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Abstract. The distribution of ecceriricities e of extra-solar planets with semi-major axesa >
0.2 AU is very uniform, and values for e are generally large. For a < 0.2 AU, eccerricities
are much smaller (most e < 0.2), a characteristic widely attributed to damping by tides after
the planets formed and the protoplanetary gasdisk dissipated. We have integrated the classical
coupled tidal evolution equations for e and a backward in time over the estimated age of each
planet, and conrmed that the distribution of initial e values of close-in planets matches that
of the general population for reasonabletidal dissipation values Q, with the best ts for stellar
and planetary Q being 10°% and  10%%, respectively. The current small values of a were
only reached gradually due to tides over the lifetimes of the planets, i.e., the earlier gas disk
migration did not bring all planets to their current orbits. As the orbits tidally ewvolved, there
was substantial tidal heating within the planets. The past tidal heating of eadh planet may have
contributed signi cantly to the thermal budget that governed the planet's physical properties,
including its radius, which in many casesmay be measuredby observing transit events. Here we
also compute the plausible heating histories for a few planets with anomalously large measured
radii, including HD 209458b. We show that they may have undergone substantial tidal heating
during the past billion years, perhaps enoughto explain their large radii. Theoretical models of
exoplanet interiors and the corresponding radii should include the role of large and time-variable
tidal heating. Our results may have important implications for planet formation models, physical
models of \hot Jupiters", and the successof transit surveys.

Keyw ords. celestial mechanics, planetary systems: formation, protoplanetary disks

1. Intro duction

As the number of known extra-solar planetary orbits hasincreased,interesting patterns
are emerging.Figure 1 shows the semi-mgor axesa and eccettricities e. Eccertricities of
extra-solar planets with a > 0.2 AU average0.3 and are broadly distributed up to near
1. The distribution of eccertricities is fairly uniform over a. For example,a Kolmogorov-
Smirnov (K-S) test shaws that the e distribution for a between0.2 and 1.0 AU matches
that for a betweenl1.0and 5.0 AU at the 96%con dence level. However, for close-inextra-
solar planets (by which we meana < 0.2 AU), e valuesare smaller, with an average of
0.09, but still large comparedto our solar system. For a < 0.2 AU, the K-S test shows
agreemen at only the 0.1% level comparedwith planets further out.

Here we considerthe convertional ideathat close-inplanets beganwith a distribution
of e similar to that of planets farther out. Becausethe magnitude of tidal e ects falls
o very rapidly with increasing a, Rasio et al. (1996) suggestedthat tides could have
reducede for close-inplanets and not for those farther out.

The implications of this hypothesis for planetary massesM,, radii Ry, and heating
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rates has been consideredin previous studies (Rasio et al. (1996); Trilling (2000); Bo-
denheimeret al. (2003)). Seweral assumptionshave beencommon. First, the tidal dissi-
pation parameter Q, for the planet is usually basedon model-dependert estimatesbased
on the tidal ewlution of the Jovian satellite system (Yoder & Peale(1981)) or on phys-
ical theories of tidal dissipation (Goldreich & Nicholson (1977); Ogilvie & Lin (2004)).
Second, e ects of tides raised on the star are only partially taken into accourt. Often
the orbit-circularizing e ects of tides raised on the host star are ignored, although they
can be important. Third, somestudies (e.g. Ford & Rasio (2006)) assumedthat orbital
angular momertum is consened during tidal evolution, which is not true when tides on
the star are takeninto accourt. Fourth, previouswork ignored the strong coupling of the
tidal ewolution of e with that of a, generally describing the circularization of an orbit in
terms of an implicitly exponertial \timescale". In fact, the coupling with a meansthat
ewolution is more complexthan a simple exponertial damping. Moreover, tidal evolution
hasresulted in signi cant inward migration of many close-inplanets.

In our study, we avoid these assumptions. We use the full tidal ewlution equations
to determine possible past orbital change. The equations accourt for tides raised on
the stars by the planet and on the planet by the star, ead of which a ects changesin
both e and a. We employ consenative assumptionsabout M, and Ry, to test the tidal
circularization hypothesis.And we considera wide range of possibleQ values,allowing us
to determine which pair of Q, and Q valuesyields the most plausible evolution history.

