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1

Eccentricity or obliquity tides have been proposed as ttesimg energy source that may ex-
plain the anomalously large radius of some transiting “lupitérs”. To maintain a non-zero and
large obliquity, it was argued that the planets can be lodkedCassini state, i.e. a resonance
between spin and orbital precessions. We compute the tahing within “inflated” close-in
giant planets with a non-zero eccentricity or obliquity. YWether inspect whether the spin of
a “hot Jupiter” could have been trapped and maintained inssi@astate during its early de-
spinning and migration. We estimate the capture probghilita spin-orbit resonance between
~ 0.5 AU (a distance where tidaffects become significant) and 0.05 AU for a wide range of
secular orbital frequencies and amplitudes of gravitaigerturbations. Numerical simulations
of the spin evolution are performed to explore the influenfcédal despinning and migration
processes on the resonance stability. We find that tidalrtgeaiithin a non-synchronous giant
planet is about twice larger than previous estimates basedeohypothesis of synchronization.
Chances of capture in a spin-orbit resonance are very ganthdr0.5 AU but they decrease
dramatically with the semi-major axis. Furthermore, ederaptured, both tidal despinning and
migration processes cause the tidal torque to become lameyé that the obliquity ultimately
leaves the resonance and switches to néak@cking a “hot Jupiter” in an isolated spin-orbit

8 resonance is unlikely at 0.05 AU but could be possible ateladistances. Another mechanism is

O then required to maintain a large obliquity and create irgkneating through obliquity tides.
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Abstract.

1. Introduction

During the past decade, one of the most surprising findingsheadiscovery of several extrasolar
planets with periods down to 1 day and orbiting their parémtssat a distance lower than 0.1
AU (e.g. Santos et al. 2005). Up to now, fourteen of them haenbdetected by the transit
method. The coupling between radial velocity and photoimeteasurements allows direct and
accurate determination of both their masses and radii. Mervthe comparison with theoretical
evolutionary models of Jovian-mass planets revealed wateg conflicts between measured
and predicted radii. The first to be discovered, HD 2094585 found to be- 20% larger
than expected (e.g. Bodenheimer et al. 2001; Guillot & Shawr2002; Barfie et al. 2003).
Since then, new comparisons with models that include ffeeeof strong irradiation from the
parent star (Bafée et al. 2003; Chabrier et al. 2004) indicate that three ditarsiting “hot
Jupiters” may still display an anomalously inflated size &owl density compared to Jupiter.
Their characteristics are summarized in Table 1.

Many scenarios that have been proposed to explain thisegiaoncy invoke a missing energy
source that would slow down the gravitational contractiod aooling of the planet. Guillot &
Showman (2002) suggest that a conversion of only 1% of thiustadiative flux into thermal
energy at depth would be Sicient. The contribution of tidal heating due to a planet'sestric

orbit or non-zero obliquity was also investigated. Sindesi circularize the orbit andtact the

Send offprint requests to: B. Levrard, e-mailblevrard@imcce. fr



Please give a shorter version wittguthorrunning andor \titilerunning prior to \maketitle3

Table 1. Characteristics of inflated hot Jupiters discovered so fidr the rate of obliquity tides heating

within them for various values of the obliquity

Rate of tidal heating (erg-y

Name *Age[Ga] aAU] Mp[Mawpl  Ro[Ruwpl  pplosup] e=10 =45 e=90
HD 209458 B2 4-7 0.047(3) 0.657(6) 1.320(25) 0.28 1.8x10% 39x10*" 12x10%®
OGLE-TR-56 54° 2-4 0.0225(4) 1.24(13) 1.25(8) 0.634.1x10?%® 9.0x10° 4.0x10®
HD 18973367 0.5-10 0.0313(4) 1.15(4) 1.154(32) 0.759.6x 107 21x10” 63x10%®
XO-11 2-6 0.0488(5) 0.90(7)  1.30(11) 04113x10% 23x10%7 6.7x 10

