

different sign and coefficient, changes in each lag can have different effects on the sign
and magnitude of the equation. As a result, the behavior of the tidal evolution equations

can be complicated.
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For example, consider Equation (2.4) faRX n. In this case, ak,  excepte,
are negative, and the term in the square brackets of Equation (2.4) is given by
[-4-€°(-20 + 147/2 + ¥ + 3)] = -4 — 5. However, if 2Q = n,&,,ands, are negative,
£,., Is positive ande,, is zero, and the term in the square bracket transitions

discontinuously to -4-(113/2¥. The same sort of discontinuous transitions occur in each
of the equations. Figure 2.2 shows the discontinuous behavior of Equations (2.4), (2.5),

and (2.6) for a range @1 and values oé.
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Figure 2.2: Tidal evolution and heating rates as functions of the ratio of the rotation rate
Q to the orbital mean motion. In each panel, the y-axis represents the term in square

brackets for the corresponding equation, the derivative with the physical constants
3nk,Mr?®

normalized out. For examplédd dj E(daldt)/( =
40Qma

j, with similar definitions for

(de/dt) and H..
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For satellite systems in our solar system, the possible discontinuous behavior of
the equations does not come into play because the frequencies associated with these
systems do not cross the critical values. The rotation rates of most satellites are
synchronous with their orbital mean motions.(Q ~ n), and the rotation rates of planets
are much faster than the satellites’ mean motiaes >> n), and the discontinuous
behavior of the constar model has gone largely unremarked. It's possible that these
discontinuities are important in other tidally evolving systems, such as extra-solar
systems.

The transition ofda/dt from negative to positive values is important in many
astrophysical problems. Usually, it is thought tliafdt will pass from positive to
negative values at the co-rotation radius, at the value o for whichQ/n = 1. Tides
will tend to increas@ when the semi-major axis is larger than the co-rotation radius, and
tend to decrease it when the semi-major axis is smaller than the co-rotation radius.
However, Figure 2.2 (a) shows that, even for moderate eccentrieitie8.4), the value
of Q/n at whichda/dt passes from negative to positive values is 3/2. This result implies
that, for moderate eccentricities, bodies with mean motions between one and 3/2 times
the rotational frequency of the tidally deformed body will experience a tidal torque that
reduces the orbital semi-major axis. for 0, bodies with mean motions in that same
range would experience a torque increasing the semi-major axis. In essence, for moderate
eccentricities the effective co-rotation radius is larger than for small eccentricities. If true,
this result may have important implications for the long-term tidal evolution of many

systems.
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However, the behavior &f shown in Figure 2.2 (c) suggests that terms of higher-
order ine may be required to accurately model tidal heating rates, which may bear on the
behavior ofda/dt Fore = 0, the tidal heating rate drops ag@pproaches one, consistent
with our expectations: For a planet in a circular orbit, tides only do work and result in
tidal heating when the planet’s rotation rate is not synchronous with its orbital mean
motion. However, for larger values @{> 0.6) in Figure 2.2 (c} drops below zero for
Q/n = 3/2, which is unphysical. This behavior would be equivalent to converting thermal
energy within a tidally deformed body back into mechanical energy in the system. This
result suggests higher order corrections are required to make the model realisgdsvhen
large. The negative but small valuetbfat ¥n = 3/2 suggests that the required
corrections may be small, though.

These results highlight an important potential problem for models that consider
very high order corrections to the tidal evolution equations discussed earlier. For higher
order formulations that assume const@nfe.g. Mardling & Lin 2002; Wisdom 2009),
the broad range of tidal frequencies that contributes many phase lags. The phase lag
associated with each of these frequencies will pass through zero at a different ¢atio of
and n, with a new critical ratio added for each new frequency. Each new term will
therefore add another discontinuous jump to the equations, and these discontinuities are
blatantly unphysical. For the arbitrarily large number of terms introduced by these higher
order formulations, there exist an arbitrarily large number of discontinuities. As a result,

it may be impossible to determine the magnitudes or even the signs of the resulting
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equations. In order to develop believable higher order formulations of the equations, we

must first improve our understanding of the frequency dependence of the tidal response.

2.4. Future Work

The discussion here highlights many of the uncertainties and limitations of the
current tidal evolution theories. Progress in tidal theory requires that we improve our
understanding of the dissipative processes within planets and stars, although much recent
work has considered the effects and responses of various mechanisms. However, before
we begin studying the complex processes that lead to tidal dissipation, we need to
understand the underpinnings of tidal theory. By working out the consequences of many
standard assumptions about tidal response of planets and stars, we've shown in this
discussion that we still have work to do.

Even with the limitations and uncertainties in tidal modeling, much progress has
been made in understanding the effects of tides, particularly in extra-solar systems as
presented in the next several chapters. The discoveries of hundreds of extra-solar planets
in recent years may help us to significantly improve our understanding of tides. The wide
range of orbital and physical properties of extra-solar systems may provide us with
important constraints on tidal effects not previously available in our solar system, where
eccentricities tend to be small and tidal effects are less pronounced. Future studies should
compare the predictions of the various tidal models with the properties of extra-solar

systems, perhaps allowing us to discriminate between the various models.
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Chapter 3
Tidal Evolution of the Orbits of Extra-Solar Planets

3.1. Introduction

As discussed in the previous chapter, tides have affected the orbital and physical
properties of many extra-solar planets. Evidence for the orbital effects of tides comes
from the distribution of orbits. In this chapter, we present the results from a study of the
orbital evolution of extra-solar planets close enough to their host stars to be affected by
tides. Much of the material in this chapter is drawn from Jac&sah (2008a), and the
analysis presented here includes corrections to the tidal evolution equations that were left
out in that original analysis. However, these corrections do not qualitatively affect the
results of that work.

Figure 3.1 shows the semi-major axesnd eccentricities of all observed extra-
solar planets. Eccentricities of extra-solar planets with0.2 AU are relatively large,
averaging 0.2 and broadly distributed up to near 1. The large values seem to run contrary
to the prevailing belief that planets form embedded in a protoplanetary gas disk, which
would tend to damp out eccentricities through gas and particle eliag{ssauer 1993;

Ida & Lin 2004). The distribution of eccentricities for planets is fairly uniform ayéwr
a > 0.2 AU. A Kolmolgorov-Smirnov (K-S) test (Press al. 1996) shows that the
distribution fora between 0.2 and 1.0 AU matches thatddretween 1.0 and 5.0 AU at
the 96% confidence level. For close-in extra-solar planets (by which we amnedh?2

AU), e tends to be less, although even there the avexa@®@9, is larger than is typical
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for our solar system. For this very differentlistribution, the K-S test shows agreement
at only the 0.1% level compared with planets further out.

Rasioet al. (1996) first suggested that tides raised between close-in planets and
their host stars might help explain their relatively lewalues. Because the magnitude of
tidal effects falls off very rapidly with increasirgy the action of tides could plausibly
have reduceck for close-in planets and not for those farther out. Even with that
explanation, there remains the question of why extra-solar planetary systems formed with
such large eccentricities. It is possible that whatever process generated such large
eccentricities was less effective for close-in extra-solar planets. However, here we
consider the conventional idea that close-in planets began with a distribud@mafar
to that of planets farther out. We use that distribution to constrain tidal parameters and
evolution rates.

Bear in mind, however, that treevalue for any extra-solar planet can vary by
orders of magnitude over secular timescales (~10,000 yr) due to the dynamical
interactions between multiple planets in the system (Barnes & Greenberg 2006).
Therefore any conclusions drawn based on the cueedistribution are subject to
uncertainties associated with these interactions. We assume that the statistical sample is

adequate enough that these variations average out.
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Figure 3.1: Distribution of extra-solar planetary eccentricéi@sd semi-major axes

Most of the data for Figure 3.1 are taken from Butler et al 2006, with supplemental data
from Udryet al.(2002), MacArthueet al.(2004), Mayoret al.2004, Zuckeet al. (2004),
Laughlinet al. (2005b), Riveraet al. (2005), Vogtet al. (2005), Da Silveet al. (2006),
Johnsoret al.(2006), Loviset al.(2006), Wrightet al.(2007), and Bakost al. (2007).
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Because the rates of changeeainda depend on the physical properties of the
planet and its host star, we can compare computations of tidal evolution (based upon
various assumptions about the physical properties) with the obsedisttibution (fora
> 0.2 AU), using estimates of a system's age, to constrain those properties. Previous work
has employed tidal considerations in attempts to constrain extra-solar planetary masses
M, and radiiR, and has investigated tidal heating rates.

Trilling (2000) considered what limits might be placed on a close-in planet's mass
if its e is observed to be non-zero. That study used the fact that the smaller the value of
My, the more quickly the tide raised on a planet by its star can circularize the orbit. Lower
limits were derived on the masses of some planets based on the observation that they still
have substantial eccentricities. Bodenheieteal. (2003) applied a similar argument to
constrain planetary radii. The rate of circularization due to tides raised on a planet
increases with a planet's radius, so in principle upper limits could be found for the radius
if e has not damped down. Bodenheimeeral. (2003) also modeled the effect of tidal
heating for HD 209458 b to try to explain the surprisingly large observed radius of 1.27
Jupiter radii (Charbonneaat al.2000). They found that, unless HD 209458 b has no core,
tidal heating at the currerts insufficient to explain the large radius.

The constraints provided by those two investigations are questionable for several
reasons. First, they depend on assumed values of the tidal dissipation patanfeter
the planet. Estimates @, are usually taken from highly uncertain estimates based on
models of the tidal evolution the Galilean satellite system (Yoder & Peale 1982,

Greenberg 1982, 1989) or on models of dissipation within the planet (Goldreich &
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Nicholson 1977; Ogilvie & Lin 2004). Second, they neglected the orbit-circularizing
effects of tides raised on the host star by the close-in extra-solar planet. Third, they
ignored the strong coupling of the tidal evolutioreafith that ofa. In our study, rather

than assuming values for stellar and plane@@rwe use tidal evolution rates, along with
conservative assumptions abdy andR,, to test the tidal circularization hypothesis and,

in the process, constraf@ andQ-.

To test the hypothesis that tides have been responsible for redecing
numerically integrate the canonical tidal evolution equations (Goldreich & Soter 1966)
backwards in time for all planets closer than 0.2 AU for which we have adequate
information. This range ad values includes all planets for which tidal evolution could
conceivably be significant. For each planet, we begin the integrations at the current best
estimates of eccentricity and semi-major a&igrent aNdacurrens and integrate backwards
to the orbital element®iia andainitial, at the time tides began to dominate the orbital
evolution. We assume tidal evolution began when the protoplanetary disk had dissipated
and collisional effects became negligible.

We include the effects of the tide raised on the star as well as on the planet since
the effects of both can be important (as shown below). We assume that a typical value of
Q, applies to all planets and a typical valu&efapplies to all starg\ priori estimates of
these parameters are uncertain, so we repeated the full set of calculations for various pairs
of values ofQ, andQ-. Specific stars and planets may have different values depending
their individual internal structure and dynamics, but we assume that the evolution of the

population as a whole is not affected by such individual variations.
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For each pair o®, andQ-, our integrations yield a distribution of valuesegfia.

We then compare theomputeddistribution of eniiar for the close-in planets to the
observedlistribution ofe for farther-out extra-solar planets. We determine which pair of
tidal dissipation parameters gives the best fit of the computed distribution to the observed
one. As we shall show, th® values obtained in this way are quite reasonable and
consistent with previous evidence. The fact that such plausible parameters lead to a match
between the computed initi@ distributions for close-in planets and the obsereed
distribution for farther-out planets corroborates the tidal circularization hypothesis.
Moreover, our results demonstrate that, for several close-in extra-solar planets, stellar and
planetary tides have significantly reduced semi-major axes (as well as eccentaftiies)

the planets formed and gas disk migration ceased (Terquem, Papaloizou & Lin 1999).

In Section 3.2, we present the tidal evolution equations as they apply to close-in
extra-solar planets, and we discuss previous studies of tidal evolution. In Section 3.3, we
discuss the details of our methodology and the assumptions involved. In Section 3.4, we
present the results of our tidal modeling, and in Section 3.5, we discuss their implications
and significance. In Section 3.6, we summarize our results and discuss caveats of our

study.
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3.2. Tidal Modeling
3.2.1. Tidal Theory as Applied to Extra-Solar Planets

In Error! Reference source not found., we presented a general discussion of
tidal theory, with some assumptions and approximations relevant to extra-solar systems
(e.g.the assumption that orbital inclinations are zero). Here we further simplify the tidal
evolution equations, employing more, useful approximations and a notation tailored to
extra-solar systems. Recasting Equations (2.4) and (2.5) in a form appropriate for close-in

extra-solar planets yields:

5 5

1da=_ Eg(GM*s)uz I?p & +g(G/M*)1/2 R l\'/lp(1+5_27e2) q-132

adt | 2 QM, 2 Q: (3.1)
5 5

1de__ 6_3(G|\/|*3)1/2?_P+2_25(G/M*)1/2R*_|\'/|P a 132

edt | 4 Q,M, 16 Q! (3.2)

HereG is the gravitational constarR,is a body's radiudyl its mass and’ its modified

tidal dissipation parameter, and subscriptsand * refer to the planet and star,
respectively.

Equations (3.1) and (3.2) differ from Equations (2.4) and (2.5) for several reasons.
The numerical coefficients in these equations include a factor representing the tidal Love
numberk of each distorted body. As written above, the numerical coefficients are what
they would be ik = 3/2. However, the actual values of the Love numbers for extra-solar
planets are unknown and depend on the tidal-effective rigidity of the body, the radial

density distribution, etc. Hence, we incorporate into our definitio® @y correction
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factor fork,, defining the modified tidal dissipation parame@érzséQ, similar to the
2

Q' of Goldreich & Soter (1966) but different from tQediscussed ifError! Reference

sour ce not found..

Equations (2.4) and (2.5) only considered the effects of tides raised on one body.
However, for extra-solar systems, the tides raised on both the planet and the host star may
contribute, so Equations (3.1) and (3.2) contain terms to account for the effects of both
tides. The effects of the tide raised on the star by the planet are reflected in the terms

involving Q. (which we call the stellar tide), while the terms involviQg reflect the

effect of the tide raised on the planet by the star (which we call the planetary tide).

Using Kepler's law, we’ve also replaced the orbital mean mationEquations

(2.4) and (2.5) witt{GM* /a3)1/2, assumingv- >> M, which is generally valid for close-

in extra-solar planets.

Note that Equations (3.1) and (3.2) include corrections to those presented by
Jacksoret al. (2008a). The equations given here include an additional term ofeSrater
Equation (3.1) due to tides raised on the seag.(Ferraz-Melloet al. 2008) and a
corrected numerical coefficient in the last term of Equation (3.2). Neither of these
corrections is great enough to affect the results in Jaakisah[2008a, b, c], but their
effects have been included in this analysis.

As discussed ierror! Reference source not found., Equations (3.1) and (3.2)
only include terms up to"2order ine. Since, for close-in extra-solar planetsyas much

larger in the past, higher-order corrections may be important, but the effects of the
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higher-order corrections depend sensitively on the details of the tidal response, which are
very uncertain. Future work should investigate the effects of alternative assumptions on
tidal circularization and consider higher order corrections to the tidal equations, but our

approach is a reasonable first-cut at testing the tidal circularization hypothesis for the

population of close-in extra-solar planets, with coupled equations for chareyaade.

Equations (3.1) and (3.2) also assume that the planet’'s orbital Bgri®dhort
compared with the star’s rotation periBe As discussed ifError! Reference source
not found., the relative values of the rotation rate and mean motion have a strong effect
on the magnitude and sign of the tidal evolution equations. If the assumption of slow
stellar rotation were violated, the terms in tidal evolution equations corresponding to the
stellar tide would change magnitude and/or sign.

Is the assumption of sufficiently larg® reasonable? The rotation of young,
rapidly rotating stars is slowed initially due to loss of angular momentum to the
circumstellar disk through magnetic coupling between the star and the disk (tirgter
2002). This effect can slow a young star’s rotation to a period > 10 days in a few Myr.
After dissipation of the circumstellar disk, the stellar rotation continues to slow due to
shedding of angular momentum through the stellar wind (Skumanich 1972; Verbunt &
Zwaan 1981; Ogilvie & Lin 2007), which also helps to keep the star’s rotation longer
than the revolution period of close-in planets. Trilling (2000) and Barnes (2001) list some
stellar rotation periods, corroborating our assumption, with two possible exceptions. In
our models, the longest-period planet that experiences any significant tidal evolution is

HD 38529 b, with a period of 14 days. The rotation period for its star is unknown, but



52

many extra-solar host stars have rotation periods > 14 days, corroborating our choice of
Equations (3.1) and (3.2). The other exception Boo b, with one reported value fBf

= 3.2 (Henryet al.2000) andP, = 3.31 days (Butleet al. 2006). However, in light of the
uncertainties in this determination®f, we include Boo b here anyway.

As the orbit of a planet evolves and tidal torques transfer angular momentum, it is
possible that the stellar rotation rate will reach the equilibrium rate, perhaps even crossing
some of the critical ratios discussedEnror! Reference source not found.. However,
Levrardet al. (2009) and Jacksoet al. (2009), as tidal evolution proceeds, showed that
the stellar rotation rate will probably remain much slower than the equilibrium rotation
rate for all but one close-in planet (HAT-P-2 b). Future work should consider the
complications that may arise from significant changes in the stellar rotation rate.

Equations (3.1) and (3.2) also assume that the rotation rate of the planet is equal
to the equilibrium rotation rate (given by Equation (2.7)). This assumption is reasonable
because any close-in planet should have spun down to near synchronous rotation in ~ 1
Myr (Peale 1977; Rasiet al. 1996), too early to affect tidal orbital evolution, which
takes place over billions of years. (There is a small probability that some planets can
become trapped in a non-synchronous spin-orbit resonance [Winn & Holman 2005], but
for our purposes we assume the probability is negligibly small.)

For many short-period extra-solar planets, tides raised on the planet by the star

dominate the tidal evolution of the planée(in Equations (3.1) and (3.2Q, terms

dominate). However, given uncertainties in the values of the various relevant parameters,

the effects of the tide raised on the star cannot be neglacpebri, and indeed our
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results show they can be very important. Equations (3.1) and (3.2) also show the strong
non-linear coupling betweananda. As a general rule, the equations cannot legitimately

be treated separately. When properly considered together, Equations (3.1) and (3.2)
cannot be solved in a closed, analytic formd@nda as functions of time. (Adams &
Laughlin (2006) considered approximate solutions that may apply in some circumstances.)
To find the changes i@anda with time, numerical integration is required, and that is our

method.

3.2.2. Previous Studies of Tides in Extra-Solar Systems

Most previous work has employed only selected terms from Equations (3.1) and
(3.2) in the effort to explain the low eccentricities among close-in extra-solar planets.
Rasioet al. (1996), Trilling (2000), and Bodenheimet al. (2003) all tooka to be
constant in Equation (3.2), neglecting the variation given by Equation (3.1), and
neglected the circularizing effect of the stellar tide (the second term in Equation (3.2)).

With these approximations, Equation (3.2) becomes

_]-d_e:_ E}’(Gl\/l 3)1/2 Rp5 a—13/25_}/ (3.3)
edt 4 Q::,M p Leirc

The solution of Equation (3.3) is an exponential dampirgaf the timescale

Trilling (2000) proposed that, if an extra-solar planet's orbit currently has a

significant eccentricity (Trilling (2000) choge> 0.1), thenr_,, must be longer than the

age of the systenr( ), because otherwisewould have damped down by now. Trilling

(2000) assume®, = 1.27 Jupiter radii, independent M, which is reasonable for gas
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giants with 0.3M; < Mp < 10 M; (whereM; is Jupiter's mass) because the polytropic
equation of state for hydrogen implies that the planet’s radius is insensitive to its mass

(Hubbard 1984). Trilling (2000) also adopted the vaje- 10° and the best available

determinations oM, a, ande. Then, using Equation (3.3), Trilling (2000) calculated the

minimumM,, for several planets, based on the assumptiorrthat> 7.