These calculations also yield the corresponding past tidal heating history for ead
planet. During the course of the tidal evolution, tidal distortion of the gure of the
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Figure 1. Distributions of orbital elemerts. Squares(lled and open) represert the currently
obsenred orbital elemerts, with the open squares(with a <0.2 AU) being candidates for signi -
cant tidal evolution. Triangles show the initial orbital elemens (€niia and ainiiar ) determined
by integrating the equations of tidal evolution backward in time to the formation of the planet,
using Q valuesthat gave the best t of the e distribution to that of the other planets.
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planet can result in substartial amounts of internal heating at the expenseof orbital

energy sothe heating rate as a function of time is coupledto the ewvolution of the orbit.

In a typical case,tidal heating might have begun modest, but then increasedas tides
reduceda. As the tides becamestronger, they would circularize the orbit, which in turn

would shut down the tidal heating medanism. The relativ e strength and timing of these
two e ects would determine a planet's history, typically with a gradual increasein the
heating rate followed by a decrease.

The thermal history of a planet is critical to determining its physical properties. For
example, studies of extra-solar planets have consideredthe e ects of heating on their
radii, which can be measureddirectly by transit obsenations. Heat sourcesthat have
beenconsideredin these modelsinclude the energy of planetary accretion and radiation
from the star, aswell astidal heating (Bodenheimeret al. (2003); Mardling (2007)). In
many casesthe theoretical predictions match the obsenations reasonablywell (Burrows
et al. (2007)). However, there are notable exceptions.HD 209458b hasbeenobsened by
Knutson et al. (2007) to have a radius of 1.32 Jupiter radii (R;), which is 10-20%larger
than predicted by theoretical modeling Guillot (2005). Similarly, HAT-P-1 b is 10-20%
larger than predicted by theory (Bakos et al. (2007a)). On the other hand, HAT-P-2 b
seemsto be smaller than theory would predict (Bakos et al. (2007b)), while for GJ 436
b, theory predicts a radius consistert with obsenation (Gillon et al. (2007)).

Theoretical models to date have not taken into accourt the history of tidal heating
for close-inplanets, and of coursethose are the planets most likely to have radii measur-
able by transits. The tidal heating histories reported here and in Jackson et al. (2008b)
provides motivation and a basisfor construction of improved physical models.

2. Metho d

To test the hypothesisthat tides have beenresponsible for reducing e, we numerically
integrated the canonicaltidal evolution equationsof Goldreich & Soter (1966) and Kaula
(1968) backwards in time for all close-inplanets for which we have adequateinformation
(seeJackson et al. (2008a) for details). For ead planet, we beganthe integration with
the current best estimatesof e and a (€current @nd acyrrent) @nd integrated backwards
over the estimated age of the host star to nd the orbital elemens, eniiar  and aintial
We assumedtidal evolution dominated the orbital evolution after the protoplanetary disk
dissipated and collisional e ects becamenegligible, which probably happenedonly a few
Myr after the star's formation. Henceey,iias and ainiiar  may describe the orbits at that
time. We repeated the integration for 289 combinations of Q, and Q , eac Q ranging
from 10* to 10°.

Our study involvesa number of assumptionsand approximations which are detailed
and discussedby Jackson et al. (2008a). In particular, our model assumeshost stars
rotate much more slowly than their close-incompanion planet revolves, an assumption
largely corroborated by obsenation (Trilling (2000); Barnes (2001)). As a result, tides
raised on the star by the planet tend to decreaseboth e and a, as do tides raised on
the planet. Our results will inevitably needto be revisited and re ned asimproved data
and physical modelsbecomeavailable. Of necessiy, we consideredonly planets for which
the reported e is non-zero, and for which there is some estimate available for the age
of the system. Even with these restrictions, we can still study about 40% of all known
close-in planets. Stellar massesand radii come from a variety of sources:Bakos et al.
(2007a); Bakos et al. (2007b); Da Silva et al. (2006); Fischer & Valenti (2005); Moutou
et al. (2006); Sa e et al. (2006); Gorda & Svecthnikov (1996); and Takedaet al. (2007).
For planetary masseswe usethe radial-velocity minimum mass. For planetary radii, if
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M, > 0.3 Jupiter's mass,we x Rp = 1.2 R; since, for Jovian planets in this range of
mass, the radius is insensitive to mass(Hubbard (1984)). This value is near the average
radius of almost all obsened transiting extra-solar planets. For planets with M, <0.3
Jupiter's mass,we assumethe planet hasJupiter's density and scaleR, accordingly. This
assumption agreesfairly well with the obsened radius for GJ 436b (Gillon et al. (2007);
Deming et al. (2007)). Where R, and M, have been determined directly from transit
obsenations, we instead use those values. Planetary data were taken from a variety of
sources:Bakos et al. (2007a); Bakos et al. (2007b); Butler et al. (2006); Da Silva et al.
(2006); Deming et al. (2007); Gillon et al. (2007); Johnson et al. (2006); Knutson et al.
(2007); Laughlin et al. (2005); Lovis et al. (2006); McArth ur et al. (2004); Maness(2007);
Mayor (2004); Moutou et al. (2006); Rivera et al. (2005); Udry et al. (2002); Valenti &
Fischer (2005); Vogt et al. (2005); Wright et al. (2006); and Zucker et al. (2004).