* numbers in parenthesis represent the uncertainties oaghéigjits.*age of the parent star. References:[1]
Winn et al.(2005); [2] Knutson et al.(2006); a lowBp = (1.26 + 0.08)Ry,, radius has been recently
estimated by Richardson et al.(2006).[3] Torres et al42004] Bouchy et al.(2005a); [5] Santos et
al.(2006); [6] Bouchy et al. (2005b); [7] Bakos et al. (200@] McCullough et al. (2006); a lower
Rp = (1.184 + 0.020)R,,p radius has been found by Holman et al.(2006). The most rgceiscovered
transiting and potentially inflated “hot Jupiters”, Treskat-P-1, and WASP-1, have not been taken into
account. For tidal heating estimates, the eccentricityeis.zZThe dissipation factad/k; is set to 16 but

may vary by several orders of magnitude.

obliquity on timescales (respectively10%yr and~ 10Pyr) that are shorter than the system age,
a continuous tidal dissipation requires a mechanism to taaitthe eccentricity or obliquity in

a non-zero value. Bodenheimer et al. (2001, 2003) calalitéi@t a small eccentricitg ~ 0.03
forced by a companion would provide the power needed to enfla¢ HD 209458b’s radius,
but detailed observations suggest that current ecceigsi@f hot Jupiters are probably smaller
(e.g. Laughlin et al. 2005). Recently, Winn & Holman (2006)gested that hot Jupiters may
have been trapped and maintained in a Cassini state witlya tdaliquity since the early tidal
despinning. An accurate estimate of tidal heating is theired to evaluate the role of tidal
dissipation inside “hot Jupiters”. Moreover, it is impontao test whether these scenarios are
realistic or not. However, all previous estimates of tidehting have considered that the rotation
period of “hot Jupiters” is synchronous with their orbitakam period. Such an hypothesis is
widely justified for most of the tidally-evolved solid sditds (e.g. Peale 1999; Wisdom 2004),
but we show that this is quite improbable for tidally-evalvgaseous planets with a non-zero
eccentricity or obliquity. We estimate the rate of tidal tieg within such a non-synchronous
“hot Jupiter” and apply it to “inflated” planets. We also examthe possibility that the planet’'s

obliquity could have been trapped and maintained in antisdlgpin-orbit resonance.
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2. Tidal heating within “hot Jupiters”
We consider the gravitational tides raised by the host staa short-period planet and follow

the traditional “viscous” approach of ttreguilibrium tide theory (Darwin 1908). The secular

evolution of the spin is then given by (e.g. Hut 1981; Nérersdirgy & Laskar 1997)

d K
L S| d)a@? -2xne)| @
d .
d—i = Smngn [xQ(e)% - 2N(e)] , @)
with

1+3¢+ 3¢ 1+ P + Pt + 1ef

Qe) = and N(e) =

(1-€2)92 (1-€e2)8 ’
wherew is the planet’s rotation rate,its obliquity (the angle between the equatorial and orbital
planes)x = cose, ethe orbital eccentricity, andthe orbital mean motior€ is the polar moment

of inertia and
« = 3ke (CM3) (MR @)
2Qn| Ry JAM,) la)

wherek; is the potential Love number of degreel2, the star's masdyl, the planet’s mass,

its radius, anc the semi-major axis. The annual tidal quality facto@is= (nAt)~ whereAt is
the constant time lag. If a separate mechanism maintaine-a@@ eccentricity or obliquity, the
spin evolves to its equilibrium rotation rate (settishg/dt = 0)