Figure 3.2 illustrates that approach for the extra-solar planet HD 217Mi& b (

currently 0.14), showing the relationship betwegn andM,. The estimated age of HD

217107 b is ~ 6 Gyr (Taked#d al.2007), which led Trilling (2000) to infer th, must

be greater than #; in order to satisfyr,,, > 7, (Figure 3.2). However, the picture

age
changes significantly if we include the effect of the tide raised on the star, $@fting

10° andR- = 1.1 solar radii (Valenti & Fischer 2005), but still retaining the assumption of
constanta and therefore tha¢ damps exponentially with time (but with a different
timescale). Since the effect of the stellar tide increasb, aiscreases, the circularization
timescale now drops fdvl, > 3 My In this case, Figure 3.2 shows thrak is smaller

than 7,ge for any value of the planet's mass. Thus, if we were to make inferences simply
on the basis of a comparison &f: with 7ge the implication would be thatshould have

damped to zero long ago.
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Figure 3.2: Circularization timescaigic as a function of planetary mab4, for HD

217107 b, estimated to have an age ~ 6 Gyr. The line labr|edv/o stellar tide” is the
original eccentricity circularization timescale. If this timescale represented the timescale

for exponential decay @& M, must be > 4M; for the largee to be preserveddic > Tagd-

The line labeled t;. w/ stellar tide” includes the effect of the tide raised on the star (but
still assuming constarf), which causes. to drop forM, > 3 M;,, such that there is no
value ofMp, for which Teirc > Tage
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Bodenheimeet al. (2003) applied logic similar to Trilling's in order to constrain
Ry, assuming the radial-velocity estimated minimum massviorThose results suffer
from the same approximation used in Trilling (2000): the neglect of tides raised on the
star. And both studies assumads constant on the right side of Equation (3.2). In

addition, both studies assumed a vadueriori for the poorly constraine@; (Trilling

(2000) assumed), ~ 10, Bodenheimeret al. (2003) Q, ~ 1), which introduced
further uncertainty.

Previous considerations &f values have shown that constraints are fairly weak,

and the mechanisms of tidal friction remain only partially understood, although some
progress has been made. For constraints on plan@taryt is reasonable to refer, as
Bodenheimeeet al. (2003) and Trilling (2000) did, to studies of Jupiter. Yoder & Peale

(1981) proposed thad' for Jupiter lay in the rangex@0* to 2x10°. The range comes

from consideration of the role of tides on Jupiter in the evolution of its satellite lo. If

Jupiter'sQ’' were smaller than this range (remember si@atheans strong dissipation),

lo could not be as close to Jupiter as it is, even taking into account the exchange of orbital
energy and angular momentum with the other satellites in the Laplace resonance.
However, the upper limit is much more model dependent. It assumes that the Laplace
resonance is in a steady-state that involves a balance between effects of tides raised on lo
by Jupiter and those raised on Jupiter by lo. We have a reasonable idea of the very small

value of Q' for lo, based on its observed volcanism and strong thermal emission. Thus,
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dissipation must be high enough in Jupit€f & 2x10° to maintain the steady-state

assumed by Yoder & Peale (1981).

However, it is equally plausible that the Jupiter system is not in that steady-state
(Greenberg 1982, 1989), but that tides on lo are currently dominant. In fact, a model of
the formation of the Jovian system by Peale & Lee (2002) also suggests that the
resonance has evolved over the long term in the way expected if tides on lo dominate.
Perhaps more significantly, observations of the evolution of 10’s orbital mean motion also
show a rate consistent with dominance of tides on lo and negligible tidal dissipation in
Jupiter (Aksnes & Franklin 2001).

More recently, Ogilvie & Lin (2004) modeled the hydrodynamic problem of a
tidally perturbed gaseous planet. Their results suggested a complex dependghamof
the tidal forcing frequency and the planet’s internal stratification. They conclude that a

constantQ, does not adequately capture the full tidal dissipation behavior of gas giant

planets, but that the effecti@ values for close-in extra-solar planets are of oraei(B,
Turning next to stars, we find that constraints @nhave been derived from

observations of tidally evolved binary stars and from theoretical modeling of stellar tidal

dissipation. Mathieu (1994) observed that many main sequence binary stars with orbital

periods of 10 days or less have small or z2ian et al. (1996) drew on this observation

and inferred a value fa®! ~ 10. In considering tidal evolution of its companion planet’s

orbit, Carone & Patzéld (2007) derived a valuel®’ < Q! < 2.25x10° for OGLE-TR-

56. Ogilvie & Lin (2007) modeled stellar tidal dissipation numerically and found (as they
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did for tides on a planet) a complex dependenc®.abn tidal forcing frequency and on
the mode of dissipation. Taken altogether, these studies illustrate the uncertainty inherent
in assuming any values €}, as well axQ;.

It would be inappropriate, except in special cases, to ignore the effect of the stellar
tide, which is equivalent to letting @ = 0. Some previous studies.q, Ford & Rasio
2006) assumed that, as a general rule, during tidal evolution of extra-solar planets, orbital
angular momentum is conserved. However, that is only true if the tide on the star is
negligible. Tides raised on a star transfer angular momentum between the star’s rotation
and the planet’s orbit. Thus interpretations of the orbital distribution among close-in
planets that involve conservation of orbital angular momentum during tidal evolution
should be regarded with caution.

Next we consider the common assumption that tidal variatioe can be
estimated by holding constant, which leads to Equation (3.3). To illustrate the effect of
allowing a to evolve, we numerically integrated Equations (3.1) and (3.2) backward in

time for the planett Boo b for variousQ' values. For comparison, we show the

corresponding exponential solutions of Equation (3.3), witkeld constant at its current
value. The results shown in Figure 3.3 reveal that ignoring changedaes not give a
good approximation to the actual solution.

In Figure 3.3, forQ. = 10°, we see that the behavior@based on Equations (3.1)
and (3.2) (solid curve) follows closely the exponential solution of Equation (3.2) with

constanta (dashed line) for the first few Myr back in time. This close agreement is
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reasonable because the actual changeisnsmall during this time. But further back in
time, we see thah begins to change significantly. Consequently, the assumption of
constanta is no longer accurate, and the behavioredbegins to deviate from the

exponential solution. For smaller valuesQ@if (that is, more dissipationg varies even

more quickly, so the approximation of constanis inaccurate. Consequently the time
variation ofe diverges even more from the exponential solution. The commonly made
assumption that variation @f can be ignored in Equation (3.2) is not accurate and can
lead to incorrect conclusions. For example, the short circularization timescales for close-
in planets have led many observers to assume eccentricities are zero when fitting orbital
models to data. The calculations here show that eccentricities damp much more slowly
than implied by the circularization timescale suggests, so observers should not disregard
indications of a non-zero eccentricity for close-in planets.

The complex behavior oé (relative to the exponential solution) leads to a
surprising relationship betwedd. and the change in the valueebver time. In Figure
3.3 we see that the total changeeinver 15 Gyr decreases &5 increases from f0to
10P. That result seems reasonable because tidal effects generally decrease with increasing
Q.. However, for the large®! value €.g, 10), the change ie is much greater than any
of the cases with small€),. The reason is that changes less, spending more time at

low values, which means tidal effects are stronger. Clearly the behaveisobery
different from what would have been predicted by assumitaggbe constant in Equation

(3.2).
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We plotenta for T Boo b as a function of bot@, and Q. in Figure 3.4. Onc&
is greater than about 1@ is independent of tides raised on the star, an@for 10,

it is independent of tides raised on the planet. In general, increasing@i{decreasing

tidal dissipation) tends to decrease the change as one might expect. However, the

“heel” of the curves (from the bottom left of the figu@s ~ 16and Q! ~ 10’ up toQ}, =

Q! = 10°°) shows the reversal of this trend that we saw in Figure 3.3. For this region, as
Q! increases from FQthe change i first decreases (as expected intuitively), but then

increases. As shown in Figure 3.3, this phenomenon is explained by the concurrent
change ira, which affects the total changeen

This discussion demonstrates the importance of retaining all the terms in
Equations (3.1) and (3.2) and of considering the coupled evolutiaranéie given by
those equations. Specific terms can only be ignored under special circumstances.
Incorporating the effect of the tide on the star and the tidal variatiensajnificantly
improves the accuracy of tidal calculations and, in many cases, leads to qualitatively

different behavior.
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Figure 3.3: Tidal evolution o# anda for r Boo b backwards in time from their current
values €urrent = 0.023,acurrent = 0.0595 AU). HereQ, is fixed at 18, and results are

shown for variou€Q. values. Solid lines are numerical integration of Equation (3.1) and
(3.2). The dashed lines show the exponential solutions to Equation (3.2 aggumed
constant, a common but inappropriate assumption. In the bottom panel, note that the lines
labeledQ. = 10* and Q! = 1 are, in fact, correctly labeled. See text for details.
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Figure 3.4: A contour plot of the dependencesgfa for 7 Boo b onQ. andQ. The

current value of is 0.023. The “heel” in the contour lines for¥Q. < 1 illustrates
the counter-intuitive relationship of the changeeinwith Q.: Enhancing stellar tidal
dissipation iie. smallerQ;) can result in a decreasing amount of change. ofhis

behavior is not unique toBoo b.
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3.3. Method

We numerically integrated Equations (3.1) and (3.2) for all planets with semi-
major axes less than 0.2 AU for which we have adequate data (Table 3.1). Tidal evolution

is negligible (less than a few percent changedna) for any plausibleQ’ values ifais

greater than 0.2 AU. For each planet we ran the integration backward in time from the
present to 15 Gyr ago. Also for each planet, we repeated the integration for 289

combinations 0ofQ, andQ:, evenly distributed over 17 values of eaghfrom 1¢' to

10 in increments of 197,

Our sample of planets, listed in Table 3.1, excludes those for wisalmknown,
although often such planets haabulated as zero. As discussed previously, short
circularization timescales have often induced scientists determining planetary orbits to
assume that eccentricities are probably zero for close-in planets. Due to inherent biases,
Keplerian fits to radial velocity data tend to overestimate orbital eccentricities (Lucy &
Sweeny 1971). Primary and secondary transits provide much tighter constraints on
eccentricities (Knutsoat al.2007) but cannot be observed for all close-in planets due to
the restrictive viewing geometries required (J. Barnes 2007). In any case, many of the
eccentricities we use here will be revised in the future as observational constraints
improve, and the ranges etllowed by uncertainties for each planet are given in Table
3.2.

We also restricted our study to planets for which there is some estimate available
for the age of the system. Otherwise we have no way to determine the time of the initial

anda values. Age estimates for solar-type stars are difficult and often uncertaie.¢see,
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Saffeet al.2006), but we use the estimates currently available (Table 3.1). For many
systems, only a minimum or maximum age is available. If we could find only a minimum
or maximum age, we used that value; if we found both, we took the average.

In choosing the age of the star as the age of the planetary system, we are assuming
that tides began to dominate orbital evolution of close-in planets shortly after their host
stars formed. Gas disk migration is thought to bring newly-forming planets inward for ~
1 Myr (Chambers 2006), until the gas disk dissipates (Hillenbetiatl 1998). Thus that
migration process is completed on a timescale that is very short compared with tidal
evolution becomes important, and we may assume that the age of the system is equal to
the age of the star.

The values foM, andR, come from various sources (see Table 3.1). Where a
minimum massN! sin i) is available from radial-velocity measurements, wevketqual
to that value. This assumption should only contribute a small error (~30%, typically) due
to uncertainty regarding the orbital inclinatiorelative to the observer. Three of the
planets we considered have been observed by stellar transit: GJ 436 b (Bieahing
2007), HD 209458 b (Laughliet al.2005a), and HAT-2-P b (Bakes al.2007), so for
these planets, we have used the directly measured valRgsiwdM,. For other planets,
we assume a value f&, based oM,. ForM, > 0.3M;, we fix R, = 1.2 Jupiter radii,
independent of mass. This radius represents the average radius of almost all of the close-
in planets which have been observed by stellar transit (including those with nemifal
which we have not included in this study), and this value is within 10% of nearly all their

radii. (We exclude HD 149026 b from this average because its internal structure may be
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anomalous [Burrowst al.2007]). Based on internal modeling, it is reasonabl&fdo
be independent of mass fid, > 0.3 My, over this mass range. For planets with a
minimum mass less than 0.3 Jupiter masses, we assume the planet has the same density
as Jupiter and scale the radius accordingly. This assumption roughly agrees with the
knownR, for Uranus, Neptune, and GJ 436 b (Gilkral.2007b; Deminget al.2007).
Planetary radius is a sensitive function of many factors, including internal
structure, thermal history, and atmospheric opacity. Moreover, radiative cooling would
tend to reducd, (Burrowset al.2007), while tidal heating may counteract that effect to
some degree. Our assumptions Rygrcan be revised as improved information becomes
available but are sufficiently accurate for the current study.
Values forR- andM- also come from various sources, as referenced in Table 3.1.
In five cases, radii are not given explicitly, but we have computed them from published
values of surface gravity. For two stars for which we have no estimates of surface gravity,
we computedR?- using the empirical relation betwedh andR- reported by Gorda &

Svechnikov (1996).

3.4. Results
The 289 combinations @@, and Q: that we tested (evenly spanning the range of
10" to 1@ for eachQ') gave a wide variety of distributio®siia andainiia values. Figure

3.5 shows these initial distributions, as well as the current distribution, for four pairs of

Q' values. One pair, witlQ, =1¢° and Q. = 1@, (bottom right) represent®’ values
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that have often been adopted in previous studies of extra-solar tidal evolution. The other
three examples represent the best fits of the imtihstribution of close-in planets to the
distribution farther out.

In Figure 3.5, the white squares represent the current orbital elements of close-in
planets, while the black triangles show the “initial” orbital elements based on the solution
to the tidal-evolution equations. In cases where a black triangle is co-located with a white
square, the equations of tidal evolution simply gave negligible changesrie. Solid
black squares represent orbits outside 0.2 AU where we were confident that no tidal
evolution could occur.

A qualitative inspection of these examples demonstrates the varying degree of

agreement with the distribution farther out. The commonly assumed se@pfand Q.

exponents (6 and 5, respectively) does not appear to be a good fit. In that case, among the
backwards-evolved close-in planets (black triangles), there is an excess of moderate
initial e values €.g, > 0.6) compared with planets farther out (the black squares). Of

these four examples, the combination@f= 10°° and Q' =10>° and Q= 1¢°° and

Q! =10>% appear to give a good qualitative fits to the population ousside.2 AU.
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Figure 3.5: Distributions of orbital elements for four examples of pailQ oand Q.

values out of the 289 we tested. Squares (filed and open) represent the currently
observed orbital elements, with the open squares @wtld.2 AU) being candidates for
significant tidal evolution. Triangles show the initial orbital elemeatgia( and aintiar)
determined by integrating the equations of tidal evolution backward in time to the
formation of the planet.
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A quantitative measure of the degree of agreement between, on one hand, the
distribution of the computed initial values @for the close-in planets and, on the other
hand, thee-distribution observed for farther-out (greatay planets confirms this
gualitative impression. Recall that the K-S test showedettistribution to be quite
consistent over a broad rangeaofalues; the distribution o for orbits witha from 0.2
to 1 AU is consistent with those from 1 to 5 AU at the 96% level of confidence. So now
we can compare our computed initeldistribution for the close-in planets with the
standarde distribution observed foa > 0.2 AU. Figure 3.6 shows the K-S scores as a

function of the twaQ values. Here we see reasonably good fits are possible dly #

10°> and there is reasonable agreement for a broad ran@e éfowever, peaks in the
K-S score are found with values ~99% far = 10> or 13-?> The fit for Q! = 1 "is
only a little worse, with a K-S score of about 97%. Rir= 10 andQ! = 1@, the K-S

score is 19%.
Figure 3.7 shows the tidal evolution a@finde over time for each of the planets,

for the case oR, = 16*°and Q! = 10°°. (The evolutionary tracks fa@, = 16*° and Q!

= 10°2° are very similar.) The current observed values are at the lower left end of each
trajectory in &, €) space. These points correspond to white squares in Figure 3.5. The tick
marks show the position at intervals of 500 Myr, going back in time from the present
toward the upper right. Black dots have been placed at a point representing the best age
estimate for the planetary system. These are the same points shown as the triangles in

Figure 3.5 (top left panel). We have indicated the evolution going back further in time for
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use if a more reliable age becomes available, or to indicate the evolutionary path if the

Q'values were different (but still with the same ratio assumed here).

The curvature of these trajectories is indicative of the relative importance of the
terms in Equations (3.1) and (3.2). A trajectory that is concave to the upper left usually
indicates that tides raised on the star are most important, while concavity to the lower
right indicates that tides on the planet are the most important.

As e grows, a trajectory initially dominated by the stellar tide can become
dominated by the planetary tide. The evolutionary track of 51 Peg b (currertly at
0.0527 AU anck = 0.013) illustrates this behavior, reversing concavity aramd.35
anda = 0.06 AU. The dominance reversal is due to the first term in Equation (3.1), which
depends only or? for largee, this term dominatesla/dt because the planetary tide
usually contributes more than the stellar tide. This effect underlines the importance of

incorporating all the terms in Equations (3.1) and (3.2) when modeling tidal evolution.
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Another important effect evident in Figure 3.7 is the acceleration or deceleration
of tidal evolution ase and a decreases. The rate of tidal evolution is reflected in the
spacing of tick marks along each trajectory. Moving forward in time from large values of
e anda in the past, tidal evolution for many planets accelerates and then decelerates. For
example, for 51 Peg b, the tick marks are closely spaced near the top of the trajectory,
widely spaced in the middle, and closely spaced again near the bottom (near the present
time). To understand this effect, consider tidal evolution moving forward in time. For
larger values oé (far in the past), tidal evolution proceeds slowly, since bo#) ¢E/dt
and (18) da/dt U a™*? However, as decreases, the rate of tidal evolution increases.
Later, ase becomes small enough, the rate of evolution can decreasec@sinues to
drop, however, tidal evolution can again accelerate (Chapter 6).

Although, currently, tidal evolution for some planets is slower than in the past,
some bodies are still undergoing very rapid tidal evolution, such as HD 41004B b.
However, withM, = 18 M;, HD 41004B b is probably not a planet at all, but rather a
brown dwarf. In this case, its history and evolution may be different from planets and
may also have been affected by perturbations from other bodies in the system (Zhang &
Hamilton 2007).

The evolutionary histories derived here include substantial changes in semi-major
axis coupled with the changes in eccentricity. Figure 3.8 compares the initial value of
with the current value. Presumably the initial value is the valzejadt after other orbit
changing effects, such as gas drag or other effects of the planet-formation process,

became less important so that tides began to dominate the evolution. For many close-in
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planets, Figure 3.8 shows that initeal/alues were significantly higher than the currently
observed values. These initial valuesaaghay represent their locations at the termination
of gas disk migration in each early planetary system.

Figure 3.9 indicates where that gas disk migration may have halted for different

choices ofQ" values. In that figure, we plot, as a function@fandQ,, the inner edge

of the initial a distribution, defined here as second smalbggts for our group of

modeled planets as a function@f andQ, . (We use theecondsmallestaniia because,

in looking for a trend fominiia, We might expect at least one outlier to skew the trend.)
The inner edge ddinitiar Values might represent the distance at which gas disk migration

halted for the planets. For our bestditvalues, the edge is atiia = 0.036 AU (GJ 436

b), about twice as far out as the smallest cuaerdiues (Figure 3.1).
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Figure 3.7: Tidal evolution o€ and a for the sample of known close-in extra-solar
planets using value®. = 10°° andQ;, = 10°°. Solid curves represent the trajectories of

orbital evolution from current orbits (lower left end of each curve) backward in time
(toward the upper right). On the trajectories, tick marks are spaced every 500 Myr to
indicate the rate of tidal evolution. Tidal integrations were performed for 15 Gyr for all
planets, but the filled circles indicate the initial values of orbital elements at the
beginning of each planet’s life. Due to space restrictions, most planets are not labeled.
However they can be identified by the €) values at the lower left end of each trajectory,
using Table 3.1. For example, 51 Peg b startg, & € (0.0527 AU, 0.013).
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3.5. Discussion

This investigation supports the hypothesis that tidal interactions between a star
and a planet are responsible for the relatively smalblues of close-in planets (as
proposed by Rasicet al. 1996), although our calculations incorporate important
corrections to previous studies. We have used a more complete set of tidal evolution
eqguations, including tides raised on both planet and star, considering the strong coupling
between eccentricity and semi-major axis evolution, and avoiding inappropriate
assumptions such as conservation of angular momentum. Going back in time, the
eccentricity distribution is restored to match that of farther-out planets.