Based upon the above model, we can also calculate the tidal heating rate for planets
undergoingtidal circularization. The tidal heating of the planet results from the reduc-
tion of orbital energy(and hencea) due to energydissipation in the planet. By tracking
changesin a dueto tides raised on the planet throughout the processof tidal circulariza-
tion, we can estimate the tidal heating rate over the whole lifetime of the planet (Peale
et al. (1979)). The magnitude and, indeed, the very shape of the past heating curve over
time depends sensitively upon the assumedcurrent orbital elemens. Accordingly, we
have calculated multiple plausible heating curvesfor eat planet, corresponding to the
range of obsenationally allowed valuesfor ey rent and acyr rent -

3. Orbital Evolution

The 289 combinations of Q, and Q that we tested gave a wide variety of distributions
of initial eccertricities for the close-in planets. (Remenber \initial* refersto the time,
shortly after formation, that a planet's orbital ewlution beginsto be dominated by tides.)
In addition to the current orbits (squares), Figure 1 shows the computed distributions
of eniia and ainisar (lled triangles) for the caseof Q, = 10°° and Q = 10°°. We
comparedthe ey distributions for the close-inplanetswith the standard e distribution
obsenedfor a> 0.2AU. In this casethe agreemet is excellert, with a K-S scoreof 90%.
TheseQ valuesare well within plausible ranges.Reasonablets canalsobe obtained with
other valuesof Q aslongasQ, 10°5. Other good ts (K-S 70%)haveQ = 10%%°
or > 10575,

Figure 2 shows the ewlutionary track of a and e over time for ead of the planets, in
the caseof the best-t Q values. The current orbital elemers are at the lower left end
of eadh trajectory in (a, €) space.Thesepoints correspond to empty squaresin Figure 1.
The tick marks show the orbital elemerns at intervals of 500 Myr, going back in time, for
15 Gyr, from the presen toward the upper right. Black dots have beenplaced at a point
represerning the best age estimate for the planetary system. These samepoints appear
asthe triangles in Fig. 1.

The ewolutionary histories derived here include substartial changesin semi-mgor axis
coupledwith the changesin eccettricit y. For many close-inplanets, Figures 1 and 2 show
that initial a valueswere signi cantly higher than the currently obsened values. These
initial valuesof a likely represert their locations at the termination of gasdisk migration
in ead early planetary system.Given the extent of tidal migration for obsened close-in
planets, planets that formed inward of 0.04 AU could have subsequetly fallen into their
host stars. Consideration of such hypothesized scenarioswill be the subject of future
work.



Tidal Evolution of Exoplanets 123

A et
- HAT-P-2b 1
i ‘ 7 HD118203b 1
0.8 HD41004Bb n
- 7 HD185269b .
0.6 _
- - HD108147b ]
0.4 f —
i D149143b ]
B ¢ HD38529b |
i HD68988b ° N i
0.2 "
4T £&CHD217107b o |
. & 4
- Py tBoob |
. o ]
. Ll % el 1, -
0.01 0.1 0.15
a (AU)

Figure 2. Tidal evolution of e and a for the sample of known close-in extra-solar planets using
our best-t valuesof Q = 10°° and Q, = 10°°. Solid curves represernt the trajectories of
orbital evolution from current orbits (lower left end of eadh curve) backward in time (toward
the upper right). On the trajectories, tick marks are spacedevery 500 Myr to indicate the rate
of tidal evolution. Tidal integrations were performed for 15 Gyr for all planets, but the lled
circles indicate the initial values of orbital elemerts at the beginning of eac planet's life. Due
to spacerestrictions, most planets are not labeled, however they can be identied by the (e, a)
values at the lower left end of each tra jectory. Jackson et al. (2008a) includes a table of ecur rent
and acyr rent (Table 1) which can be usedto identify planets in this gure.