_ N(e) 2x
Y= o TR n, (4)

with a time scaler = Cn?/K close to~ 10° yr for typical HD 209458b’s parameters aGi
values comparable to that inferred for Jupiter6.10* < Q < 2.10° (Yoder & Peale 1981). It
ends with a synchronous rotation if eccentricity and obtigare simultaneously zero. If not, this
equilibrium can be higher or lower than the synchronoustiariarate. For solid bodies (satel-
lites, terrestrial planets) that have a non-axisymmetrapg, capture in a resonant state where
the ratio between andnis commensurable, is also a possible outcome of the spiméoalu-
tion. When eccentricity is small, synchronization is thestqarobable final state (e.g. Goldreich
& Peale 1966), but other non-synchronous resonances aséf@with a large orbital eccen-
tricity (e.g. Correia & Laskar 2004). The capture probapik generally an increasing function
of the asymmetry parameteB - A)/C, whereA and B are the equatorial moments of inertia.
However, determination of the second-degree harmonicsmifel’s and Saturn’s gravity field
from Pioneer and Voyager tracking data (Campbell & Andetk®80; Jacobson 2002) provided
a crude estimate of theB(— A)/C value that is lower than 107° for Saturn and~ 10~/ for
Jupiter. These values are more than one order of magnitug than the Moon'’s or Mercury’s
value, leading to insignificant chances of capture. Funtivee, the detection of this asymmetry
is questionable. If such an equatorial bulge originatesmflocal mass inhomogeneities driven
by convection, it is probably not permanent and must have e megligible &ect if averaged

spatially and temporally. In this context, we assume thatittally-evolved rotation state of “hot
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Fig. 1. Rate of tidal dissipation within HD 209458b as a function ofentricity for a 45 (solid thin line)
and 90 (solid thick line) obliquity. The synchronous case is @dttvith dashed lines for comparison. The

dissipation factoQ,/k. is set to 16.

Jupiters” with a non-zero obliquity or eccentricity is givby Eq.(4). Once this equilibrium is
reached, tidal energy continues to be dissipated in theepkrthe expense of the orbital energy
so thatEjge = —-(GMpM,)/(2a?) x da/dt with (e.g. Hut 1981; Néron de Surgy & Laskar 1997)

3—? = 4a2(GML*Mp) [N(e) x% - Na(e)] , ®)

whereNg(€e) = (1+31€?/2+255%"/8+1855/16+25¢%/64)/(1-€%)1¥2. Thus, with the equilibrium

rotation given by Eq.(4), we obtain:

: N2(e) 2x2

Eude = 2K [Na(e) — @ m (6)

At second order in eccentricity, we get

Eielee) = — [sir’ & + € (7 + 16 sirf &) @)
e 1+cofe ’

which is always larger than in the synchronous cﬁ%%c'(e, €) = K (sirf £ + 7€?) (e.g. Wisdom
2004). In Fig.1, we compare the rate of tidal heating withiroa-synchronous and synchronous
planet as a function of the eccentricity €0 e < 0.25) for two diferent obliquities. The ratio
between them is an increasing function of both eccentraity obliquity. Fore ~ 0, as observed
for “hot Jupiters”, it reaches 1.5 and 2 at 45and 90 obliquity respectively, slightly increasing
at larger eccentricity. In Table.1, we compute the ratedsdltheating within each inflated “hot
Jupiter” at 10, 45°, and 90 obliquity. It reaches- 10°%-10°° erg.s?* for OGLE-TR-56b and HD
189733b due to their proximity to the central star. Usingahelutionary models of Chabrier et
al.(2004), we estimated that an additional power.6f-01.5 x 10°’ erg.s? is required to explain
the present inflated radius of each planet (if coreless)leTalshows that such values can be

provided by obliquity tides.
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3. Capture in isolated spin-orbit resonances

Winn & Holman (2005) suggest that obliquity tides can be rteired if the planet has been
trapped in a spin-orbit resonance since the early desginmiocess. Their study uses the tra-
ditional definition of Cassini states, which requires the hodal precession frequency and the
inclination remain constantin time. Here, this hypothesiglaxed and we consider thiects of
gravitational perturbations caused by other fellow plameta protoplanetary disk, which induce
secular variations in orbital parameters of a “hot Jupiter'this context, the precession equa-
tions for the obliquity and the general precessiooan be written as the sum of quasi-periodic

terms (e.g. Laskar & Robutel 1993; Correia & Laskar 2003):