Even with the relatively small eccentricities of the close-in planets explained,
there remains the unresolved question of the origin of the initial eccentricity distribution
of both close-in and farther-out planets. Rasio & Ford (1996) and Weidenschilling &
Marzari (1996) originally proposed that planet-planet scattering early in the life of an
extra-solar system could naturally lead to the large eccentricities observed. Subsequent
work seems to support this initial hypothesis (Rasio & Ford 1996; Ford, Havlikova, &
Rasio 2001; Marzari & Weidenschilling 2002; Ford & Rasio 2005; Chattetjak2008).

An alternative model to explain the eccentricity distribution is that the eccentricities were
set during the formation of planets in a gaseous disk. In this scenario planets excite spiral
density waves in the disk, and the subsequent gravitational interactions between the
planet and these waves can increase eccentricity. However, models of disk migration
appear unable to pump up eccentricities to large (> 0.3) valag86ss 2000; D'Angelo

et al. 2006). Since our work has shown even close-in planets formed with muchdarger
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the most plausible mechanism for producing the ingalalues is the planet-planet
scattering model, although some modification to the original views of that model are
needed (sees.g, Barnes & Greenberg 2007). Thus the origin of the large and widely
distributed eccentricities among extra-solar planets remains uncertain.

Significant reductions in semi-major axes have accompanied the changes in
eccentricity, with important implications. First, models of protoplanetary migration in the
primordial gas disk need not carry “hot Jupiters” in as far as their current positioes$. Lin
al. (1996) proposed that migration in the gas disk halted near the inner edge of the disk, a
boundary determined by clearing due to the host star's magnetosphere. Our results show
that the inner edge for many systems may have been farther out than indicated by the
current semi-major axes of the planets, which were only reached during tidal migration
long after the nebula had dissipated. In order to evaluate where migration due to the gas
disk halted, (and thus where the inner edge of the nebula was) models should account for
the subsequent tidal evolution.

In fact, more recent work (Jackseh al. 2009; Levrardet al. 2009) has shown
that tides may have caused many close-in extra-solar planets to migrate all the way into
their host stars and be completely destroyed. These recent studies indicate that the orbits
of currently observed close-in planets are unstable to tides, contrary to previous studies
(e.g.Rasioet al. 1996). Jacksoet al. (2009) point out that the inner cut-off @values
observed for close-in planets probably does not represent an inner edge to a gas disk for
all systems or the point at which inward migration of planets stopped. These results are

discussed more in Chapter 6.
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The tidal changes in orbital semi-major axes also have implications for
observations of planetary transits, such as surveys of young open galactic clusters
(Bramichet al. 2005; Burkeet al. 2006). The probability to observe a planetary transit
increases for smaller semi-major axes, but decreases as orbits become more circular
(Borucki et al. 1984; Charbonneatial. 2007a; J. Barnes 2007). Tidal evolution means
that the probability of an observable transit depends on a star’s age, but the exact relation
depends on the particular evolutionary path throagt) §pace. As our understanding of
the statistics of tidal evolution paths improves, the observed frequency of transits in the
field and in open clusters may eventually help to constrain planetary formation scenarios,
distinguishing, for example, between the relative roles of embedded migration and of
gravitational scattering, which set up the initial conditions for tidal evolution. However,
transit statistics may not yet be refined enough to be sensitive to detect this effect (Pepper
& Gaudi 2005).

The inward evolution of semi-major axes of close-in planets also has implications
for their thermal history because the stellar energy received by the planets over their
lifetimes may have been less than assumed. For example, Hugilar{2007) studied
the effects of evaporative mass loss from the close-in extra-solar planets. They calculated
that the smaller planets should lose mass more quickly than larger ones. However, the
mass-frequency distribution of observed planets is fairly independemt Tius they
concluded that mass loss by evaporation has been negligible, and that any miggation in
has been independent of mass. However, our results suggest that during tidal evolution,

more massive planets may have experienced significantly more migration than less
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massive ones, although, balanced against mass loss effects, it's not clear how this process
would affect the mass distribution for close-in planets.

The tidally driven changes in semi-major axes also may affect modeling of
interior processes in the planets and the implications for their radii. BuetoaV2007)
modeled the effects of radiative cooling and stellar insolation in an attempt to understand
the observed radii of transiting planets and their implications for internal structure and
atmospheric opacity. Since tides have probably induced migration for many close-in
planets from initially more distant orbits, Burroessal. overestimated the total insolation
experienced by these planets. Revision of these models taking into account a variable
insolation history may give somewhat smaller planetary radii, which may exacerbate
disagreement between the theory and radii inferred from transit observations.

On the other hand, tidal heating that accompanied the orbital evolution would
have added to the heat budget considered by Burebwas and might have significant
effects on planetary radii, as suggested by Bodenheinal (2003). Especially in the
past, whene was much larger, tidal heating may have contributed significantly to
planetary thermal budgets. Jackseinal. (2008b) showed that this source of heat is
probably important for evaporative mass loss, as well as interior structure. Tidal heating
rates have changed dramatically as the orbits evolved, and past heating may be
responsible for the inflated radii of many transiting extra-solar planets, as discussed in the

next chapter.
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3.6. Conclusions

The results presented here confirm that tidal evolution is likely responsible for the
relatively low orbital eccentricities of close-in extra-solar planets. The initial distribution
of e for these planets (at the time that tidal evolution became dominant, after the gas disk
had dissipated) agrees well with taelistribution for farther-out planets. There is good
agreement for@. = 10°°, Q; = 16*°) and @ = 10°*, Q, = 10°9). TheseQ' values are
consistent with estimates from orbital constraints in the Solar System, as well as from
models of the physics of gaseous bodies.

Our numerical solutions of the tidal evolution equations demonstrate the
importance of retaining all terms representing the tides on both the planet and the star. It
is inaccurate, when considering changes in eccentricities, to ignore tides raised on the star.
Similarly, it is inaccurate, when considering changes in semi-major axis, to ignore tides
raised on the planet. Incorporating these effects significantly improves the accuracy of
our results relative to previous studies. We have also shown the significance of the
coupling between the evolution afande. Previous conclusions reached by considering
the “timescale” for changes mhave depended on the assumption that the simultaneous
changes ira can be ignored. Using that approximation, the time dependereceaild
be exponential, with a corresponding timescale. However, the simultaneous chaages in
cause the time variation & to be more complex, witlde/dt not even necessarily
changing monotonically over the age of a planet. Similarly, “tidal migration” has
generally been considered to be a process of change in semi-major axis. However, such

change is often coupled intimately with the changes go tidal migration should always
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refer to both aspects of the change in an orbit. In summary, the results of studies that
incorporated approximate solutions to Equations (3.1) and (3.2) should be applied with
caution.

Our full treatment of tidal evolution has revealed that close-in planets have
current orbital semi-major axes typically half as large as they were at the time that the
planets had formed and the nebula cleared. Even the closest-in planets we observe today
probably started witla,iiay > 0.04 AU. However tides have probably destroyed many
planets, so it is unclear where the inner cut-off in iniékalalues may have been, if,
indeed, there was such a cut-off.

We have neglected interactions between the tidally evolving planet and other
planets in its system. Ten of the 36 of the planets in our study are known to be members
of a multi-planet system. Models that couple tidal evolution to planet-planet interactions
have been developed (Mardling & Lin 2002; Adams & Laughlin 2006), but they require
specific assumptions about the tidal response of bodies. The modeling of such complex
phenomenon was beyond the scope of this paper, but future work should include these
effects.

Since our equations depend sensitively on many uncertain parameters (such as
system ageacurrens and planetary radii), the exact model solution we present here is not
exact for any specific planet. However, assuming that errors in our choices for significant
parameters are evenly spread about their correct values, our calculations probably provide
a reasonable representation of the population as a whole. Similarly, our assumption that

all planets have the san@@, as one another, and that all stars have the €nas one
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another, surely introduces errors for individual planets and stars, but probably provides a
reasonable first estimate of the evolution of the population as a whole.

In the future, our approach can be revised and updated, and the results can be
refined. As tidal dissipation mechanisms come to be better understood, particularly their
dependence on frequency, we can improve our calculations, and use forms of the
governing equations that are more reliable at laxgAs more extra-solar planets are
discovered, the quality of our statistical analysis will improve. Continued radial-velocity
observations will result in better orbital solutions, while transit observations will provide
us with more accurate planetary masses and radii. Also, improvements in stellar age
estimates will help us to better understand the duration of tidal effects.

As the orbits of the close-in planets evolve, tidal heating rates have also evolved,
changing by orders of magnitude. The large variations in heating rates have been
suggested to be important in determining internal structures of close-in planets, and in
many cases, may explain the discrepancies between model predictions and observations
of the radii of transiting planets. In the next chapter, we use the calculations presented in

this chapter to determine past and present tidal heating rates of close-in planets.



M- R« M R, Minimum Maximum  References for

Name (solar (solar (Juppiter (qupiter Surent  €urrent  Nominal Age Age M-, R, My, Ry, @urrens &urrens @Q€
masses)  radii) masses) radii) (AU) Age (Gyr) (Gyr) (Gyr)

51 Peg b 1.09 1.15 0.472 1.20 005 001 676 5.28 840 22.2,..,2,2,18

55 Cnc b 0.92 0.93 0.833 1.20 011 001 .. 7.24 2,2,14,..,14,14,18

55 Cnc e 0.92 0.93 0.038 0.34 004 009 .. 7.24 2,2,14,..,14,14,18

BD 10-3166b  0.92 0.84 0.458 1.20 005 002 .. 184 222..22]18

GJ 436 b 0.44 0.46 0.077 0.37 003 015 .. 7.41 11.05 12.6,2,4,16,16,17

GJ876¢c 0.32 0.39 0.619 1.20 013 022 .. 6.52 990 18.7.16,...16,16,17

HAT-P-2 b 1.928 1474  9.04 0.982 007 052 260 1.20 340 1111111

HD 102117b  1.11 1.26 0.170 0.55 015 009  9.40 8.04 1060 22:2..2,2,18

HD 108147b  1.19 1.25 0.261 0.64 010 053  3.20 2.32 392 222..2218

HD 118203b  1.23 2.13 2.140 1.20 007 031 460 3.80 540 333..33.3

HD 130322b  0.88 0.85 1.090 1.20 009 003 .. 10.80 2,2,2,..,2218

HD 13445 b 0.77 0.80 3.910 1.20 011 004 .. 8.48 . 2,2,2,..,2218

HD 149143b  1.10 155 1.330 1.20 005 008  7.60 6.40 ggo 332..33.3

HD 162020b  0.78 0.74 15.000 1.20 008 028 .. o076 19.19.2,..,19,19.18

HD 168746b  0.93 1.04 0248 0.63 007 011  12.40 10.28 2,2,2,..,2,2,18

HD 179949b 121 1.22 0.916 1.20 004 002 256 0.92 368 222..22]18

HD 185269b  1.28 1.88 0.909 1.20 008 028  4.00 3.00 8,82..8815

HD 187123b  1.08 1.17 0.532 1.20 004 004  7.40 6.24 864 2222218

HD 192263b  0.81 0.77 0.641 1.20 015 006 256 1336 222...2,2,18

HD 195019b  1.07 1.38 3.700 1.20 014 001 200 704 222,...2,218

HD 209458 b  1.14 1.14 0.690 1.32 005 001 244 0.80 376 22.2,9,10,10,18

HD 217107b  1.10 1.08 1.410 1.20 007 013 584 3.40 776 2.2,20,..,20,20,18

HD 38529 b 1.47 2.50 0.852 1.20 013 025  3.28 3.04 364 22.2,..2,218

HD 41004Bb  0.40 0.49 18.400 1.20 002 008 .. 1.48 164 22.7.22,..,22,22,17

HD 46375 b 0.92 0.94 0.226 0.61 004 006 .. 11.88 2,2,2,..,2,2,18

HD 49674 b 1.06 0.95 0.115 0.49 006 029 .. . 356 22.2..22]18

HD 6434 b 0.79 0.74 0.397 1.20 014 017 1330 7.00 13,...,13,...,13,13,17, 17

HD 68988 b 1.18 1.14 1.850 1.20 007 012  3.40 1.40 444 22,21,..,21,21,18

HD 69830 b 0.87 0.90 0.032 0.32 008 010 .. 12.04 2,2,11,..,11,11,18

HD 75289 b 1.21 1.28 0.467 1.20 005 003  3.28 2.60 388 22.2..2218

HD 76700 b 1.13 1.34 0.233 0.62 005 010  9.84 8.80 1276 22.2,..,2,2,18
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HD 83443 b 1.00 1.02 0.398 1.20 004 001 11.68 2,2,2,..,2,2,18
HD 88133 b 1.20 1.93 0.299 0.67 005 0.3 6.27 956 ©92..2218
HD 99492 b 0.86 0.76 0.109 0.48 012 025 .. 180 22.2..2218
7 Boo b 1.35 1.43 4130 1.20 005 002 164 1.12 208 222..2218
v And b 1.32 142 0.687 1.20 006 002 312 2.88 332 %22..22]18

Table 3.1: 1 solar mass = 1.98a10°° kg, 1 solar radius = 695500 km, 1 Jupiter mass = 1.8968 kg, and 1 Jupiter radius
= 71492 kmR, values were computed as discussed in the text. References: (1)eBakg§2007); (2) Butleret al. (2006), (3)
Da Silvaet al. (2006); (4) Deminget al. (2007); (5) Fischer & Valenti (2005); (6) Gilloet al. (2007b); (7) Gorda &
Svechnikov (1996); (8) Johnsen al. (2006); (9) Knutsoret al. (2007); (10) Laughliret al. (2005c¢); (11) Loviset al. (2006);
(12) McArthuret al. (2004); (13) Manesst al. (2007); (14) Mayoet al.(2004); (15) Moutotet al. (2006); (16) Riveraet al.
(2005); (17) Saffeet al. (2006); (18) Takedat al. (2007); (19) Udryet al.(2002); (20) Valent& Fischer (2005); (21) Vogtt
al. (2005); (22) Zucker et al. (2004).



Name nom e min e max e
51 Pegb 0.013 0.001 0.025
55Cncb 0.01 0.023 0
55Cnce 0.09 0.062 0.118
BD 10-3166 b 0.019 0 0.042
GJ 436 b 0.16 0.14 0.18
GJ876¢ 0.2243 0.223 0.2256
HAT-P-2 b 0.52 051 0.53
HD 102117 b 0.121 0.039 0.203
HD 108147 b 0.53 0.4 0.64
HD 118203 b 0.309 0.295 0.323
HD 130322 b 0.025 0 0.057
HD 13445 b 0.046 0.042 0.05
HD 149143 b 0.08 0.04 0.12
HD 162020 b 0.277 0.275 0.279
HD 168746 b 0.107 0.027 0.187
HD 179949 b 0.022 0.007 0.037
HD 185269 b 0.3 0.26 0.34
HD 187123 b 0.023 0.008 0.038
HD 192263 b 0.055 0.016 0.094
HD 195019 b 0.0138 0.0094 0.0182
HD 209458 b 0.014 0.005 0.005
HD 217107 b 0.13 0.11 0.15
HD 38529 b 0.248 0.225 0.271
HD 41004B b 0.081 0.069 0.093
HD 46375 b 0.063 0.037 0.089
HD 49674 b 0.087 0 0.182
HD 6434 b 0.17 0.14 0.2
HD 68988 b 0.1249 0.1162 0.1336
HD 69830 b 0.1 0.06 0.14
HD 75289 b 0.034 0.005 0.063
HD 76700 b 0.095 0.02 0.17
HD 83443 b 0.012 0 0.036
HD 88133 b 0.133 0.061 0.205
HD 99492 b 0.254 0.162 0.346
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tBoob 0.023 0.008 0.038
v And b 0.023 0.005 0.041

Table 3.2: Ranges of orbital eccentricities allowed by observational uncertainties. The
nominal (“nom”), minimum (“min”) and maximum (“max”) values are taken from the
same sources as given in Table 3.1.
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Chapter 4
Tidal Heating of Extra-Solar Planets

4.1. Introduction

In the previous chapter, we demonstrated the importance of the orbital effects of
tides on the orbits of extra-solar planets, and discussed implications for the origins and
formation of the planets. Tidal evolution of a planet’s orbit is necessarily accompanied by
dissipation of energy within the planet and its host star. In many cases, the rates of
dissipation may be large enough to significantly affect the planet’s internal structure and
physical properties. In this chapter, we discuss the tidal heating of close-in extra-solar
planets that accompanied their orbital evolution and its relevance to observations of
transiting extra-solar planets.

During the course of the tidal evolution, tidal distortion of the figure of the planet
can result in substantial amounts of internal heating at the expense of orbital energy. As
the planet passes from pericenter to apocenter and back, the tidal distortion oscillates
between its maximum and minimum size. The rate at which the distortion oscillates at its
amplitude depend on the orbital elemests, andn (which depends oa), so the heating
rate is coupled to the evolution of the orbit. Compared with their current orbits, many
close-in planets were probably farther from their host star (larger semi-major axes) at the
time that the planetary system formation had ceased and the gaseous nebula dissipated. In
a typical case, tidal heating might have begun modest, wheas larger (anch was

smaller) but then increased as tides reduced the semi-maja @8l increased). As
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the tides became stronger, they would circularize the orbit, which in turn would shut
down the tidal heating mechanism.

Thus two competing effects are in play: the reductioa which increases tidal
heating, and the damping efwhich decreases the heating. The relative strength and
timing of these two effects determines a planet’s history, typically with a gradual increase
in the heating rate followed by a decrease.

The effects of tidal heating on a planet’'s internal structure may be critical in
determining its physical properties. For example, models of extra-solar planets have
considered the effects of heating on their radii, which can be measured directly by transit
observations. Heat sources that have been considered in these models include the energy
of planetary accretion and radiation from the star, as well as tidal heating (Bodenheimer
et al. 2003; Mardling 2007; Winn & Holman 2007). In many cases the theoretical
predictions match the observations reasonably well. However, there are notable
exceptions. HD 209458 b has been observed by Knetsah(2007) to have a radius of
1.32 Jupiter radii (Rp, which is about 10-20% larger than predicted by theoretical
modeling (Guillot 2005; see also Burrows al. 2007). HAT-P-1 b is also larger than
predicted by theory (Bakost al. 2007a). On the other hand, HAT-P-2 b is observed
(Bakos et al. 2007b) to be about 12%maller than the radius predicted by theory
(Fortneyet al.2007).

Theoretical models must make multiple assumptions about the behavior of gases
at high pressures, atmospheric heat flow, and radiative cooling, among others. Moreover,

theoretical models to date have not taken into account the history of tidal heating for
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close-in planets. Of course, those are the planets most likely to have radii measurable by
transits. To help address the effects of tidal heating, we calculated the tidal heating

histories that would accompany the orbital evolution as computed in the previous chapter.

4.2. Method

The computation of the tidal evolution was described by Jaoksah (2008a)
and in the previous chapter. The dissipation of energy within a planet due to tides comes
directly from the planet’s orbit (except perhaps very early-on while the planetary spin is
quickly brought to the equilibrium rate). The orbital energy depends on only one orbital
element, the semi-major axis. Thus the term in the equatiatafdtthat corresponds to
tides raised on the planet by the star also gives the heating rate. In this way, the heating
rates can be extracted from the same numerical integrations of the tidal evolution of
orbits.

We have considered for various planets of interest the range of heating histories,
given the range of uncertainties in their current orbital elements. For example, planets
with nominal reported eccentricities of zero were not considered by Jaeksah
(2008a). Ife were really zero, there would be no tidal heating as long as the planetary
rotation rates were equal to the equilibrium rate. Here we consider the possible heating,
even for those planets, using the full range ahda values that may be consistent with
observational uncertainty. The planets that we discuss here are of particular interest
because in each case there is some basis for comparison of thermal models with an

observationally measured radius.
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4.3. Tidal Heating Histories
Using the notation and assumptions in the previous chapter, the tidal heating rate

H can be expressed as

(GM)* MR, 15z
Q, (4.1)

H=(9)

As discussed in the previous chapter, tidal evolution of the orbital elements
reduces botla ande, with competing effects on the heating rate: Reduaimgcreases
the heating, but reducing decreases it. The evolutionary histories presented in the
previous chapter are such that the change usually dominates earlier on, while the
damping ofe dominates later. Thus a typical heating history involves an increase to a
maximum rate, followed by a decrease to the current rate. In the next section, we consider
the variation in heating rate for several planets of interest. The orbital and physical
parameters we adopted for our modeling are listed in Table 4.1, in Mhisha planet’s
mass andR- is the stellar radius. Minimum (min), nominal (hom) and maximum (max)

values of orbital parameters that are allowed by observation are listed there as well.