4. Tidal Heating

Using the results of our tidal ewolution calculations, we modeledthe past tidal heating
rates for numerousplanets. In Figure 3, we illustrate plausible heating histories for three
interesting examples:HD 209458b, HAT-P-1 b and GJ 436 b, using Q, = 10°°® and Q
= 10>°. Results for other planets are presened in Jackson et al. (2008b). Note that in
these examplesthe planetary radii have beenheld constart, even though the changing
heating rates would most likely produce a changing radius.

For HD 209458b, Burrows et al. (2007) suggestthat a heating rate of about 4 x 10*°
W would be required to yield the obsened planetary radius, which is much larger than
any allowable current tidal heating rate. However, the history plotted in Figure 3 shows
that the required heating rate was available asrecertly as1 billion yearsago. If the lag
in the responseof the planet to the heating rate were on the order of a billion years,this
heating rate may explain the obsened large radius. Such a lag seemsreasonablebased
on the long duration of the in uence of heat of formation on the planet's radius in the
modeling by Burrows et al. (2007).

Like HD 209458b, HAT-P-1 b's obsened radius of 1.36 R; (Bakos et al. (2007a)) is
larger than expectedfrom theoretical modeling that did not include tidal heating (Guillot
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(2005)). Similar to HD 209458b, Figure 3 shaws that its heating rate 1 Gyr agowas
substartially higher than the presert tidal heating. For both HD 209458b and HAT-P-1
b, the substartial heatingrate 3-4x 10*° W about 1 Gyr agomay help accourt for the
discrepancy betweenthe large obsened planetary radii and the predictions of physical
modeling.

In the caseof HAT-P-2 b there alsohasbeena substartial amourt of tidal heating. The
current heating rate is similar to the maximum rate attained by HD 209458b 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 measuredradius is actually about 12% smaller
than predicted (Bakos et al. (2007b)). Thus there is a discrepancy betweentheory and
obsenation evenif tidal heating is neglected.The fact that there is likely a high rate of
tidal dissipation makesthe problem even worse.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 recert 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 consideredhere, most of which
have passedtheir peaks.The fact that the heating rate was seweral times smaller a billion
yearsagothan it is now may help explain the small radius.

Figure 3 alsoillustrates tidal heating histories for GJ 436 b. This planet has a mea-

Figure 3. The tidal heating rates for planets HAT-P-2 b, HAT-P-1 b, HD 209458b, and GJ 436
b as a function of time. The presert time (t = 0) is at the right. The solid vertical line through
ead of the heating curvesrepreserts the estimated time of formation for that planet. Note that
the vertical scaleshas been shifted for HAT-P-2 b and HAT-P-1 b to make its curves more
visible. (The vertical scalethat correspondsto ead curveis the scaleintersected by that curve.)
The solid curve for each planet is basedon the current nominal eccerricit y value. The dashed
lines represernt upper and lower limits on the heating, i.e. they assumethe extreme values of
current a and e consistert with obsenations that give the maximum and minimum current tidal
heating rates, respectively. For HAT-P-1 b and HD 209458b, obsenations could not exclude a
current eccertricit y of zero, sothe lower bound on heating rates is formally zero. Hencein those
casesonly one dashedline is shown, represerting the upper limit.
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sured radius consistert with theoretical models, independert of tidal heating (Gillon
et al. (2007)). The tidal heating history shown in Figure 3 is consistert with that result.
Compared with the previous two cases,the maximum heating rate was two orders of
magnitude less,small enoughperhapsnot to a ect the radius.

5. Discussion

This investigation supports the hypothesisthat tidal interactions betweena star and
a planet are responsible for the relatively small e values of close-in planets (Rasio et al.
(1996)), although our calculations intro duce important corrections to previous studies.
Becauseeven close-inplanets eviderntly formed with much larger e, the processeshat gov-
ernedtheir early dynamicswere probably similar to other planets. A plausible mechanism
for producing the initial e distribution of extra-solar planets is planet-planet scattering
(Rasio & Ford (1996); Weidensdilling & Marzari (1996)), although some modi cation
to the original model are needed(Barnes & Greerberg (2007)).

If the tidal circularization hypothesisis borne out, then our study also provides con-
straints on Q values.We nd that agreemen betweeneccertricit y distributions requires
Qp 10°5, with Q  10%25, 10”5 (best t), or 10°75. This Q, is in good agreemer
with other constraints (Yoder & Peale(1981); Ogilvie & Lin (2004)), and this Q agrees
well with studies of binary star circularization (Mathieu (1994)). Of course, it is likely
that individual planets and stars have unique Q values, owing to variation in their in-
ternal structures. These Q values are only meart to be represerativ e values, good for
the population as a whole. Corrections to our tidal model might also result in di erent
suitable Q values.