£

Z Jkcos(y + vt + ¢x) (8)
k

¥ = acose - cote Z Jesin(y + wet + ¢i) (9)

k
whereyy are secular frequencies of the orbital motidgpandgg the respective amplitude and
phaseo = (3N’ Ey)/(2w) is the precession constant, akgd = (C — A)/C is the dynamical
ellipticity. For a fluid planet in hydrostatic equilibriurky = (ks R3)(3GC) x w? = Ko w? where
Kkt is the fluid Love number~ 0.93 for Jupiter), so that

@ = (3/2)Ko n’w « w/a>. (10)

In the following, we do not consider the variationsvpfrequencies caused by the evolution of
the protoplanetary disk or planetary migrations, and doemptain the details of the origin and
calculation of these frequencies. For small amplitudeatems of the eccentricity and inclina-
tion, typical values ofl; are low (Jx < |v|), and the condition of resonance between the spin

axis precession and the secular frequencyields
@ COSe Sine + i Sine =~ Jc cose, (11)

which can be seen as a generalized condition for Cassimisséaitd which has 2 or 4 roots for

each isolated frequeney. For low values ofJy/, the stable states can be approximated well by

J
tane, = K ;. COSgr ~ —w/a. (12)
Ykt @

Unlessa = |y, the state 1is close to 0, therefore producing negligible heating and statésl
close to 180 and thus unreachable by tides. We then focus only on statéizhwan maintain

a significant obliquity. To test the possibility of capturesuch a state, we consider a simple
scenario where a “hot Jupiter” forms at a large orbital disea¢~ several AUs) and migrates
inward to its current position~( 0.05 AU). Before the planet reaches typically0.5 AU, tidal
effects do not fiect the spin evolution, but the reduction in the semi-majas ncreases the
precession constant, so that the spin precession may beesomant with some secular orbital
frequenciesy. This kind of passage through resonance generally causebtiguity to change
(e.g. Ward 1975; Laskar et al. 2004) raising the possibiligt the obliquity has a somewhat

arbitrary value when it attains 0.5 AU. At this stage, tidal #ects can increase the obliquity
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Fig. 2. Obliquity capture probabilities in resonancg &€ —10.0 ”/yr) under the &ect of gravitational tides,
as a function of the rotation period at a) 0.5 AU b) 0.1 AU c)50A. J, is the amplitude of secular orbital
perturbations (see. Eq.8). Physical parameters are tatienHD 209458b.

toward the evolving equilibrium value computed from Eq(&dttingde/dt = 0)

2nN(e) ~ 2n
Z@ ~ w(1+6e2),

— (13)
which tends to 90for initially fast rotation rates«¢) > n). As the rotation rate is decreased

COSEeq) =

by tides, the equilibrium obliquity is progressively reéddo zero degrees. It is then possible
that the obliquity crosses several secular spin-orbitmasoes (one for each frequengy in
both ways (increasing and decreasing obliquity) and thapsuce in one of those occurs. Inside
the resonance island, the restoring torque causes theudpliq librate with amplitudeAx =
Acoss = 4+/JcSiney/a arounde, (e.g. Correia & Laskar 2003). The probability of capture
in this resonance can be estimated using the analyticabapprof Goldreich & Peale (1966).
When a linear approximation of the tidal torque (Eq.2) isdi@mund the resonant obliquity, we

have

(1-3coge)% + 2cose,
and n =

Peap= 77 L 7 Sinf &5 (2 — cosep w/n) (14)
In Fig.2, we have plotted the capture probabilities at 000%,and 0.5 AU as a function of the
rotation period for the dierent amplitudes) and frequenciesy) characteristic of the Solar
System (e.g. Laskar & Robutel 1993). As a reasonable exampelehoosey = —10"/yr, but
our results are notfiected by changes in this value. Assuming an initial rotagieriod of~0.5

day, the capture is possible and even unavoidablg i 0.1"/yr at 0.5 AU. On the contrary,