4.3.1. Planets with published eccentricities

43.1.1. HD 209458 b

Figure 4.1 shows the time history of the tidal heating rate. The solid curve is
based on the nominal curremt 0.014 andh = 0.0473 AU (Laughliret al.2005a). The

dashed line is based on the maximum current heating rate consistent with the
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observational constraints on the orbital elemergsyith the maximum plausible current
value ofe (0.042) and the minimum plausible valueaof0.0459 AU). The integrations

go back 15 Gyr, although the nominal age of the system (shown by the vertical line) is
2.5 Gyr (Takedat al. 2005). Burrowset al. (2007) suggest that a heating rate of about 4

x 10°W would be required to maintain the observed planetary radius. Therefore, even
with the largest possible curreatvalue, the current tidal heating rate is too small to
resolve the discrepancy between the large observed planetary radius and theoretical
models. However, the history plotted in Figure 4.1 shows that the required heating rate
was maintained for about a billion years after the system formed, and dropped off only
about a billion years ago. If the lag in the response of the planet to the heating rate were
on the order of a billion years, it may explain the observed large radius. Such a lag seems
reasonable based on the long duration of the influence of heat of formation on the
planet’s radius in the modeling by Burroefsal. (2007), and more recent work confirms

that the lag between heating and response of a planet’s radius may be as long as 1 Gyr
(Liu et al.2008).

The evolution shown in Figure 4.1 is an example of the most general case of a
rising heating rate followed by a decrease. In this case, it is likely that the system was
near or at the peak of heating at the end of its formative period. If the cenwalte is
less than the nominal value, then the heating rate has probably been decreasing
throughout the lifetime of the planet. Note too that for this planet, observations cannot

rule out a circular orbit. If that is the case, tidal dissipation could have been negligible.



92

Nevertheless, the best fit case, with a curesn®0.014 or larger, corresponds to a heating
history that may help explain the large observed radius of this planet.

We note that some authors have estimated that the tidal circularization timescale
for HD 209458 b was so short that a mechanism was needed to explain any planet’s
current non-zero eccentricity. For example, Mardling (2007) proposed that an additional
planet is needed to maintain a non-zero eccentricity. However, transit timing observations
rule out the existence of another planet with a period less than 15 days (MilleefRitci
2008). In fact, the issue may be moot, because the calculations from the previous chapter
show that tides have taken billions of years to circularize HD 209458 b’s orbit. The short
circularization timescales estimated by previous workers were based on the exponential
solution of the equation for tidal dampingle(d), which ignored concurrent and
codependent changes in semi-major axis. Because tides reduca é&ode together,
ignoring changes im significantly underestimated the time required to circularize
orbits. Using the coupled equations for tidal evolution, we find it is perfectly reasonable
that the eccentricity remains non-zero. Thus, tidal heating has likely been large during the

past billion years, perhaps explaining the planet’s surprisingly large radius.

4.3.1.2. HAT-P-1b

Like HD 209458 b, this planet’s observed radiug.86 Ry, (Bakoset al. 2007a)
is larger than expected from theoretical modeling that did not include tidal heating
(Fortneyet al.2007). Figure 4.1 shows the tidal heating history for this planet. Similar to

HD 209458 b, the heating rate ~ 1 Gyr ago was substantially higher than the present tidal
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heating, based on either the nominal bes ¥idlue (solid curve) or the maximum current

e value (dashed line). In this case the planetary system is somewhat older, so the history
extends further back in time, and thus includes a longer period of increasing tidal heating
(due to the decrease in semi-major axis), followed by a decrease in heating (as the orbit
circularizes). For both HD 209458 b and HAT-P-1 b, the substantial heating rate ~ 3-4 x
10" W about 1 Gyr ago may help account for the discrepancy between the large observed

planetary radii and the predictions of physical modeling.

4.3.1.3. GJ 436D

This planet has a measured radius consistent with theoretical models which did
not include tidal heating (Gilloet al. 2007b). The tidal heating history shown in Figure
4.1 is consistent with that result. Compared with the previous two cases, the maximum
heating rate was two orders of magnitude less. This lower rate of dissipation may be
partially offset by the fact that the duration of the maximum heating was several billion
years,.e. the peak is much broader than for the previous planets. However, the total tidal
heat is still much smaller than the other cases, and most of it was so long ago that its
residual effects are probably negligible, which may explain why the measured radius fits

the tide-free physical model.
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Figure 4.1: The tidal heating rates for planets HAT-P-1 b, HD 209458 b, and GJ 436 b as
a function of time. The present time (t=0) is at the right, and the scale indicates the time
before the present. Vertical lines indicate the best estimate of the formation time for the
planet. Note that the vertical scale has been shifted (by a factor of 10) for HAT-P-1 b to
make its curves more visible. For each planet, here and in subsequent figures, the vertical
scale that corresponds to each curve is the scale intersected by that curve. The solid curve
for each planet is based on the current nominal eccentricity value, while the dashed lines
assume the maximum and minimum heating consistent with observational uncertainty in
the orbital elements. For HAT-P-1 b and HD 209458 b, observations could not exclude a
current eccentricity of zero, so the lower bound on heating rates is formally zero. Hence
in those cases only one dashed line is shown, representing the upper limit. The following
figures use the same conventions.
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4.3.1.4. TrES-1

This planet may have experienced more tidal heating than any of the previous
cases as shown in Figure 4.2. Based on that result, and by analogy with HD 209458 b and
HAT-P-1 b, one might have expected the measured radius to be larger than predicted by
previous physical modeling. However, Wiahal. (2007) report that the measured radius
does fit theory. It seems that the expected large amount of tidal dissipation did not affect
the radius in this case, a surprising result that calls for an explanation. One possibility is
that we have overestimated the tidal heating; another is that the theoretical modeling may

need adjustment so as to accommodate more heat without increasing the inferred radius.

4.3.1.5. HAT-P-2 b

In this case also there has been a substantial amount of tidal heating (Figure 4.2).
The current heating rate is similar to the maximum rate attained by HD 209458 b and
HAT-P-1 b, so again we might expect a larger radius than predicted by theory that
ignored tidal heating. In this case, however, the measured radius is actually smaller than
predicted (Bakoset al. 2007b). Thus there is a discrepancy between theory and
observation even if tidal heating is neglected. Correction to the theoretical modeling
seems to be necessary, and the correction would need to be in the same sense as that for
TrES-1 (.e.,, a smaller radius for a given amount of heating). The fact that there is likely a

high rate of tidal dissipation makes the problem even worse.
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On the other hand, a key factor in the reconciliation may be that, while the current
tidal heating rate is high and increasing, in the recent past the heating rate was much
lower. HAT-P-2 b is still on the increasing part of the heating curve, which is unusual
among planets considered here, most of which have passed their peaks. The fact that the
heating rate was several times smaller a billion years ago than it is now may help explain
the small radius.

Compare that result with what we found above for the planets where the observed
radii are larger than expected (HD 209458 b and HAT-P-1 b). In those cases, the fact that
the heating rate was several timlagger a billion years ago than it is nhow may help
explain thelarge radius. In all of these cases it seems that the heating rate in the past (~1

Gyr ago) may been the crucial factor in determining the current radius.
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Figure 4.2: The tidal heating rates for planets HAT-P-2 b, TrES 1 b, and HD 149026 b as
a function of time, similar to Figure 4.1. Note that the vertical scale has been shifted for
HAT-P-2 b to make its curves more visible. The minimum and maximum heating rates
for HAT-P-2 b are nearly equal to the nominal rate, and so the corresponding curves are
covered up. The solid lines and dashed lines have the same meaning as in Figure 4.1. For
HD 149026 b, the dashed line represents the maximum heating consistent with
observational limits, while the nominal eccentricity is zero, corresponding to zero heat
(off scale) throughout the history.
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4.3.1.6. HD 149026 b

For this planet, the maximurm allowed by observation is 0.02, although the
nominal adoptede value is zero. Even assuming a current orbit that would allow
maximum heating, (dashed line in Figure 4.2) given observational constraints on the
current orbit, tidal heating has been only about 2% W0 for most of the lifetime of the
system, and has dropped by about 30% during the past 1 Gyr as the eccentricity has
damped down. Similarly to GJ 436 b, tidal heating is probably not a factor in determining
its radius. In fact, transit observations show HD 149026 b has one of the smallest radii
measured for any extra-solar planet, 0.72f, RCharbonneatet al. 2006). Interior
models require a large core, with a mass ~80 Earth masses, to be consistent with this
small observed radius (Satbal.2005). Conceivably, such a core would have a ld@yer
than we have assumed as the bulk value for this planet because rocky bodies generally
haveQ, ~ 100. In that case the tidal heating may have been great enough to have been a
factor in the planet’s geophysical history. However, if additional heat were incorporated
into the theoretical modeling, it might tend to increase the model radius, perhaps
requiring an even larger core to match the observed radius. In any case the theoretical

models need to take into account the possible addition of considerable tidal heating.

4.3.2. Planets with undetermined eccentricities

For most extra-solar planets whose eccentricities have not yet been measurable,

the value is customarily tabulated as zero (Buglerl. 2006). For at least nine such
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planets, radii have been measured and can be compared with theoretical predictions. In
most cases the models fit the observations, but in four of the nine cases, the theory
predicted radii smaller than observed. Next we consider for each of these planets whether
tidal heating, which has not yet been incorporated into the modeling, might potentially
play a role. For many planets with tabulatedalues of zero, the true values may be as
large as 0.03 (Butleet al. 2006). Thus, for each of the nine planets, we consider the
implications that would follow if the currem actually has a value of 0.001, 0.01, and
0.03, in order to sample a range of possible values. The results are shown in Figures 4.3
and 4.4. For each planet, the results for a current value d610.01 are shown with a

solid line, and the results for the smaller and larger values (and thus smaller and larger
current heating rates, respectively) are shown with dashed lines.

The following planets seem to have larger radii than had been predicted by
models: TrES-2 (Sozzetit al. 2007), WASP-2 b (Sozzettt al. 2007), OGLE-TR-56 b
(Pontet al. 2007), and XO-1 b (Holmaat al. 2006). As shown in Figure 4.3, the first
three may have had tidal heating well in excess 6f W within the past 1 Gyr and
probably lasting for at least ~ 1 Gyr, assuming their cureestactually > 0.01 (and
probably even if their curremtis as small as a few times 30 Thus tidal heating needs
to be included in the physical modeling and may help reconcile the difference between
theory and observation. For XO-1 b, tides are unlikely to have played a significant role
unless the currerd is larger than 0.03. Thus, for this case, the reconciliation probably
requires some other correction to the theoretical models, so as to give a smaller radius,

which is the same trend suggested for several other cases discussed above.
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The five cases that have radii consistent with theoretical models (Buetoas
2007, Winnet al.2007) are OGLE-TR-10 b, -111 b, -113 b, and -132 b and HD 189733 b.
As shown in Figure 4.4, in all cases except -111 b, heating rates may have been greater
than 18° W during the past Gyr even if the currentalues are only 0.01. What is more,
Figure 4.4 shows that two planets (OGLE-TR-113 b and HD 189733 b) would have
reached 18 W even if their curreng is only 0.001. (OGLE-TR-111 b would require the
currente to be > 0.03 to have peaked at®1®/, but even in that case the burst of heat
was several billion years ago.) For several of these planets, there has likely been enough
heating to be a factor in determining the physical properties. Thus the fact that the
measured radii fit the models suggests that either the cernvahtes are smaller than the
values considered here, or, once again, the theoretical models need to be revisited so as to

keep the same radii while accommodating the additional heating due to tides.
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Figure 4.3: The tidal heating rates for four planets for which the nominal (tabulated)
currente value is zero, but non-circular orbits are possible. For each planet, a heating
curve is computed for an assumed cureeot 0.001, 0.01, and 0.03. The solid line is for
0.01, and greater curremt corresponds to greater current heating. The scale on the
ordinate is shifted by factors of ten to allow the separate results to be displayed clearly.
For planets where the vertical age bar is missing, no age estimate is available.
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4.4. Terrestrial-scale planets

As observational data improve, observers have begun to find extra-solar planets
with masses comparable to Earth’s, planets that may be terrestrial in nature. Among
known planets with masses less than about ten times that of the Earth, tidal heating could
have played some role in the geophysical evolution. Here we consider the tidal heating of
a few planets with masses comparable to the Earth’s, possibly with similar compositions.

We assume that the planetdy is 100 and the Love numbkiis 0.3, givingQ, =500,

reasonable choices for a rocky planet (Lambeck 1977; Diekey. 1994; Mardling &
Lin 2002; Barne®t al.2007).

For GJ 876 d, the estimated mass is about 6 Earth masses, and the aasninal
zero, so following the same procedure as in the previous section for such cases we
consider the heating history under the assumption that the cersaltie is actually
0.001, 0.01, or 0.03, as shown by the curves so labeled in Figure 4.5. No direct
determinations of its radius are available, so we asd$gyme 10,200 km, based on the
mass/radius relationship for terrestrial planets given by Sotal. (2007). In addition,
we consider the implications of the upper limitawf 0.28, reported by Riveret al.
(2005). The implied heating history in that case is given by the curve labeled “0.28” in
Figure 4.5. In each of these four cases, the heating rate is well dVan 1or tens of
millions of years, and peaks at #10W. The main difference among the four cases,
depending on the assumed currerntlue, is the timing of the peak, although it is within

the past ~30 Myr in all four cases.
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To put these numbers in context, consider the geophysical modeling of this planet
by Valenciaet al. (2007a) who report that 7x10W would be adequate to induce
substantial internal melting of the mantle. According to that result, for GJ 876 d tidal
heating has likely been 2 orders of magnitude greater than needed for melting. At the
surface, in a steady state the tidal heating would correspond to a heat fluX d¥wt.

For comparison the surface heat flux for spectacularly active lo is ~3 (MloEwenet

al. 1992) and is largely due to tides. For the Earth the flux is ~0.0& \(\Davies 1999),

which is largely due to radiogenic heat. Valerstial. (2007b) suggested that radiogenic
heating of GJ 876 d might have been adequate to initiate plate tectonics, but our results
indicate that tidal heating may have been a major contributor to the geological and
geophysical character of the planet. Tidal heat has provided an important component of
the heat budget for this planet, perhaps the dominant component during at least the past
~1@® yr. The tidal heating rate would be so large, in fact, that GJ 876 d is unlikely to be a
solid, rocky body, or the planet’s orbital eccentricity is much smaller than considered
here.

For the nominal current orbit of Gl 581 c (Butedral. 2006), the tidal heating is
about 16° W, assuming the best-fit curremtanda. It has been nearly constant over the
past billion years, and was only slightly larger early in its history 9 Gyr ago. Considering
the range of uncertainty of the current orbit, the values could have been a few times
higher or lower, but still ~ 1§ W, far less than GJ 876 d. Nevertheless, this rate could be

geophysically important. Assumirfg, ~ 10,000 km (again scaling from the mass), the
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tidal contribution to the geophysical heat flux would be ~ 10 $\dtrthe surface, more
than twice that of lo and 100 times the heat flux at the surface of the Earth.

HD 69830 b is greater than 10 Earth masses, so it is more likely a
Uranus/Neptune class planet than a terrestrial one. Nevertheless, Valealc(2007a)
considered the possibility that it is terrestrial in character, so we consider the implications

for tidal heating if itsQ,= 500 For the best-fit currené value, we find that tidal

dissipation may generate ~1@V, or up to a few times more given the range allowed for

the current orbital parameters. The heating rate has been fairly constant over the past
billion years, but it had decreased by a factor of a few since the planet’s formation ~10
Gyr earlier (Loviset al.2006). Assuming a radius of ~12,000 km (based on its mass), the
surface heat flux over the past 1 Gyr would be 55 ¥\(&@ times lo’s). If HD 69830 b is

a terrestrial planet, tidal heat must have been a major factor in its geophysics throughout
its history.

Note that in these calculations we have ignored the effect of interactions between
these planets and other known (and probably still unknown) planets in their systems.
Secular interactions and orbital resonances may well have affected the orbital evolution
in ways that modified the tidal heating histories. These effects would be in addition to the
other uncertainties and assumptions intrinsic to the results presented here. Nevertheless,
the point of our results is that tidal dissipation is likely to have been a significant factor in

the geophysical evolution of extra-solar terrestrial-type planets.
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45. Discussion

The calculations here suggest that tidal heating may well have played an
important role in the evolution of the physical properties of many extra-solar planets, the
physical property for which we have the best constraints at present being the planetary
radius. We caution that the specific calculations displayed here depend on numerous
assumptions and several uncertain parameters. The heating rates correspond to many of
the orbital evolution trajectories presented in the previous chapter, and the same caveats
for those calculations apply here. In particular, the exact tidal histories presented here

depend on the choice .. However most of the tidal histories presented here are not

very sensitive to the choice @ since tides raised on the planet usually dominate the
evolution. HAT-P-2 b is an important exception. Owing to the planet’s unusually large
mass (~ 9 My, tides raised on the star may dominate the tidal evolution. As a result, the
rate of tidal evolution depends sensitively @h, e.g.,larger Q. results in significantly

slower tidal evolution. If tidal evolution were slower for this planet, it would mean that
the past heating rate was closer to the current, large heating rate since the orbital
parameters would not have changed much.

In any case, it is quite likely that the actual thermal history of any particular planet
was different to some degree from what we show here. However, the unavoidable point is
that tidal heating may be significant even for small current eccentricities and should be
considered as a factor in theoretical modeling of physical properties.

As shown in Section 4.3, in most cases where the measured radius is greater than

the theoretically predicted value (HD 209458 b, HAT-P-1 b, TrES-2, WASP-2 b, and
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OGLE-TR-56 b), the tidal heating has been significant and may thus resolve (or at least
contribute to resolving) the discrepancy, once it is incorporated into the physical models.
The greatest heating was typically ~ 1 Gyr ago, so it may be that current planetary radii
reflect the heating rate at that time in the past.

In only one case where the measured radius is greater than theoretically predicted
(XO-1 b) is the tidal heating too small to be a significant factor. Some other correction is
probably needed to bring the model into agreement with the observation.

Among cases where the theoretical models have seemed to be in good agreement
with measured radii, two have experienced negligible tidal heating (GJ 436 b and OGLE-
TR-111 b), so the agreement is preserved even when tides are taken into account.
However, five cases may have undergone considerable tidal heating (TrES-1, HD 189733
b, OGLE-TR-10 b, -113 b, and -132 b). Physical models may need to incorporate this
heat source, which is likely to increase the radius predicted by the models. If the change
is significant, other modifications will be required before the theory can be considered in
agreement with observations.

In two of the cases considered here, the theoretical models predicted radii larger
than actually measured. For HD 149026 b, tidal heating is probably not a factor. For
HAT-P-2 b, the tidal heating exacerbates the discrepancy between theory and observation.
However, the problem is less severe if (as suggested by the other cases above) the current
radius reflects the heating rate ~1 Gyr ago, when the heating rate (in this case) was a few

times less than at present.
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Our study also suggests that the current state of physical modeling often gives
radii that are too large for a given assumed amount of heating (or equivalently
underestimating the amount of heat needed to yield a given radius). Tidal heat may
resolve the discrepancy between theory and observations for most of the cases where
measured radii were larger than expected, but it may make things worse in most of the
cases where measured radii seemed to fit the current models. In two cases, whether tidal
heating is significant or not, the observed radii are smaller than predicted by the models.
In summary, some discrepancies may be resolved by taking into account tidal heating,
some remain even when tidal heating is taken into account, and some are exacerbated by
tidal heating. Even when tidal heating is included, theoretical models will generally need
to be adjusted and improved so as to yield smaller radii for a given amount of internal
heat, if they are to agree with measured values. Certainly, theoretical studies of the
evolution of the physical properties of planets need to account for tides as a significant
source of heat, and one that varies over time. Unlike heat of accretion, tidal heating varies
over time, often reaching its maximum considerably later in the life of the planet.