Signi cant reductionsin semi-mgor axeshave accompaniedthe changesin eccetricit y,
with important implications. First, models of protoplanetary migration in the primordial
gas disk need not carry \hot Jupiters" in as far as their current positions. Lin et al.
(1996) proposedthat migration in the gasdisk halted near the inner edgeof the disk, a
boundary determined by clearing due to the host star's magnetosphere Our results show
that the inner edgewas probably farther out than indicated by the current semi-mgor
axesof the planets, which were only reached during tidal migration long after the nebula
had dissipated. In order to ewvaluate where migration due to the gasdisk halted, (and
thus where the inner edgeof the nebula was) models should accourt for the subsequeh
tidal ewvolution.

The tidal changesin orbital semi-mgor axes also have implications for obsenations
of planetary transits, sud as surveys of young open galactic clusters (Bramich et al.
(2005); von Braun et al. (2005); Burke et al. (2006)). The probability to obsene a plan-
etary transit increasesfor smaller semi-mgor axes,but decreasess orbits becomemore
circular (Borucki & Summers (1984); Barnes (2007)). Tidal ewolution meansthat the
probability of an obsenable transit dependson a star's age, but the exact relation de-
pendson the particular ewlutionary path through (a, €) space.As our understanding of
the statistics of tidal ewolution paths improves,the obsened frequency of transits in the
eld and in open clusters may evertually help to constrain planetary formation scenar-
ios, distinguishing, for example, betweenthe relativ e roles of embeddedmigration and of
gravitational scattering, which set up the initial conditions for tidal ewlution. Transit
statistics may not yet be re ned enoughto be sensitive to detect this e ect (Pepper &
Gaudi (2006)), but such systematic e ects may show up in future surveys.

The tidal heating calculations heresuggestthat pasttidal heating may well have played
an important role in the ewolution of the physical properties of many extra-solar planets,
speci cally the planetary radius. We caution that the speci ¢ calculations displayed here
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depend on numerous assumptionsand seweral uncertain parameters. The heating rates
correspond to the orbital ewvolution trajectories computed by Jackson et al. (2008a), and
various caveats are discussedin detail there. It is quite likely that the actual thermal
history of any particular planet was di erent to somedegreefrom what we show here.
In particular, when analyzing radial-velocity obsenations to solve for a planet's orbit, it
is dicult to rule out a completely circular orbit, in which casethe tidal heating rate
would have beenzero. However, the unavoidable point is that past tidal heating may be
signi cant for many planets and should be consideredas a factor in theoretical modeling
of physical properties of exoplanets.

For every planet whosetidal ewvolution we modeled, we have calculated corresponding
tidal heating histories (Jackson et al. (2008b)). For the casespreseried here, seeFig.
3, we seethat past tidal heating may provide a previously unconsideredsource of heat
for planets with larger-than-predicted radii. Howewer, it may make things worsein cases
where measuredradii seemedto t the current models. Theoretical models of tidal evo-
lution and planetary interiors will generally needto be adjusted and improved so as to
yield a match betweenpredicted and obsened planetary radii.

To conclude,we nd that the distribution of orbital eccerricities for exoplanetswas
oncestrikingly uniform acrossall semi-mgor axes.By varying tidal dissipation parame-
ters, we can match the original distribution of close-inplanetary eccertricities to that of
planets far from their host star for stellar and planetary Q's  10°° and  10°%°, which
are consistert with previous estimates. After the formation of the close-in exoplanets,
tides raised on the host star and on the planet acted over Gyrs to reduceorbital eccen-
tricities and semi-mgor axesof the close-inexoplanets. This reduction in e aswell asa
hasimportant implications for the thermal histories of close-inexoplanetsand for transit
studies.

Wealso nd that tidal heatingin the past wassigni cantly larger than current heating.
For example, about 1 Gyr ago, HD 209458b may have undergonetidal heating 100
times the presert value. This substartial heating may help resolve the mystery of the
anomalouslylarge radii obsened for many transiting planetstoday. If the lagin response
of the planetary radii to tidal heating is of order a Gyr, then past tidal heating must be
included in modelsof exoplanetaryradii. Previous studiessuggestsuch a lag is reasonable.
However, further studies are required to elucidate this e ect.
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