Rotation period (days)

the chances of capture at 0.05 AU are negligiklelfo) because a decrease in the semi-major

axis leads to an increase in the precession constant ande®the width of the resonance. We
compared these theoretical estimates with numerical sitionls. For that purpose, the obliquity
equations were integrated in the presence of tiffabts (Eqgs.2, 8 and 9) considering 1000 initial
precession angles, for each initial obliquity, equallytritisited over O- 2. Statistics of capture

were found to be in good agreement with previous estimatese ©aptured, both spin-down and

migration processes continue to slowly modify the prec#ssonstant value until the equilibrium
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rotation rate (Eq.4) and semi-major axis are reached, ctisply, on typical 16-1C° yr and
10°-107 time scales. To test their influence on the capture stabilieyagain performed some
numerical simulations for various initial obliquities asdcular perturbations over typically
5.107 yr. The migration process was simulated by an exponentakase in the semi-major axis
towards 0.05 AU with a A0° — 10’ yr time scale. The obliquity librations were found to be
significantly shorter than spin-down and migration timdesao that the spin trajectory follows
an “adiabatic invariant” in the phase space. Then, the gespaliquity tracks the evolving value
cose; = —vk/a without leaving the resonance. Under these conditionagusgs.(4), (10), and

(12), the theoretical final obliquity is then given by

cos Grra) = |73 (1)

whereu = (-v)/(3Kon®), which does not depend on the rotation rate. At 0.05 AU, wesha
u < 1sothatrfing =~ 90° and the final spin frequencyisq ~ 2 v/un. However, Eq.(2) indicates
that the tidal torque dramatically increases both with gfivn and inward migration processes
(& o« a152w™Y). If this tidal torque exceeds the maximum possible restptorque (Eq.8), the
resonant equilibrium is destroyed (the evolution is no Emadiabatic). For a given semi-major
axis, the stability condition then requires that the ratatrate must always be higher than a
threshold valuevit., which is always verified itveg > wgit.. We found that this condition can

be simply written as
tan(efina) < kX 1 (16)

wherer = Cn?/K is the time scale of tidal despinning. It then follows that final obliquity
of the planet cannot be too large, otherwise the final equilib rotation rate would be too low
(Eq.4) and the obliquity quit the resonance. For instaredeny Jx = 1 "/yr at 0.05 AU (our
highest value in Fig.2), we neeginy < 21°. This value drops tetina < 2° for the more realistic
Jk = 0.1 "/yr amplitude. However, such a low resonant obliquity at 0Mbis highly unlikely
because, according to Eq.(12), it requires very high vabfethe orbital secular frequencies
vl > 7.2x10° " /yr. At 0.5 and 0.1 AU, critical obliquity values are respeety ~ 90° and 83.4
for Jx = 1 "/yr, 89.9 and 41 (for Jx = 0.1 "/yr) and require more reasonable orbital secular
frequencies so that a stable capture is possible. We emalpjrietrieve the stability criteria (16)
for the final obliquity with excellent agreement in our simtibns. When the obliquity leaves
the resonancey, it rapidly decreases towards the stable state~ 0°, producing negligible
obliquity tides (Eq.12).

4. Conclusions

We computed tidal heating within non-synchronous “hot terpf and found that obliquity tides
may quantitatively explain their anomalously inflated tediHowever, locking a “hot Jupiter” in
an isolated spin-orbit resonance seems highly unlikelyG& OA, although this could be possible

for giant planets at larger distances (typicall.1 AU). We did not consider the overlapping of
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several spin-orbit resonances causing the obliquity mdtidoecome potentially chaotic (Laskar
& Robutel 1993). A more realistic description of perturbat in a protoplanetary disk or extra-

solar systems is needed to examine these scenarios.
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