Among terrestrial-scale planets, we find that tidal heating may have dominated
the geological and geophysical evolution of the planets and control their current character.
The tidal heating rate for GJ 876 d may be orders of magnitude greater than the
magnitude considered by Valen@a al. (2007)to be geophysically significant. For Gl
581 c tidal heating may vyield a surface flux about three times greater than lo’s,
suggesting the possibility of major geological activity. The surface flux of tidal heat on

HD 69830 b would be yet an order of magnitude larger if it is a rocky planet. These
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heating rates are so large (especially for GJ 876 d) that either the orbital eccentricity is
different from what we’ve considered here, or the extensive melting implied may not be

consistent with the tidal dissipation parameters that we have assumed. Some melting
might increase the rate of tidal heating as the tidal amplitude increases, but deep global

melting would increas® and limit the heating to rates lower than what we have

calculated. Another caveat is that the masses of these planets are minimum masses from
radial velocity studies, so they may not be rocky, terrestrial scale bodies after all. Finally
we emphasize that we have ignored the effects of mutual interactions among planets,
which may affect orbital and tidal evolution in interesting ways.

These results demonstrate the importance of using the coupled equations of tidal
evolution ofe anda. Here we have seen that the slower circularization has likely resulted
in significant heating rates at present and in the relatively recent past.These results show
that tidal heat may be a major factor in determining the character of extra-solar planets.
The extent to which a given amount of heat affects the physical state of the planet must
depend on where the heat is dissipated. Heating near the surface may have less effect than
if it is deep in the interior. Despite these uncertainties, the results presented here do
demonstrate that tidal heat must be considered in theoretical modeling.

The magnitudes of the heating rates determined for the super-Earths considered
here suggest that tides may have an important influence on the geophysical states for
rocky extra-solar planets close to their host stars. Such effects will also undoubtedly have
consequences for the habitability of these planets. In the next chapter, using the same

methodology as this and the previous chapter, we present calculations of the tidal
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evolution and heating for many hypothetical rocky extra-solar planets, spanning a range
of orbital and physical properties, and discuss possible implications for their physical

properties and habitability.
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Planet Names . R M, Ry a (AU) e Age References
Mso)  (Reo) Moy (Rup min nom max min nom max (Gyr) M-, R, My, Ry, a, e, Age
HD200458b 114 113 064 132 00459 00473 00487 0 0014 0042 244  1,1,2,23 3,4
HAT-P-Lb 112 145 053 136 00536 00551 00566 0 009 011 36 5 (all)
GJ436b 044 044 00706 03525 00276 0025b5 00203 014 016 018 ° 9.23 6 (all
TrES-1 088 08. 075 108 0038 00393 004 0039 0135 0231 25 8,8,8,8,8,8,9
HAT-P2b 135 18 905 0982 00673 00685 00697 0495 0507 0519 2.7 10 (all)
HD149026b 13 145 036 073 0042 0043 0044 0 0 002 2 11 (all)
TIES-2 108 1 125 124 00362 00367 00379 0001 001  0.03 12,12,12,12,12, ..., ...
WASP-2b 079 081 088 104 00296 00307 00318 000l 00l  0.03 13,13, 13,13, 14, ..., ...
OCLETR®® 117 132 120 13 00221 00225 00229 0001 001 003 25 15, 15, 15, 15, 15, ..., 9
XO-1b 1 093 09 118 00483 00488 00493 0001 001 003 46 16, 16, 16, 16, 17, ..., 17
OCLETRAO 102 116 063 127 00423 0043 00436 0001 001 003 2 15, 15, 15, 15, 15, ..., 9
OGLETR 081 083 052 107 0046 0047 0048 0001 001 003 555 18,18, 18, 18, 18, ..., 23
OCLETRIIS 078 077 132 109 00227 00229 0021 0001 001 003 535 19,19, 19, 19, 19, ..., 23
OCLETRA32 135 143 119 113 00298 00306 00314 0001 001 003 °125 20,20,20,20,20, ...6
HD189733b 082 076 115 115 00309 00313 00317 0001 001 003 526 21,21, 21, 21,22, ....23
GJe76d 032 036 0018 0143 00208 00208 00208 0001 001 003 99 24, 24, 24,25, 24, .., T
GIs8lc 031 038 0016 0138 00714 0073 00746 009 016 023 ° 20 26, 26,27, 25,27, 27,27
HD69830b 086 0895 0032 0167 00785 00785 00786 006 01 014 * 7.0 28, 28,28, 25, 28,28, 28

Table 4.1: References. - (1) Butkdral. (2006); (2) Knutsoret al. (2007); (3) Laughliret al. (2005); (4) Takedat al. (2007);

(5) Bakoset al.(2007a); (6) Gilloret al.(2007b); (7) Saffeet al. (2006); (8) Winnet al. (2007b); (9) Melcet al. (2006); (10)

Bakoset al. (2007b); (11) Satet al. (2005); (12) O’'Donovaret al. (2006); (13) Charbonneaet al. (2007b); (14) Collier
Cameronet al. (2007); (15) Pontt al. (2007); (16) Holman et al (2006); (17) McCulloughal. (2006); (18) Winnet al.

(2007a); (19) Gilloret al. (2006); (20) Moutotet al. (2004); (21) Bakogt al. (2006); (22) Boucht al.(2005); (23) Burrows

et al.(2007); (24) Riverat al. (2005); (25) Sotin et a{2007); (26) Bonfilset al. (2005); (27) Udryet al.(2007); (28) Loviset

al. (2006).

Notes: a — This value is the average of the minimum and maximum ages reported. b —This value is the minimum age reported
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Chapter 5
Tidal Heating of Rocky Extra-Solar Planets and Implications for their Habitability

5.1. Introduction

As observational technology and techniques improve, it is anticipated that Earth-
like planets may be found orbiting stars other than the Sun. Such a discovery would be a
milestone in the search for extra-terrestrial life. One technique for finding extra-solar
planets, the radial-velocity observations of distant stars, is sensitive to Earth-mass planets
if they orbit close to inactive, low-mass M-stars. Also, since M stars are less luminous
than more massive stars, the conventional habitable zone (HZ, as defined bgtSlsis
2007; see also Kastirgg al. 1993) lies closer to the star than for a star of a greater mass.
Planets must be closer to their M star host in order to have a surface temperature suitable
for life. Taken together, these criteria suggest that the first Earth-like, habitable planets
may be discovered around M stars (Taeteal. 2007).

The effects of tides on rocky (or “terrestrial”) planets close to their host stars are
likely to be important (Mardling & Lin 2004; Mardling 2007; Barnet al. 2008b;
Jacksonret al. 2008b). If such a planet is on an eccentric orbit, the dissipation of tidal
energy within the planet will tend to circularize the planet's orbit and probably lead to
substantial internal heating. As we show in this chapter, such heating may have important
consequences for the habitability of these bodies.

In the previous chapter, we considered the effects of tidal heating on observed

extra-solar planets. The tidal heating that accompanies orbital evolution was considered
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for jovian-scale extra-solar planets, where it may have major effects on physical
properties. For example, the radii of some transiting extra-solar planets are observed to be
larger than theoretical modeling predictsg, Bodenheimeet al. 2003; Burrowset al.
2007), but tidal heating of the interiors of these planets may have been enough to pump
up their radii (Jacksoet al. 2008b; Liuet al. 2008). In the previous chapter, we also
showed that tidal heating of some known extra-solar planets, if they were terrestrial, may
be enough to completely melt some planets. Many such planets could be at least as
volcanically active as Jupiter's moon lo, the most volcanically active body in our solar
system, with massive volcanic plumes and frequent global resurfacing éPehl&979;
McEwen et al. 2004). In fact, tidal heating of the innermost planet in the recently
discovered system HD 40307 (Mayetr al. 2009a) may exceed lo’s, suggesting that, if
the planet is rocky, it may be volcanically active (Bareeal. 2008b). The same may
hold for Gl 581 e (Mayor et al. 2009b), for which perturbations from the other planets in
the system may induce tidal heating of 100s Yv/m

Other sources of internal heating may drive geophysical processes. For example,
on the Earth, tidal heating is negligible, and instead much of the heating that drives
geophysical processes is provided by decay of radionuclides. This internal heating drives
convection in the mantle, and thus, contributes to the process of plate tectonics, although
this process is not completely understood (O’'Neill & Lenardic 2007). Plate tectonics
helps stabilize the planet’'s atmosphere and surface temperature over hundreds of millions
of years (Walkeret al. 1981). Because a stable surface temperature is probably a

prerequisite for life, plate tectonics or another geophysical process for buffering the
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atmospheric content of greenhouse gases may also be required for a planet to be habitable
(Ragenauer-Liekt al.2001).

These considerations suggest that, in order to be habitable, terrestrial planets may
require a significant source of internal heating. However, models cfitu planet
formation predict that terrestrial planets that form around M stars would have masses
much less than the Earth (Raymaetdal. 2007), although shepherding of planet-forming
material by migrating gas giants may result in larger terrestrial planets around these stars
(Raymondet al.2008a). Thus, iin situ formation of terrestrial planets is common, many
terrestrial planets we find may have too little radiogenic heating to drive long-lived plate
tectonics (Williamset al. 1997). However, even without radiogenic heating, as we show,
tides may provide adequate internal heating and hence may be critical in determining
planetary habitability.

In many cases tidal heating may even be too great to allow habitability. For
example, tides on planets with masses comparable to or larger than the Earth’s may
generate more internal heat (per unit surface area) than lo, even for small orbital
eccentricities. Even planets with masses smaller than Mars may experience similarly
large heating with eccentricities ~ 0.3, the average value for observed extra-solar planets.
Thus, many extra-solar terrestrial plants may be extremely volcanic, perhaps enough to
preclude habitability.

Tidal heating may also be important for the creation and maintenance of the
atmospheres of terrestrial planets. As heat induces internal convection within the mantles

of these planets, volatiles trapped in the mantle may be outgassed, feeding the
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atmosphere. In the HZ of M stars, atmospheres may be depleted by vigorous stellar
activity (Westet al.2008) or impact erosion (Melosh & Vickery 1989), so tides may play

an important role in driving outgassing adequate to replenish the atmosphere, enabling
the planet to remain habitable.

In other cases, planets may be habitable even without an atmosphere. Tidal
heating of an icy planet may generate a habitable subsurface ocean, analogous to Jupiter’s
moon Europa. For these planets, an atmosphere may not be necessary for habitability if,
as proposed for Europa, life could exist below the icy surface.

To determine the potential impact of tidal heating on the geophysics, surfaces and
atmospheres of possible extra-solar terrestrial planets, and thus ultimately on their
habitability, we model the tidal evolution of a suite of hypothetical terrestrial planets in
the HZ of their host stars. We explore a range of planetary and stellar masses and orbital
parameters, using the model for tides from previous chapters, and track the tidal
evolution for each planet over billions of years. Tides raised on the planet tend to damp
down the orbital eccentricitg at the same time as they heat the planet and reduce the
semi-major axisa. If a tidally evolving terrestrial planet begins with a non-zero
eccentricity, it may take billions of years for tides to damp that eccentricity to near-zero,
even without gravitational interactions with other planets. Consequently, we find tidal
heating can be very long-lived, even for an isolated planet, in contrast to previous studies

that used the “circularization timescale” formulation. (See Chapter 3.)
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In the next section, we give the details of our model. In Section 5.3, we present
the results of our calculations, while in Section 5.4, we discuss the implications of these

results. In Section 5.5, we summarize our results.

5.2. Methods

To calculate the tidal heating of hypothetical extra-solar terrestrial planets, we
performed a suite of integrations of the tidal evolution equations, for a range of stellar
and planetary masses and a range of orbital elements. We considered stellaMnasses
from 0.1 to 0.5 solar masses ¢, which is the range of masses for M stars. We
sampled planetary masskl from 0.01 to 10 Earth masses €MMy). For each star, we
assumed a radius based on the star’s mass, according to Gorda & Svechnikov (1998). For
each planet, we assumed a radRg based on geophysical models by Setiml. (2007):

R, = M,>?" for 1 <M, < 10 Earth masses aij = M,’> for 0.1 <M, < 1, Earth masses
whereR; is in Earth radii (Rar.

We also considered a range of initial orbital eccentricggeom 0.01 to near
unity, a range similar to known extra-solar planetg,(Butleret al. 2006). Each planet
was also assigned an initial orbital semi-major axis the middle of its host star's HZ,
as defined by Barnest al. (2008) who modified the definition from Selss al. (2007).
Selsiset al.related a star’'s HZ to its mass, a planet’s cloud cover, and a planet’s semi-
major axis. Barnest al. (2008) expanded the relationship to include the effects of non-

zero eccentricities on the range of habitable semi-major axes, using the results from
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Williams & Pollard (2002)For each planet, we chose the HZ range for no cloud cover on
the planet (Selsist al.2007).

Figure 5.1 shows the dependenceagfat the middle of the HZ) omy from
Barneset al. (2008).For largeey, the HZ shifts slightly outward.é. a is slightly larger)
so that the planet does not receive a sterilizing dose of stellar insolation near pericenter.
As in previous chapters, each planet was assumed to have zero obliquity and a rotation
that had spun-down so early that exchange of angular momentum between the planet’s

orbit and its rotation is not a factor.

For terrestrial planets, we assu@'g = 500, which incorporates a conventional

value for the planetary Love number of 0.3 (Diclatyal. 1994; Mardling & Lin 2004),

although actual values could vary, depending on the planet’s structure and composition.
The tidal heating rate of the planet is equal to the portion of the loss of orbital

energy due to tides raised on the planet, which is proportional to the first term in the

equation foda/dt Thus, the heating rate is given by

GM.)** M,R®
h:( 63 \(GM.) MR g (5.1)
16n ) Q,

Here,h is expressed in terms of the internal heating per unit surface area of the planet for

convenience in considering the various effects on planetary surfaces later.
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Figure 5.1: For circular orbitg{ = 0), the orbital semi-major axis at the center of the HZ
(ap) depends only on the stellar m&ds Forey > 0, the value odg shifts to larger values
as shown.
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As in previous chapters, we numerically integrated the tidal equations, Equations
(3.1) and (3.2), forward in time, beginningatandey, and calculated the heating that
accompanies the evolution, using Equation (5.1). For the range of parameters considered
here, we find that the effects of the tides raised on the star by the planet, given by the
second terms in Equations (3.1) and (3.2), are small. Because tides on the star don’t
contribute, the orbital angular momentum is conserved.

As tides cause a planet’s orbit to evolvepften passes through a maximum.
Initially tides reducea without significantly reducing, andh increases. As becomes
smaller, the rate of tidal circularization increases, and eventlididgreases enough that
h decreases as well.

The maximum value df occurs wheralh/dt = 0. Differentiating Equation (5.1)

and settinglh/dtequal to zero yields:

2098 g1z 1S a2 da_ (5.2)

dt 2 dt

With conservation of orbital angular momentum(G M- a (1-€))*? we have

2
MD%@— &)-2ae3%=0 (5.3)
dt dt dt
which yields
da_ 2ae de
i == 5.4
dt 1-¢* dt 54)

Substituting da/dt from Equation (5.4) into (5.2) yielde = +/2/17= 0.34.Thus

whenevelh reaches a maximur,is equal to this particular numerical value.
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5.3. Results

Figures 5.2 and 5.3 show the tidal heating rates and tidal evoluteenaf over
time for planets of various masses and various valueginfthe HZ of an M star with a
mass of 0.1 My,and 0.2 My, respectively. In none of our cases do we find that the tidal
evolution carries the planet out of the HZ. (See Bagted. 2008a for a discussion of
this possibility.)

In Figure 5.2, qualitative, as well as quantitative, differences appear in the history
of h, depending on the value ef. Becauseh peaks where = 0.34, planets that begin
with ey < 0.34 have their heating rates drop monotonically with time. For lag¢&tbove
0.34), the initial and peak values lofare larger. However, fap > 0.6, we see that the
initial value ofh is smaller, and, while the peakhns larger, it occurs latelt may seem
surprising that these largest valuesegfgive less initial heatingHowever, this effect
arises from our requirement (for this study) thatbe in the middle of the HZ. From
Figure 5.1, we see thap is considerably larger for larges. The largerap means the
initial value ofh is reduced (Equation (5.1)). Similarly the initial valualefdtis smaller,
so it takes longer foz to reach 0.34, the value at whiclheaches a maximum.

Figure 5.2 also shows hawdepends oM. Sinceh is proportional td?p3 andRy
~ Mpl’3, it depends almost linearly dvi, (Sotinet al. 2007).For example, foM, = 0.3
Meath and & = 0.1, (Figure 5.2 (a)), the initial value bfis about 0.3 W/ By
comparison, for a planet three times as massive (Figure 5.2h(bpgins at about 1
W/m?. For the range oM, we consider here, the orbits of larger planets evolve more

quickly than those of smaller planets, and so are eccentric for less time.
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Figure 5.2: Tidal heating histories and tidal evolutiore@inda for planets of various
masses with various values of initial eccentri@gyorbiting a star with mass 0.1 d\h

Parts (a) - (d) illustrate histories for planets with masses 0.3, 1, 3, andeglf) M
respectively. These planets are assumed to be in the HZ of the star. For all panels for a
given M, solid lines correspond & = 0.05, dotted lines to 0.1, dashed to 0.3, dashed-
dotted to 0.6, and dashed-dot-dot-dot to 0.9. The tidal heating rate is expressed in terms
of h, the heating per area. For comparison, internal heating rates for lo and the Earth are 2
and 0.08 W/ respectively.
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In Figure 5.3, we show the tidal heating for a planet Mitl+ 10 Meann Orbiting a
star withM+ = 0.2 Msyn Since stars with larger masses are more luminous, planets in the
HZ of more massive stars are farther from the star. The rate of tidal evolution for planets
in the HZ of these stars is much smaller siacelarger. Thus, while the heating rates for
these planets may be significant, they change very sléwlyM, < 10 Meann even after
15 Gyrs,h remains essentially unchanged from its initial value, which depenislt, di-
and the initial eccentricity.

The contours in Figures 5.4 and 5.5 show Hodepends oM,, M- ande, at a
fixed moment in time for a planet in the center of the HZ. (The nearly constant heating
rates for planets witM, < 10 Mean, orbiting a star withVl- > 0.2 Mgy, can be read off
Figures 5.4 and 5.5In both figures,h increases ag increases from zero, but then
decreases asbecomes larger than ~0.6. The increase withdue to thee dependence
in Equation (5.1), but the decreasehiase gets very large arises, again, because the HZ

moves farther from the star (see Figure 5.1).
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Figure 5.3: Tidal heating histories and tidal evolutiore@nda for a planet with mass
Mp = 10 Mearn With various values ofy orbiting a star with mass 0.2d\ The various
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5.4. Discussion

Tidal heating may affect a planet’s habitability in various ways: (1) It may be
great enough to drive plate tectonics for a length of time that depends sensitively on the
host star and planet's masses and the planet's initial orbit. (2) It may be so great as to
make the planet uninhabitably volcanic. (3) It may drive outgassing from the planet’s
interior, continually replenishing the planet’'s atmosphere against loss. (4) It may also be
sufficient to produce a habitable subsurface ocean on an icy planet, or to mitigate life-
challenging “snow-ball” conditions on a terrestrial planet.

Interpretation of the heating rates computed here is facilitated by comparison with
known planetary bodies. The Earth emits ~ 0.08 Wah internal (radiogenic and
primordial) heat (Davies 1999), which is apparently adequate for plate tectonics. For an
estimate of the minimum heating required for tectonic activity, consider the geologic
history of Mars. When Mars was last tectonically active, its radiogenic heat flux was ~
0.04 W/nf and has dropped steadily since then (Willisehsl. 1997). This reasoning
suggests 0.04 W/his a minimum amount required for tectonics in a rocky planet. At the
opposite extreme, Jupiter's moon lo emits 2 — 3 YWifinternally generated heat mostly
from tides (Pealet al. 1979; McEweret al.2004), which results in extreme planet-wide
volcanism, including active volcanic plumes and rapid resurfacing. Jupiter's moon
Europa, a rocky body covered by 150 km eHmay generate as much as 0.19 ¥/m
scaling from tidal heating on lo (O’Briest al. 2002). Tidal heating in Europa maintains
a sub-surface water ocean, and with that valug tie surface ice would be only a few

km thick (Greenbergt al.2002; Greenberg 2005).
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By comparing our calculations bffor hypothetical planets to the above heating
rates for known planets, we can estimate the range of masses and orbital elements that
correspond to each of these physical effects. Of course, these geophysical processes are
complicated, and the various processes/ be very different on extra-solar planets than
on planets in our solar system. For example, O'Neill & Lenardic (2008) show that plate
tectonics may be less likely on terrestrial planets more massive than the Earth, even
though they would probably experience more radiogenic heating, while Vaktnala
(2007) suggest just the opposite. To conclude that these processes discussed here actually
occur on a given planet requires more complete modeling than we present here. However,
our calculations provide a starting point for such work by identifying ranges of possible
planets for which tidal heating may be critical in establishing habitable conditions.

With reference to Figures 5.4 and 5.5, we next consider how various heating-rate

regimes in theg, M, M+) space affect prospects for habitability.
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Figure 5.4: Contours of heating in WAfor a range oM, ande. For panels (a) and (b),
M« = 0.1 Msyn, andM+ = 0.2 Mgy, for panel (c). Panel (b) shows a close-up of the bottom
left corner of panel (a). White areas indichte 0.04 W/nf. Light gray areas indicate
0.04 W/nf < h < 2 Winf (perhaps adequate for tectonic activity), while dark gray
indicatesh > 2 W/nf (more than l0).
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Figure 5.5: Contours of heating in Wiiior a range oM- ande. For panels (a) — (dMp
=0.3, 1, 3, and 10 M White and gray areas have the same meanings as in Figure 5.4.
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5.4.1. Planets with Sufficient (but not Excessive) Tidal Heating for Plate Tectonics

First, we consider requirements for enough heating for plate tectonics, but not so
much that there is devastating volcanisis. described above, this range is perhaps
between ~0.04 and ~2 W/niThe light gray shading in Figures 5.4 and 5.5 indicate the
range of parameters for whit¢hlies in this range. Figure 5.4 (a) and (b) show that tidal
heating might drive plate tectonics on a Mars-sized plaigt(0.3 Mean) Orbiting a star
of mass 0.1 My, even withe as small as 0.04. For planets around larger stars (Figure 5.4
(c)), larger eccentricities are required for sufficient internal heating. Figure 5.5 shows that
sufficient but not excessive heating also requires a specific rangearfde.

In order to consider whether life might develop and evolve on a given planet, it is
also useful to estimate how loiglies in the acceptable range of values as the planet
tidally evolves. Figures 5.6 and 5.7 show how lbrges in this range between too little
for plate tectonics and so much that volcanism is intoler#thie important to note that,
for many of our modeled planets, the initial valuda above the acceptable range, and
only later, when the eccentricity is sufficiently small, dbemnter the acceptable range.

For these cases, the time during whitlies in the acceptable range, as depicted in
Figures 5.6 and 5.7, begins several Gyrs after the start of the simulation.

Figure 5.6 (a) shows that witd- = 0.1 Msyn andMp < 8 Mgann, iNCreasingey
results in an increasing duration of acceptdblalues untile; reaches a critical value
between 0.3 and 0.6 (depending M), at which point the duration drops again. For

these largest values ef, the orbital circularization is fast. On the other hand Mer=
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0.2 Msyn (Figure 5.6 (b)), the HZ is far enough from the star that planets can remain in the
acceptablér range longer than 10 Gyr, even in excess of 100 Gyr.

Figure 5.7 shows how the heating lifetime dependsvlenThere is an abrupt
transition from planets that never undergo habitable heating to planets with heating
lifetimes greater than 10 Gyr, again as a result of the dependeageroM-. Moving
from panel (a) to (d)M, increases from 0.3 to 10 dyk» An island of small heating
lifetimes centered arours = 0.7 and smalM- grows larger with large¥l,, as the initial
heating rate is larger. After billions of years, however, the eccentricities of these large
planets drop, and the heating rates eventually pass through the habitable range.

Figures 5.6 and 5.7 suggest that determining the habitability of a terrestrial planet
will require tight constraints on the planet’s orbital and physical parameters td keep
the acceptable range for a reasonable amount of time. These calculations suggest that for
plausible initial conditions, even small terrestrial planets might retain sufficient internal

heating to remain habitable for longer than the age of the Earth.
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Figure 5.6: Duration of tidal heating in the “habitable rangeg. enough for plate
tectonics, but not enough for sterilizing, lo-like volcanism) for varibysande. For

panels (a) and (b), the corresponding valuel-ofre 0.1 and 0.2 M, The contours of
heating lifetimes are labeled in Gyrs, and contours levels for 1, 3, 5, 8, and 10 Gyrs are
shown. In panel (b), since the change in tidal heating rate is very slow, planets that begin
with sufficient tidal heating have sufficient heating for longer than 10 Gyr, longer than
100 Gyr in some cases. In the region shaded gray and labeled “never”, planets start out

with too little heating and always have too little heating.
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Figure 5.7: Tidal heating lifetimes for varios ande. Panels (a) — (d) correspondiig

= 0.3, 1, 3, and 10 M respectively. Again, the contours of heating lifetimes are
labeled in Gyrsand are shown for 1, 3, 5, 8, and 10 Gyr, and planets in the shaded gray
region, labeled “never”, never have high enough heating rates for habitability.
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5.4.2. Planets with Excessive Volcanism

Forh > 2 Wi/nf, by analogy with lo, habitability may be unlikely, because tidal
heating may drive volcanic and tectonic activity too vigorous to allow life. The dark gray
shading on Figures 5.4 and 5.5 shows the randé,0M- ande for which h exceeds 2
W/m?. ForM- = 0.1 My (Figure 5.4 (a) and (b)), a very wide rangeahdM, result in
this overheatingHowever, forM- = 0.2 Mgy, (Figure 5.4 (c)), planets in the HZ are
unlikely to experience heating as large as lo’s.

Figure 5.5 gives another perspective on the rand,df1- ande values that give
overheating. Planets wittM, = 0.3 M for example, only experience heating
comparable to lo’'s when in the HZ of very small s&ag. with M« ~ 0.1 Ms,, For a
larger planet in the HZ of such a small stacould be far greatee.g. with M, = 10
Mearny h > 30 W/nf (Figure 5.5 (d)).

Given the wide range of masses and eccentricities that potentially give rise to
extreme volcanism, we might expect that many terrestrial planets will be too volcanically
active for life. In fact, as Figure 5.5 (d) shows, the most massive terrestrial planets may
also be the most heated and thus the most volcanically active. Since the first extra-solar
terrestrial planet that is likely to be confirmed will probably be more massive than the
Earth, we might expect it will be volcanically active. Such volcanic activity may be
recognizable in the planet's atmospheric transmission spectrum, similar to lo, whose
tenuous atmosphere is largely made of sulfur (Geisslar 1999).

Our calculations also suggest the interesting possibility that a tidally evolving

planet may pass through alternate epochs of sufficient heating and excessive heating,
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even without interactions with other planets. Consideeghe0.9 curve in Figure 5.2 (a).

The initial value oh is ~ 1 W/nd, sufficient for plate tectonics but not excessive. As time
progresses and tides bring the planet closer to the star (sa)aleslowly grows larger

than 2 W/m. Eventually after tens of billions of years (beyond the time shown in Figure
5.2 (a)), the orbit will circularize so thhtdrops below 2 W/fagain. Thus, such a planet

may begin habitable, then become too violently volcanic, and then, tens of billions of
years later, become habitable again. Perhaps life on such a planet would arise in two

separate epochs, billions of years apart.

5.4.3. Tidal Heating and Planetary Atmospheres

Tidal heating may also help some extra-solar terrestrial planets to retain
atmospheres long enough to allow life to develop and evbiveome cases such help
may be essential, because at least two other processes might otherwise quickly remove
the atmospheres. Planets with masses comparable to Mars' will have such low surface
gravity that impactors may quickly erode their atmospheres. Melosh & Vickery (1989)
found that impact erosion may have reduced the atmosphere of Mars to its current surface
pressure from an initial pressure of 1 bar over solar system history. The atmospheres of
extra-solar terrestrial planets may also be depleted by stellar activity. Some M stars are so
active (Hawleyet al. 1996; Tarteret al. 2007; Westet al. 2008) that coronal mass
ejections (CMEs) could remove atmospheres from planets in the HZ. Laetnadr
(2007) showed that, without sufficient shielding by a planetary magnetosphere, an Earth-

like planet witha < 0.2 AU may lose its entire atmosphere in a billion years, perhaps
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limiting prospects for long-term habitability and evolution. On the other hand, tidal
heating of the planet may enhance internal convection and help to generate a magnetic
field, which could shield the planet’'s atmosphere.

Tidal heating may also supply or replenish atmospheres that would otherwise be
lost. For example, the radiogenic heating of the Earth is sufficient to induce outgassing of
volatiles from the Earth's mantle (Williares al. 1997). Papuc & Davies (2008) modeled
the thermal and tectonic evolution of hypothetical terrestrial planets, and found that, for a
wide range of planetary masses, volcanic outgassing may provide an atmosphere as
massive as the Earth's in a few Gyrs.

However, those calculations considered radiogenic heating as the only heat source.
Our calculations show that tidal heating may easily exceed radiogenic heating, so it may
significantly increase the mantle outgassing rate, in many cases enough to resupply
atmospheres that otherwise would be lost to erosion by impactors or CMES.
habitability of terrestrial planetgrobably requires a suitable balance between internal
and atmospheric processes, and tidal heating is potentially great enough that it plays a

critical role.

5.4.4. |ce-covered Planets

Tidal heating could also enhance the habitability of planets with large water
components, by maintaining a liquid ocean just below the surface (\¢&rade2007),
even if the exposed surface is frozen. Such a planet would be similar to Europa, where (as

described above) tides keep most of the water liquid under a thin ice shell. The sub-
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surface ocean might be suitable for life (Reynatsl. 1983; Chyba 2000; Greenberg
2005). Europa has a mass of 0.008,and is composed of a rocky interior below a ~
150-km-thick layer of water, mostly liquid due to tidal heating (Greenbegl. 2002;
Greenberg 2005)T'he chemicals required for life, including oxidants, may be generated
on Europa's surface by energetic charged particles trapped in Jupiter's magnetosphere
(Johnsoret al.2004). These substances may be transported into the sub-surface ocean by
various processes (Greenberg 2005), including impacts (Chyba & Phillips 2002) or local
melt-through of the surface ice (O’'Briet al. 2002).1t has also been speculated that the
tidal heating may also give rise to underwater volcanic vents that could support life
directly with thermal and chemical energy, by analogy to deep ocean life on the Earth
(Barosset al.1982).

Tidal heating may be adequate to drive processes on similar extra-solar ice-
covered worlds. Figure 5.4 shows that planets Wigh~ 0.01 M:an Can experienca >
0.08 W/nf with e ~ 0.3, and hence might support a subsurface ocean if there were water
present. Also similar to Europa, energetic charged particles, in this case from stellar
CMEs rather than from Jupiter's magnetosphere, nugle rise to oxidants and other
biologically useful substancet this way, as for Europa, the energetic particles that
endanger surface life on Earth-like worlds may enable sub-surface life under an icy crust.
Whether a planet as volatile-rich as Europa could actually form around an M star is
speculative (Lissauer 2007; Raymoed al. 2007), but if they do form, the same

processes that may make Europa habitable may also make these planets habitable.
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5.5. Conclusions

From our calculations, we can draw several important conclusions. Many extra-
solar terrestrial planets may experience sufficient internal tidal heating to drive plate
tectonics.Planets as small as Mars could maintain tectonic activity, eveadibgenic
heating alone would be insufficier@ver a wide range of planetary and stellar masses
and orbital elementsidal heating may maintain tectonic activity for billions of years, as
a planets orbit evolves and its eccentricity damps ddwnmaintain such long-lived
geophysical activity, it is not necessary to invoke interactions with other planets to pump
the eccentricity.

Under a different range of circumstances, tidal heatinghmago great as to drive
extreme, life-challenging volcanism. For example, we have shown how planets with
masses comparable to or larger than the Earth may experience more tidal heating per unit
surface area than lo. Because extreme heating may be common among close-in planets
with masses larger than the Earth’s, the first extra-solar terrestrial planets to be confirmed
may prove to be inhospitable to life. The recently discovered planet Gl 581 &jywtl
Me (Mayor et al. 2009b) may represent the first test case for the hypothesis that tides can
drive volcanism on extra-solar planets.

Tidal heating may enhance the prospects for life on other planets in various ways.
It may enhance the outgassing of volatiles, counteracting the removal of gas by impact
erosion and stellar CMEdn that way tidal heat may be critical to maintaining
atmospheres and thus habitability. With or without an atmosphere, if a planet is ice-

covered, like Europa, tidal heating may give rise to a habitable subsurface ocean,
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protected from organism-damaging CMEs by the surfaceAt¢éhe same time, CMEs
may actually enable some planets to be habitable by creating essential substances, such as
oxidants.

Even with the many simplifying assumptions employed here, the results suggest a
wide range of geophysical scenarios. As advancement is made in the understanding of the
processes of tidal evolution, in modeling of the geophysics of hypothetical planets, and
eventually in the discovery and characterization of actual terrestrial-type planets, these
calculations will need to be revisited. In any case, the calculations here show that tidal
heating has the potential to be a major factor in governing the internal structures, surfaces
and atmospheres of extra-solar terrestrial planets. Accordingly, the effects of tidal heating

must be given consideration when evaluating the habitability of such planets.
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Chapter 6
Observational Evidence for Tidal Destruction of Extra-Solar Planets

6.1. Introduction

As discussed in Chapter 3, the distribution of the orbits of close-in exoplanets
provides important constraints on models of planet formation and evolution. These
planets are unlikely to have formed in their current orbits (with semi-majoraaxi8.1
AU) because the protoplanetary gas disk from which they accreted was probably too
warm so close to the host star (Lin et al. 1996). For example, the core-accretion model
requires coagulation of solid material into a planetary core (Pollack et al. 1996). Within a
few 0.01 AU of a star, however, temperatures are too high for condensation of solid
material. Instead, the exoplanets observed today in close-in orbits likely formed several
AU from their host stars, where temperatures were low enough for condensation of solid
material, and later migrated inward (Lin & Papaloizou 1985). An important process
driving the migration to ~ 0.1 AU was probably gas drag in the protoplanetary gas nebula
(Lin et al.1996). Once planets are inside 0.1 AU, tides can play an important role (Rasio
& Ford 1996; Weidenschilling & Marzari 1996; Barretsal. 2008a; Jacksoet al.2008a,

b; Nagasawat al. 2008). Here we consider the role of tides in shaping the observed
orbital distribution.

Figure 6.1 shows the semi-major axes and estimated ages for many close-in
exoplanets. (The data for Figure 6.1 are given in Table 6.1.) Most of these planetary

systems are younger than 6 Gyrs, andlues are concentrated between 0.03 and 0.7 AU,
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centered on about 0.05 AU, which corresponds to an orbital period of about 3 days for a
star with a solar mass. Older planets tend to be farther away from their host stars,
although there is considerable uncertainty regarding stellar agpsSéffeet al. 2005,
Soderblom 2009) and the sample size is limited. Also, transiting planets (filled squares in
Figure 6.1) tend to be younger than non-transiting planets: all but one transiting planet
(XO-5 b) are younger than 6 Gyrs, while there are many older non-transiting planets.
Perhaps most significant, there are no planets avith0.017 AU, and this lower cut-off
(approximated by the dashed line in Figure 6.1) increases with age. For example, among
planets younger than 5 Gysyalues are as small as 0.017 AU, whereas among planets
older than 5 Gyrsa-values are all greater than 0.036 AU. Given the uncertainty in stellar
ages, we performed Monte Carlo simulations that incorporated uncertainties in age and
and found that this trend is persistent. (See Appendix A.) As we will show, these trends
are all consistent with the evolution and eventual destruction of planets by tides.

Previous studies have addressed the apparemvaliies concentration centered
at 0.05 AU. This concentration is often called the “three-day pile-eiy’ Rasio & Ford
2006; Cumminget al. 2008), a term that reflects an implicit assumption that inward
migration deposited these planets at their current orbits, like rocks deposited in a moraine
at the front edge of a glacier. Thus, studies of the inward migration have tried to account
for a stopping mechanism at around 0.05 AU.

Models in which interactions between planets and a protoplanetary gas disk
caused the planets to migrate often invoke a clearing of the gas close to the star to halt the

migration (Lin et al. 1996; Trilling et al. 1998; Ward 1997; Papaloizou 2007). These
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studies have suggested a host star's magnetosphere can clear out the gas disk within a
few 0.01 AU of the star, and once the migrating planets enter the cleared region, they
stop migrating, resulting in a “pile-up”.

Other studies have invoked a combination of gravitational scattering and tidal
evolution to move planets inward to the “pile-up” (Rasio & Ford 1996; Weidenschilling
& Marzari 1996; Ford & Rasio 2006; Nagasawa al. 2008). In such scenarios,
interactions between planets in a dynamically unstable nascent planetary system scatter
one of the planets into a highly eccentric orbit, with a pericenter distance close enough to
the star that tides would affect the orbits. Ford & Rasio (2006) showed that, if scattering
resulted ine ~ 1 and pericenter distances close to the Roche limit of the star, tides raised
on the planet by the host star would dravealues to nearly twice the Roche limit as the
eccentricity dropped to zero, at which point tidal evolution resulting only from tides
raised on the planet would cease. This process would typically deposit a planet close to

0.05 AU.
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Figure 6.1: The observed distributionasfalues and ages for close-in planets for which

some estimate of the age is available. Filled squares represent transiting planets, while
open squares represent non-transiting planets. For 9 of the 70 planets in the sample, we
only have a lower limit on the age. In those cases, we have plotted the age as the

available lower limit. Where only the minimum and maximum values for the age were
available, we plotted the average of these values. Sources for the data are listed in Table

6.1. The dashed line indicates the apparent lower cut-off boundary in obaeriees.
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However, such models have generally ignored the effect of the tide raised on the
host star, which plays a significant role in the evolution of the orbits of close-in
exoplanets (Trillinget al. 1998; Dobbs-Dixoret al. 2004; Adams & Laughlin 2006;
Jacksonet al. 2008a; Levrardet al. 2009; Barker & Ogilvie 2009). In this paper, we
consider the effect of the tides raised on the star, which can dominate the orbital
evolution fora < 0.05 AU. We find that the concentration of observed planets near 0.05
AU may represent the result of inward migration and destruction of closer-in planets,
rather than a pile-up of planets that migrated in from farther out. Previous theoretical
studies have shown that tides may pull planets into stars in only a few Gyrs (Mardling &
Lin 2004; Raymondet al. 2008a; Levrardet al. 2009). In this chapter, we present
observational evidence that this destruction has already occurred.

By modeling the tidal evolution of a hypothetical population of close-in planets,
we show how the distribution of observadalues with age provides evidence for tidal
destruction. We find that many of the features of the observed distribution agree with our
models if the ages of our model planetary systems are distributed uniformly. However, in
the solar neighborhood, there are observed to be more younger than older stars, and the
agreement between the observed and modeled distributiomsabfies is significantly
improved if we account for the prevalence of younger planetary systems. We also find
that our model can reproduce the observed clustering-\v@iues if we assume the
distribution of initiala-values was weighted to smalker

As we demonstrate below, the tendencies for older exoplanets to be farther from

their host stars and for transiting planets to be young likely result from tidal evolution of
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orbits. We also show that the apparent clustering of orbital periods near three days does
not require a mechanism to stop the inward migration of close-in exoplanets. Rather the
observed cut-off im-values is a natural result of tidal evolution. Our results indicate that
many observed close-in exoplanets will probably be destroyed by tides in a few billion

years.

6.2. Timescales for Tidal Destruction of Observed Planets

As discussed in previous chapters, tidal changes in orbital semi-majca eales
be large and thus plays a key role in producing the observed distributgevabfes. In
fact, tides can reduca-values so much that many exoplanets have probably already
crossed the critical distance.g.the Roche limit) inside of which there would be tidal
disruption of the planet. As shown below, this tidal removal and disruption leads to the
observational trends pointed out in Figure 6.1.

Several previous studies overestimate the time for a planetary orbit to decay into
the star, the so-called “orbital decay timescale”. These studies attempted to simplify the
tidal evolution equations by calculating the current values/@@&a/dt) and using it to
estimate the timescale, essentially assumangamps exponentially with time. For
example, Rasiet al.(1996) estimated that the orbital decay timescale for 51 Peg b was a
trillion years, longer than the main sequence lifetime of its host star. However, the strong
dependence ada/dton a (Equation (3.1)) means the raf(da/dt) is not constant, and
thereforea does not damp exponentially. Instead, a numerical solution of the coupled

Equations (3.1) and (3.2) shows thafdtrapidly increases in magnitude adrops. The
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orbit decays more and more rapidly, as was also pointed out in previous chapters and by

Levrardet al.(2009). In fact, 51 Peg b’s orbit could decay in only a few billion years.
Presumably, once the planet’s pericenter distanca(l-e) is close enough to its

host star, the tidal gravity of the star will disrupt the planet, and the planet will be

destroyed. Figure 6.2 shows the coupled tidal evolution of perigeated eccentricity

from their current values forward in time for two close-in exoplanets for a range of stellar

dissipation parameter®:. The horizontal line near the bottom of each plot is the Roche

limit ag for that system, given bgr = (R/0.462) M-/M,)'” (Faberet al. 2005). The
classical Roche limit involves many important assumptions about the planet’s density,
structure, and strength, so the actual distance of tidal break-up may be different,
depending on physical parameters. However, the exact value for the Roche limit is not
important because once a tidally evolving planet gets within a few 0.01 AU of its host
star, its orbit evolves so quickly that the timescale for the destruction of the planet is not
sensitive to the exact break-up distance.

In Figure 6.2 (a), we show the tidal evolution of CoRoT-7 b, which is a transiting
exoplanet with the smallest radius found to date, about 2 Earth radii (exoplanet.eu),
indicating it may be a rocky planet. Its current orbital eccentricity has been reported as
zero, sop = a. As a result, only the tide raised on the star by the planet contributes to its
tidal evolution (Equation (3.1)). Asbegins to decrease, the rate of decreases accelerates

rapidly. For the commonly adopted val@ = 10 (Matheiu 1994; Linet al. 1996),
CoRoT-7 b’s orbit crosses the Roche limit in a few tens of millions, but eveQ; for

10°, CoRoT-7 b would be doomed in the next few billion years.
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For 51 Peg b (Figure 6.2 (b)), recent estimates @iw®.013 (Butleet al. 2006).
Again, as shown in Figure 6.2 (b), tidal destruction is possible within the lifetime of the
star. However, for this planet, the non-zergalue means that the tide raised on the
planet contributes slightly to the orbital evolution. As a result, before 51 Peg b plummets
to the Roche limit, its eccentricity decreases, pmdn rise a bit temporarily. While the
pericenter distance does not decrease monotonically, it does eventually accelerate toward
the star.

These examples show how dependenceéaddt on a can accelerate the removal
of a planet. Consequently, it is the initalvalue that determines the time before a
planet’s orbit crosses the Roche limit, and not so much the initial eccentricity. The
acceleration of tidal evolution with decreasmgneans that a population of planets with
small initial a-values (orbiting similar stars) would have thewvaluesspread apart more
quickly than a group with large initiatvalues. This process must have a strong effect on
the density distribution of those planets as a functioa ahd age, and thus can help

shape the observed distribution shown in Figure 6.1.
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6.3. Observable Consequences of Tidal Evolution

6.3.1. Effects of Decreasing

We can illustrate this spreading process and its effect on the orbital distribution by
considering a hypothetical population of Jupiter-like planets (Mith= 1 Jupiter mass
andR, = 1 Jupiter radius) in initial orbits around Sun-like stars (Mth= 1 solar mass,

R = 1 solar radius an@. = 1) with a range of-values uniformly distributed between

0.01 AU (near the Roche limit) and 0.2 AU. We set ing&ilues to zero, because (as
discussed above) they have little effect on the lifetime before the orbits cross the Roche
limit. Here we are considering the evolution of many individual planets, each in its own
planetary system, rather than many planets in a single system. For each planet in the
model population, we modeled the tidal evolution forward in time according to Equation
(3.1). (Equation (3.2) is not relevant in this case of circular orbits.) Figure 6.3 shows the
evolution of the population over 15 Gyrs. The closest planets plunge rapidly in toward
their stars, while planets farther out hardly evolve. The planets closest to their stars
become less densely distributechimalues.

The decrease in the density of planets for smakealues is quantified in the
histogram in Figure 6.4, which shows the evolution of number density (# of
planets/increment im) as a function of semi-major axis, and the way in which this
function changes with age. The results shown in Figure 6.4 are based on calculations
similar to Figure 6.3, but with many more planets: 10,000 planets spread initiallafrom
= 0.01 to 0.2 AU. For Figure 6.4, planets are binnea-bglue in bins 0.005 AU wide,

and then the number of planets in that bin is normalized by dividing by the total number
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of planets in the original population, giving the normalized number density. Initigly (

0), all bins are filled evenly, reflecting the assumed uniform spreadaues. However,

as time passes, the innermost bins are rapidly cleared out, the outermost bins are
unaffected, and planets from intermediate bins move inward to snaall@iues. As
suggested by Figure 6.2, the rate at which bins clear out depends on the ¥alububf

for any value ofQ:, the innermost bins clear first.

If the initial a-values for real planets were uniformly distributed (and by “initial”
we mean when tides began to dominate the evolution), we would expect the distribution
of planets to be similar to Figure 6.4, with relatively fevaibins with low densities and
more in bins with high densities. For example, according to Figure 6.4, among planets
that are 1 Gyr old, we might expect to observe about twice as mang-walues near

0.03 AU as we find witla-values near 0.025 AU.
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In order to compare these models of the evolution of number density to the
observed distribution, we recast Figure 6.4 as a plot of semi-major axis vs. stellar age,
analogous to Figure 6.1. From Figure 6.4, we can extract the locus of points with any
fixed number density on a plot of semi-major axis vs. age, yielding the solid curves in
Figure 6.5. For example, consider a normalized number density of 0.015 in Figure 6.4.
We see that after 1 Gyr, the histogram bin corresponding to a density of 0.015 is centered
on 0.035 AU. After 2 Gyrs, the bin with that same density is centered on 0.04 AU. In
order to map the 0.015 density contour in Figure 6.5, we draw a curve connecting the
point at 1 Gyr and 0.035 AU to the point at 2 Gyrs and 0.04 AU (and also to all the
intermediate and exterior points). This increase with age ia-adue corresponding to a
fixed number density is reflected by the positive slope of the contours in Figure 6.5.

If the population represented by these contours were sampled observationally,
depending on the total number of planets and the limits of completeness of the search,
some bins might not be populated in the observational data. That is, we would not expect
to have observed planets in the parts of the distribution below a particular limiting density.
Thus the contour line for that density should represent a boundary, below which planets
would not appear in the observed population. Note, however, that without knowing the
actual number of planets or the completeness of the search to date, we cannot say which

specific contour should give that boundary.
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However, we can test the plausibility of our model (that thedmwt-off is due to
tidal migration into the star) by determining whether any contour of the model
distribution follows the cut-off in the observed distribution. Figure 6.5 includes the
observed distribution and the apparent cut-off (from Figure 6.1) for comparison with the

model contours. We see that, for all three valueQ.ofthe model contours do predict a

paucity of planets with smal, and the contours do have slopes toward laageith
greater age. But none of the contours matches the relatively steep slope of the observed

cut-off (dashed line in Figures 6.1 and 6.4).

6.3.2. Effects of the Age Distribution

The model above does not include an important selection effect: there are
inherently fewer older stars than there are younger stars in the solar neighborhood
(Takeda et al. 2007). Figure 6.6 shows a histogram of stellar ages for a large population
of nearby F, G, and K stars, as reported by Takédh (2007). The number of stars in a
given age bin declines roughly linearly with age (although stellar ages do remain very
uncertain ¢.g. Saffeet al. 2005; Soderblom 2009]). We can also see this trend in Figure
6.1, especially at larga-values (where tides have little effect). For this version of our
model we represent this reduction in the number of older stars with a straight-line fit (as
shown in Figure 6.6).We use that function as the relative probability for a star to be a
certain age.

We apply this reduction in the number of older stars to the population shown in

Figure 6.4, reducing the number of planets (uniformly iraddins) in accord with their
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increasing age. Figure 6.7 shows the results of modifying simulated population in this
way.

The density contours corresponding to Figure 6.7 are shown on a plot of semi-
major axis vs. age in Figure 6.8. Compared with Figure 6.5, the shapes of the contours at
low a are steeper and, for great enough age, the contours become vertical, reflecting the
reduction in alla-bins of the number of planets with age.

Comparing the slopes of the model contours to thedawt-off in the observed

population, we find good fits for all values €. . For Q = 1C¢, 1¢, and 16,

respectively, there is a reasonable fit for the density contours with values 0.00015, 0.0015
and 0.0045. In addition, the contours fit the reduction in numbers of old planets for larger
a-values. Thus, incorporating the reduction in the number of older stars shows that

observations are consistent with destruction of planets through tidal decay of their orbits.
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6.3.3. Effects of the Initiak Distribution

This analysis assumes that begin with a uniform distribution. We also
investigate the effects of choosing an alternative distribution. For example, consider an
initial population of planets whose number density decreases with increasiagn the
linear distribution at t = 0 in Figure 6.9. Such a distributimight reflect the effects of
gas disk migration, for example. Figure 6.9 shows the evolution of such a population due
to tidal variation ofa and the loss with age (according to Figure 6.6). As time passes, the
number density for the innermost bins drops rapidly, and the density in the bins farther
out remains mostly unchanged, just as in previous calculations. If the distribution is
weighted toward smallex values, other assumptions about the initial distributeg. (
that number density increasesadsgive qualitatively similar results.

Density contours for semi-major axis vs. age are shown in Figure 6.10 for this
case, analogous to Figures 6.5 and 6.8. Here contour lines show that the density drops for
increasinga wherea > 0.1 AU. At the lowera cut-off, the contours lines follow the slope
of the observed distribution (dashed line). In general, the model contours fit the observed

distribution reasonably well. The agreement is especially goo®:fer 10, where the

model yields a concentration afvalues around 0.05 AU, similar to that observed. These
results suggest that we can account for the observed clusteangahfes and the lowa-
cut-off by invoking an initial distribution that favors closer planets, followed by tidal
orbital decay. The concentration at 0.05 AU may not be a pile-up, but rather it could be
the result of carving away part of the initial population. The orbits of many planets have

decayed into their parent stars, and more will do so in the future.
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162

6.4. Discussion

6.4.1. Transiting Planets

The process of tidal evolution and destruction of planets discussed above has a
profound effect on the observed distribution afalues. It may also explain why
transiting planets tend to be younger than non-transiting ones. Transit observations favor
discovery of planets closer to their host star. The slope of the lower cutaffsnage
space €.g.the dashed line in Figure 6.1, which we have shown can be explained by tidal
evolution) means that the closest-in planets will tend to be youngest.

Transiting planets are also likely to be destroyed quickly by tides. Leetaakl
(2009) pointed out that the orbits of all known transiting exoplanets (except HAT-P-2 b)
are likely to survive less than a few billion years. The preferential destruction of
transiting planets relative to planets discovered in other ways should be kept in mind
during future statistical studies.

Although the apparent trend in the ages of transiting planets is consistent with the
expectations of tidal theory, the trend is subject to many uncertainties and observational
selection effects. For example, if transiting planets are easier to find around younger stars,
then the trend in their ages may not be due only to tidal destruction. Future work should

consider the effects of these uncertainties.
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6.4.2. Stellar Rotation Rates

Our results suggest that many planets have already been accreted by their host
stars. One potentially observable effect would be an increase in stellar spin rate, as a
planet’s orbital angular momentum is transferred to the star. The change in rotation rate

for a star is given by

AQ. = MpJGI\/La(l—e) (6.1)

C M.R?

whereC- is the stellar moment of inertia coefficient. For example, if a Jupiter-like planet

in a circular orbit with initiala = 0.05 AU plunges into a Sun-like star, with a typical 30

day period and typical- ~ 0.1 (Massarotti 2008), the rotation period is reduced to only ~

5 days. Because main-sequence stars would otherwise tend to spin down as they age
(Skumanich 1972; S. Barnes 2007), an anomalously high spin rate could be evidence for

accretion of a tidally destroyed planet. Some anomalously rapid rotators have been found

among red giants, and their rapid rotation rates have been taken as evidence for accretion
of planets by the stars (Massorotti 2008). Perhaps candidates could also eventually be

identified among main sequence stars.

6.4.3. Stellar Compositions

The accretion of planetary material might also change the host star’'s composition
enough to be measurable. Gonzalez (1997) found that planet-hosting stars seemed to be
enhanced in metallicity relative to their stellar neighbors. He proposed that this

enhancement was due to pollution of the star by accretion of planetary material, which
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would be consistent with our model. Fischer & Valenti (2005) found a similar trend but
argued that metallicity enhancement of stars is primordial and not due to planetary
accretion. In order to resolve this issue, it is important to consider metallicities of stars
without planets (as well as those with) because they may have had planets in the past,
which affected their metallicity. A particularly useful indicator of relatively recent
accretion of planetary material may Bei because Li is quickly destroyed by
nucleosynthetic processes (Sandqustal. 2002). In fact, correlating such spectral
signatures with unusually fast rotation rates might provide evidence for past destruction

and accretion of a planetary companion.

6.4.4. Stripped Planetary Cores

As a planet reaches the Roche limit, any gaseous atmosphere or envelope could be
stripped off by tidal action, leaving only a rocky core (Trilliegal. 1998). Once this
tidal stripping begins, it may happen quickly. Fabeal. (2005) showed that mass loss
can be rapid for a planet in an eccentric orbit that crosses the Roche limit. But many
planets reaching the Roche limit may be on circular orbits, and it would be useful to have
models that apply in such cases.

As the planet losses mass, the orbital evolution slows, and the Roche limit for the
planet shrinks. Thus the remaining planetary core may survive for a long time (Raymond
et al. 2008a), so it is possible that a population of such bodies may be discovered as
observations become more complete. In fact, the potentially rocky exoplanet CoRoT-7 b

may represent the first discovery in this new class of planets.
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6.4.5. Uncertainties and Assumptions

Although the results presented here have important implications, the details are
subject to various uncertainties. The large uncertainties in stellar age and the limited size
of the observational sample (so far) are important limitations for our analysis. Stellar ages
are difficult to determinee(g. Saffeet al. 2005; Soderblom 2009), so uncertainties are
often large, in many cases as large as the derived age itself. However, the slope of the
low-a cut-off noted in Figure 6.1 is robust against these uncertainties, as shown in
Appendix A. As age estimates improve and more close-in exoplanets are found, our
results should be revisited.

Our analysis also involves several assumptions that are reasonable, but subject to
revision. For example, the tidal model described by Equations (3.1) and (3.2) assumes
that the rotational period for the host star is much longer than the revolutionary period for
the close-in planet. So far, rotational periods for almost all planet-hosting stars are of
order 10 days or longer (Trilling 2000; Barnes 2001; S. Barnes 2007), consistent with our
assumption. However, if the rotation period of the host star were to become equal to the
orbital period as the planet migrates inward, the tidal evolution would cease, and the
planet would not be destroyed. This situation could arise for a few transiting planets if
tides spin up the stars sufficiently (Levratial. [2009]; see also Counselman [1973],
Greenberg [1974], and Dobbs-Dixon et al. [2004]). However, loss of rotational angular
momentum €.g. through shedding of stellar wind or magnetic effects) should help to

keep the star’s rotation slow, so our assumption will hold in most cases.



166

We have also assumed that interactions among planets are negligible. In some
cases, such interactions could affect the rate of tidal decay of orbits. The removal of a
planet from a multiplanetary system through tides may also leave a discernible signature
on the dynamical configuration of the remaining planets. These are important topics for

on-going research.

6.5. Conclusions

Tidal decay of close-in exoplanetary orbits can, and probably has, led to the
destruction of many close-in exoplanets. Evidence for this destruction comes from the
orbital distribution of observed close-in exoplanets: Older planets tend to be farther from
their host stars than younger planets; transiting planets tend to be younger than non-
transiting planets; the observed orbits show a cut-off in sasnadlues, which increases to
largera-values with increasing age. These trends can be explained by tidal evolution and
destruction of close-in exoplanets. Tidal decay rates are quantitatively consistent with the
observed distribution of planetary semi-major axes and ages for a wide range of tidal
dissipation parameters.

While it is widely assumed that some mechanism must stop the inward migration
of close-in exoplanets in order to explain the observed orbital distribution, our results
show that it is not necessary. Our model also explains the short life expectancies of some
of the closest-in planete.g. WASP-12 b, CoRoT-7 b, and OGLE-TR-56 b). They are
simply the next in line to be tidally destroyed after the many that have already spiraled

down into their stars. Transiting planets especially, because they must pass close to their
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host stars to be observed in transit, will quickly be destroyed by tides, which explains
why transiting planets tend to be relatively young.

Future observations may provide further evidence for tidal destruction of close-in
exoplanets. Stars that have recently consumed a close-in planet may have unusual
compositions and may rotate more quickly than expected. Tidal stripping of a gaseous
planet's mass once the planet nears the Roche limit may strand the rocky cores of
gaseous planets with orbits very close to their host stars, creating a distinctive class of
planets that may be seen with improving surveys.

As stellar age estimates become more accurate, more close-in exoplanets are
discovered, and our understanding of tidal effects improve, these results will need to be
revisited. Nevertheless, our results suggest tidal destruction of close-in exoplanets is

common, and many of the exoplanets we see today may soon be gone.
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min

mid age max age min a mid a max a age ref,a
Name ‘("‘g;’ YD i (Gyrs) ’ (AU) (AU) (AU) rof
51 Pegb 5.28 6.76 8.4 0.0497 0.0527 0.0557 39,9
55Cnchb 7.24 9.53 11.82 0.112 0.115 0.118 39, 26
55Cnce 7.24 9.53 11.82 0.0355 0.0377 0.0399 39, 26
BD-103166 b 0.53 4.18 6.47 0.0426 0.0452 0.0478 37,9
CoRoT-7b 0.7 1.1 2.2 0.014 0.017 0.02 12,12
GJ436 b 3 5.29 7.58 0.0276 0.0285 0.0293 18, 18
GJ581b 2 4.29 6.58 0.038 0.041 0.044 41,5
GJ581c 2 4.29 6.58 0.07 0.073 0.076 41,5
GJ674b 0.1 0.5 1 0.036 0.039 0.042 6,6
HAT-P-1 b 0.71 3 5.29 0.0536 0.0551 0.0566 2,2
HAT-P-2 b 1.2 2.6 3.4 0.0663 0.0677 0.0691 3,3
HAT-P-3 b 0.1 0.4 6.9 0.0382 0.0389 0.0396 40, 40
HAT-P-4 b 3.6 4.2 6.8 0.0434 0.0446 0.0458 24,24
HAT-P-5 b 0.8 2.6 4.4 0.04 0.0408 0.0415 4,4
HAT-P-6 b 16 2.3 2.8 0.0515 0.0524 0.0532 32,32
HAT-P-7 b 12 2.2 3.2 0.0372 0.0377 0.0382 33,33
HD 102117 b 10.9 12.6 14.3 0.1444 0.1532 0.162 37,9
HD 102195 b 0.6 24 4.2 0.046 0.0491 0.052 16, 16
HD 108147 b 2.3 4.4 6.6 0.0961 0.102 0.1079 37,9
HD 117618 b 3.6 6.7 9.6 0.175 0.176 0.177 37,9
HD 118203 b 3.8 4.6 54 0.0662 0.0703 0.0744 11,9
HD 130322 b 0.77 1.24 6 0.0857 0.091 0.0963 37,9
HD 13445 b 2.03 2.94 125 0.1065 0.113 0.1195 13,9
HD 149026 b 1.2 2 2.8 0.0426 0.0432 0.0438 38, 45
HD 149143 b 6.4 7.6 8.8 0.049 0.052 0.055 11,11
HD 162020 b 0.23  4.865 9.5 0.0708 0.0751 0.0794 37,9
HD 168746 b 3.18 9.2 10.8 0.0621 0.0659 0.0697 37,9
HD 17156 b 3.8 5.7 7 0.1545 0.1589 0.1643 14, 19
HD 179949 b 0.4 3.3 54 0.0417 0.0443 0.0469 37,9
HD 185269 b 191 4.2 6.49 0.074 0.077 0.08 21,21
HD 187123 b 2.26 3.8 10.6 0.0401 0.0426 0.0451 37,9
HD 189733 b 0.6 2.89 5.18 0.028 0.0313 0.035 29, 43
HD 192263 b 0.55 0.57 7.6 0.1444 0.1532 0.162 37,9
HD 195019 b 2.58 3.9 11.8 0.1308 0.1388 0.1468 37,9
HD 209458 b 2 4 4.5 0.0459 0.0468 0.0477 29, 23
HD 217107 b 1.4 6.5 7.32 0.0705 0.0748 0.0791 37,9
HD 2638 b 0.71 3 5.29 0.0411 0.0436 0.0461 31,9
HD 27894 b 1.61 3.9 6.19 0.115 0.1221 0.1292 31,9
HD 330075 b 3.91 6.2 8.49 0.036 0.039 0.042 34,34
HD 38529 b 0.89 2.99 5.09 0.1237 0.1313 0.1389 37,9
HD 41004 B b 1.48 1.64 9.5 0.0167 0.0177 0.0187 37,9
HD 46375 b 1.68 4.96 7.7 0.0375 0.0398 0.0421 37,9
HD 49674 b 0.55 1.465 2.38 0.0546 0.058 0.0614 37,9
HD 63454 b 0 1 3.29 0.0342 0.0363 0.0384 31,9
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HD 6434 b 6.85 7 13.3 0.1339 0.1421 0.1503 37,9
HD 68988 b 1.34 3.7 6.78 0.063 0.0704 0.0745 37,9
HD 69830 b 4 7 10 0.075 0.0785 0.082 25,25
HD 69830 c 4 7 10 0.189 0.186 0.189 25,25
HD 73256 b 0.26 0.83 6.4 0.035 0.0371 0.0392 37,9
HD 75289 b 1.29 4 5.8 0.0454 0.0482 0.051 37,9
HD 76700 b 0.77 10 131 0.0481 0.0511 0.0541 37,9
HD 83443 b 0.63 1.785 2.94 0.0383 0.0406 0.0429 37,9
HD 88133 b 6.27 7.915 9.56 0.0445 0.0472 0.0499 37,9
HD 99492 b 2.93 3.71 4.49 0.1161 0.1232 0.1303 37,9
pArad 1.45 3.93 6.41 0.0871 0.0924 0.0977 37,9
OGLE-TR-111b 11 3.39 5.68 0.0402 0.0467 0.0517 29, 30
OGLE-TR-132 b 0.5 1.25 2 0.0297 0.03 0.0302 17,17
OGLE-TR-56 b 0.5 2.79 5.08 0.023 0.0234 0.0238 36, 36
tBoob 0.8 2.4 3.1 0.0453 0.0481 0.0509 37,9
TrES-1 15 2.5 3.5 0.0394 0.0394 0.0394 29,43
TrES-4 2.7 4.7 6.7 0.0466 0.0488 0.051 27,27
v And b 2.8 3.8 4.8 0.0561 0.0595 0.0629 15,9
WASP-3 b 0.7 2.1 3.5 0.0307 0.0317 0.0322 35,35
WASP-4 b 2 4.29 6.58 0.022 0.023 0.024 42,42
WASP-5 b 17 3.05 4.4 0.0261 0.0268 0.0277 1,1
WASP-10 b 0.6 0.8 1 0.0355 0.0369 0.0381 10, 10
WASP-14 b 0.5 0.75 1 0.035 0.036 0.037 22,22
XO-1b 131 3.6 5.89 0.046 0.0493 0.053 20, 20
XO-2b 2.04 5.27 9.49 0.0367 0.0369 0.0371 7,7
XO-4 b 0.6 2.1 3.5 0.0544 0.0555 0.0566 28,28
XO-5b 7.8 8.5 9.3 0.0503 0.0508 0.0511 8,8

Table 6.1: Ages and-values of close-in exoplanets used in our analysis. The minimum,
middle and maximum values are indicated by “min”, “mid” and “max” respectively.
Italicized text indicates values that were determined as described in Appendix A. The
references for ages aravalues are given in the rightmost column. References. (1)
Andersoret al.(2008), (2) Bakogt al.(2007a), (3) Bakost al.(2007b), (4) Bakost al.
(2007c¢), (5) Bonfilset al. (2005), (6) Bonfilset al. (2007), (7) Burkeet al. (2007), (8)
Burke et al. (2008), (9) Butlert al. (2006), (10) Christiaet al. (2009), (11) Da Silvat

al. (2006), (12) exoplanet.eu (as of 2009 Feb 10), (13) Fischer & Valenti (2005), (14)
Fischeret al.(2007), (15) Fuhrmanet al.(1998), (16) Geet al.(2006), (17) Gilloret al.
(2007a), (18) Gilloret al. (2007b), (19) Gilloret al. (2008), (20) Holmaret al. (2006),

(21) Johnsoret al. (2006), (22) Joshet al. (2008), (23) Knutsoret al. (2007), (24)
Kovacs et al. (2007), (25) Loviset al. (2006), (26) MacArthuret al. (2004), (27)
Mandushewet al. (2007), (28) McCullougtet al. (2008), (29) Melocet al. (2006), (30)
Minniti et al. (2007), (31) Moutotet al. (2006), (32) Noyeet al. (2008), (33) Pakt al.
(2008), (34) Pepet al. (2004), (35) Pollacet al. (2008), (36) Ponget al. (2007), (37)
Saffeet al. (2006), (38) Satet al. (2005), (39) Takedat al. (2007), (40) Torre®t al.
(2007), (41) Udryet al. (2007), (42) Wilsoret al. (2008), (43) Winret al. (2007a), (44)
Winn et al. (2007b), (45) Winret al.(2008).
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Chapter 7
Summary and Conclusions

In the field of extra-solar research, the almost daily discoveries of new planets
continually pose new challenges to our understanding of planet formation. With many
examples of planetary systems unlike our own, the study of extra-solar planets has helped
us understand many planet formation processes whose influence is difficult to discern in
our own solar system. The compositions, orbits, and physical properties of planets,
satellites and minor bodies in our solar system reveal the system’s origins in subtle ways.
Only recently have observations begun to yield similarly sophisticated data for extra-
solar systems, and they tell a story similar in many ways to the solar system’s story,
involving many of the same influences. However, the wide range of orbital and physical
properties in extra-solar systems mean that the processes of planet formation and
evolution can operate on a grander scale with dramatic consequences.

For our own solar system, the orbital architecture and the composition of the
planets, satellites and minor bodies place important constraints on the system’s early
history. For example, the masses and compositions of Jupiter and Saturn suggest they
accreted from the protoplanetary gas disk within a few Myrs of the Sun’s formation,
while the smaller masses and enrichment in heavy elements of Uranus and Neptune
suggest they formed more slowb.g.Pollack et al. 1996). The orbits of giant planets
also tell a story of their formative years. Recent models of the early dynamical evolution
of our solar system suggest Jupiter and Saturn may have passed through a violent phase

in which they gravitationally scattered Uranus and Neptune into their current orbits from
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orbits much closer to the Sun (although still exterior to Saturn) (Morbetedli 2007).

This evolutionary phase also seems to have left its signature on the orbital architecture of
the Kuiper belt (Levison & Morbidelli 2007). The breadth and depth of data about our
solar system through many years of ground-based and space-based observation have
allowed to construct a detailed, although still incomplete, history.

Although extra-solar systems are much farther away than planets in our solar
system, dramatic improvements to observational technology in recent years have allowed
us to piece together sophisticated theories of extra-solar systems formation. These
technologies have improved constraints on the distributions of orbital elements, the
masses, compositions and radii of planets, and allowed observers to disentangle the
complex signatures of multiple planets systems. With detections of more multiplanetary
systems, new dynamical interactions are discovered, old dynamical models are refined,
and astronomers are zeroing in on the initial conditions that gave rise to the planets we
see today. With better information about extra-solar planetary orbits, masses and
compositions, we have begun to piece together the complex histories of these systems.

One important piece of the puzzle, the orbital architecture of extra-solar systems,
seems to indicate a violent history. The wide distribution of both orbital eccentricities
and semi-major axes tell a story of gravitational interactions between accreting planets,
which eventually scatter the planets into elongated orbits (Rasio & Ford 1996;
Weidenschilling & Marzari 1996; Malhotra 2002; Barnes & Greenberg 2006a; Chatterjee
et al. 2008). Interactions between a nascent planet and its parent gas disk may drive rapid

migration of planets, which may be important for producing the wide range of orbital
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semi-major axes. Migration in a gas disk can also leading to trapping in mean motion
resonances (Lee & Peale 2002; Moorhead & Ford 2009), although gravitational scattering
sometimes results in such resonances, too (Rayetaad2009). These processes may

be especially important for the formation of close-in planets. In fact, the development of
such models to explain the orbital properties of extra-solar systems was a key inspiration
for the recent models for dynamical evolution of our own solar system. In this and many
other ways, the study of extra-solar systems informs studies of this solar system, and vice
versa.

However, despite a plethora of data, the transition between the final stages of
planet formation and the initial planetary formation processes remains unclear.
Fortunately, these initial processes set a planet's composition and internal structure, so
the information provided by transit observations of close-in planets are crucial for
untangling the dynamical and formation histories of planets. Agreement between
observed radii and theoretical models with a range of assumptions permits the
determination of internal structures and composition, and interest correlations have begun
to emerge. For example, Burrows et al. (2007) pointed out that metal-rich planet-hosting
stars have planets with more massive cores than metal-poor planet-hosting stars. If
planets around metal-rich stars do indeed form from larger cores, it may provide strong
evidence for the core-accretion model of planet formation (Pollack et al. 1996).

Unfortunately, the proximities of these close-in planets to their parent stars make
them uniquely subject not only to intense stellar illumination but also tidal effects, and, as

we’ve shown in this work, tides have played a profound role in shaping the orbits and
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physical properties of close-in planets. However, the earliest models for tidal evolution of
extra-solar planets seemed contradictory to the growing body of observational data.
These models suggested tides should circularize the orbits of close-in planets only a few
million years after they formed, even though many close-in planets had substantial
eccentricities (Rasiet al. 1996). The cut-off in smad values might have suggested that
tides had cleared out and destroyed the closet-in planets, but these same early models
suggested that tidal evolution of semi-major axes was much too slow. Tidal heating had
also been proposed to explain the surprising large radii of some transiting planets that
seemed to require some internal source of heat, but, again, early models suggested tides
were insufficient (Burrowst al. 2007).

A variety of models sprang up to account for these discrepancies. To explain the
substantial eccentricities for many close-in planets, some authors proposed ad hoc tidal
dissipation parameters (Matsumetaal. 2008), and others suggested that interactions
with as yet undiscovered planets acted to delay eccentricity danepgtylardling
2007). To account for the gap in smallalues, authors proposed finely tuned
gravitational scattering mechanisms (Ford & Rasio 2006) or a clearing out of the
protoplanetary gas disk very near a planet’s host star so that a migrating planet would
enter the gap and stop (L&t al. 1996). The inflated radii of transiting planets were
attributed to heating through tidal damping of exotic rotation states (Winn & Holman
2005).

However, as we’ve shown in this work, the contradictory conclusions reached by

previous studies of tides simply result from inappropriate approximations. The non-zero
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eccentricities of close-in planets can easily be accounted for if the coupled evolution of
the semi-major axis is included. The cut-off in snaallues is naturally explained by

the acceleration of orbital decay and tidal destruction of planets as they near their host
stars. Tidal heating of close-in planets was likewise more complex than previously
realized, and the dramatic variation in tidal evolution rates was accompanied by
commensurate variations in the heating rates.

By accounting for many of the conundrums posed by previous analyses, we have
restored some confidence in our understanding of many planetary evolution processes. As
has been assumed implicitly by many previous studies, the initial eccentricities for close-
in planets did, indeed, resemble those of planets unaffected by tides, so whatever process
set the latter probably also set the former. Also, many of the transiting planets with
inflated radii to have undergone large tidal heating in the last few Gyrs, and recent work
seems to confirm that this heating may explain the radii€t.al. 2008). Thus we may
feel some measure of confidence about our estimates on the internal structures and
compositions of many transiting planets.

While our research has answered many questions that have plagued the extra-
solar planets community, it also suggests several other, potentially fruitful lines of inquiry.
For example, what does it mean that the distribution of eccentricities for extra-solar
planets was once uniform, across all semi-major axes? and how does that fit into models
for the origins of close-in planets? The gravitational scattering model seems to suggest
their eccentricities were clustered near unity (Ford & Rasio 2006), while the gas disk

migration model seems to suggest their eccentricities were sma#t(aln996).
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Models of the thermal evolution of tidally evolving planets may also provide
important constraints on the planets’ origins. For example, the gravitational scattering
suggests that tidal evolution brought close-in planets from highly eccentric orbits with
~ few AU to close-in orbits with ~ 0.1 AU. Such a large change in semi-major axis
requires the dissipation of a lot of orbital energy (as much 3sJ ¥6r Jupiter around the
Sun) in less than a billion years (giving an average heating rate in exce$$\of) 10he
dissipation of so much energy through tides raised on the host stars would probably spin
up the stars significantly, while dissipation in the planets might heat the planets to the
point of disruption. Coupled dynamical and thermal models of such processes might
allow us to rule out certain origin scenarios.

During the tidal evolution, interactions with other planets, if present, would
undoubtedly play a role. Some previous studies (Zhang & Hamilton 2006) suggest that
those interactions may slow the tidal circularization process. Although inclusion of the
evolution of semi-major axis explains the non-zero eccentricities for many close-in
planets, the rates of circularization for some bodies (e.g. HD 41004 B b) are perhaps so
rapid as to require the intercession of interactions with other planets to slow the evolution.

The evidence provided by the distribution of orbits of tidal destruction of planets
begs the question “What happens to planets as they are destroyed?”. We've assumed here
that once a planet nears the Roche limit, it is rapidly disrupted by its star’s tidal gravity,
but how rapidly is it disrupted? Would it be possible to observe a planet in the process of
tidal stripping? Previous studies in binary star systems suggest that, as a star is tidally

stripped, conservation of orbital angular momentum causes the star’s semi-major axis to
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increase (Cameron & lben 1986; Trillieggal. 1998). If the same holds true for a planet
undergoing tidal stripping, the process may be more complicated than we’ve assumed
here. In particular, how is the tidal stripping process modified by the presence of other,
nearby planets? Does the tidal destruction and removal of a planet leave a discernible,
dynamical signature on the remaining planetary system?

And we can turn back to our own solar system and consider similar questions for
our own planets. Does the distribution of orbital eccentricities here as compared to extra-
solar systems tell us anything new? Because large eccentricities seem to be so common
among extra-solar planets, what prevented our own planets from acquiring large
eccentricities? Given that extra-solar planets exhibit a range of eccentricities, is it
plausible that our solar system just falls at the lower end of that distribution? The list of
possible questions is endless.

In addition to elucidating important details regarding the origins and evolution of
close-in planets, our work also highlights many of the important assumptions and
limitations underlying tidal theory. Our analysis here shows that it involves many
assumptions that are questionable, and understanding the subtle underpinnings of tidal
theory is necessary before we can feel confident extending the theory to new regimes.
Because the physical and orbital parameters of extra-solar systems span a wider range
than planets and satellites in our own solar system, they may provide unique constraints
on tidal evolution that have not been available before the discovery of extra-solar planets.
In particular, recent formulations of tidal evolution that include corrections to the

classical equations to very ordereshould be re-considered in light of the results of
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Error! Reference source not found. (Mardling & Lin 2002; Wisdom 2009). It's not
clear that these impressively complex formulations provide any more accuracy than
classical models that are simpler.

The wide array of extra-solar phenomena perhaps suggests a wide range of causes,
but we’ve found that many of the observations can be explained with a simple, well-
established model. Although many of the problems of extra-solar systems were new, we
discovered that, in many cases, nothing new was required to solve them — we had the
answers to the questions all along. As our understanding of the processes described here
improved, these results should be revisited, but in spite of its limitations, the value of
work lies in its simplicity. By providing straightforward answers to many previously
unanswered questions, we have adhered to the important principle of Occam'’s razor,

adding another vital brick to the growing edifice of human knowledge.
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Appendix A

Monte Carlo Modeling of Extra-Solar Planetary Ages amalues

The correlation of minimuna-values with age shown in Figure 6.1 is subject to
considerable uncertainties regarding stellar ages. However inspection of Figure 6.1
suggests that the true ages of many of the planets would have to be considerably larger
than shown in order to invalidate the correlation. In this appendix, we show that this
correlation is robust through statistical modeling of the data despite the uncertainties. We
perform Monte Carlo simulations of the data to show that there is always a positive
correlation between minimumvalues and ages for the range of uncertainties, indicating
that the cut-off ir-values highlighted in Figure 6.1 is not due to chance.

We calculated a correlation coefficient between minimatwalues and age for
the data shown in Figure 6.1 by binning planetary ages in bins 1 Gyr wide. (Different bin
sizes do not change our results.) Then, for each bin, we found the planet with the
minimum a-value. For example, for the age bin extending from 0 to 1 Gyr, the minimum
a-value is 0.023 AU (for the planet OGLE-TR-56 b). If there were no planets in an age
bin, we assigned that bin the minimwavalue from the adjacent, younger bin. The age
assigned to each bin is the upper boundary for the age bin, so the age assigned to the first
bin is 1 Gyr, the age assigned to the second bin was 2 Gyr. (Again the choice of age for
each bin doesn’t affect our conclusions.) We then calculated the linear correlation

coefficient for these 15 pairs of minimuaavalues and ages. For the data illustrated in



179

Figure 6.1, that coefficient is 0.76, whose positive value is consistent with positive slope
of the dashed line.

Next we tested the effect of the uncertainties in stellar agea-aaldies on this
correlation. We performed a series of Monte Carlo simulations by selecting new ages and
a-values for each planet in our sample. For most planets in our sample, upper and lower
limits for ages ana-values are available in the literature. For each of these planets, we
chose a new age amevalue with a uniform probability to lie between the reported upper
and lower limits and zero probability to lie outside that range.

However, for many of the planets in our sample, upper and lower limits on ages
anda-values are not available in the literature. Some of planets only have lower bounds
on ages, and others have only nominal agesaaralues with no reported uncertainties.

To determine upper and lower limits on ages andalues for these planets, we
calculated the average uncertainty for planets with reported upper and lower bounds. For
ages, we found the average uncertainty was 2.23 Gyrs, ardvlBdues, we found the
average uncertainty was 0.0032 AU. For each of the planets with only a reported lower
bound on the age, we chose a new age with a uniform probability to lie between the
reported lower limit and the lower limit plus twice the average uncertainty. For the
planets with only a nominal value, we chose an new value with a uniform probability to
lie between the nominal age estimate minus the average uncertainty and plus the average
uncertainty. For example, for the planet OGLE-TR-56 b, we have only a reported lower
limit on the age of 0.5 Gyrs (Poet al.2007). For this planet, we allowed the new age to

lie anywhere between 0.5 and 2.73 Gyrs. Table 6.1 shows the data we used. Values
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shown in normal font are taken from the literature, while minimum (*min”) and
maximum (“max”) values shown in bold, italicized font are upper and lower limits
determined as described above. Middle values (“mid”) shown in bold, italicized font are
averages of the upper and lower limits reported in the literature.

For each new set o&-values and ages, we calculated the new correlation
coefficient between the minimuravalue in an age bin and the age of that bin, as
described previously. We chose a population of new ages-aatlies 10,000 times to
determine the range of correlation coefficients allowed by the uncertainties. A histogram
of these correlation coefficients is shown as the solid line in Figure A.1. In spite of the
large uncertainties, the correlation coefficient is always positive, with an average around
0.75. Therefore, we conclude that the lawut-off in Figure 6.1 is real and positively

correlated with age, consistent with the predictions of tidal theory.
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