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E ABSTRACT

«{ Context. Nine extrasolar planets with masses between 110 and 430&known to transit their star. The knowledge of their massal radii

(Y) allows an estimate of their composition, but uncertainbie®quations of state, opacities and possible missing gisergces imply that only

inaccurate constraints can be derived when considerirty@aonet separately.

Aims. We seek to better understand the composition of transititr@solar planets by considering them as an ensemble, acdrbparing the

obtained planetary properties to that of the parent stars.

Methods. We use evolution models and constraints on the stellar agdsrive the mass of heavy elements present in the planetsibfo

additional energy sources like tidal dissipation due toratined orbit or to downward kinetic energy transport aresidered.

-= Results. We show that the nine transiting planets discovered so fangeo a quite homogeneous ensemble that is charactenzadiass

&) of heavy elements that is a relatively steep function of th#ias metallicity, from less than 20 earth masses of hedssnents around solar

composition stars, to up te 100 M, for three times the solar metallicity (the precise valuaadpenodel-dependant). The correlation is still to
be ascertained however. Statistical tests imply a worse-¢8 probability of a false positive.

_Conclusions. Together with the observed lack of giant planets in closé&®evound metal-poor stars, these results appear to irhptyheavy
00 elements play a key role in the formation of close-in giaahgls. The large masses of heavy elements inferred fortplartgiting metal rich
O stars was not anticipated by planet formation models andstize need for alternative theories including migratiod smbsequent collection
[N~ of planetesimals.
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O 1. Introduction with UVES for the faint stars OGLE-TR-10, 56, 111, 113 and
' TrES-1 [Santos et h[. 2006) and OGLE-TR-182 (Pont kt al.

e Transiting extrasolar planets are extremely interestinjgais P006). The ages were derived from isochrone fitting when pos-

tF’ study because the coupling of ra_dlal_velocny and photemime_ In some cases, lower limits were obtained from lithiu
Oric measurements allows a determination of both their N%ASS®) ,ndances. the Ca Il acti

. LT . ; ) vity-age relation, and an arsabfsi
and radii, and thus, in principle, a constraint on their cosip the stellar rotational velocity (Melo etldl. 2406). In thesahce
tion. For that purpose, we need to know as accurately as-pogsisefy| constraints, we used a conservative upper limit of

ble the properties of the star-planet systems, and to apply €1 G4 hecause the stars’ metallicities and proper motioplyim
lution models using up-to-date input physics. that they all belong to the galactic thin disk.

Nine transiting extrasolar planets are known to date. In
Table 1, we summarize their characteristics and that of thei The radii of close-in extrasolar giant planets (hereafter
parent stars on the basis of available literature, incigdiie Pegasi planets or Pegasids, after 51 Peg b) of a given composi
cently derived metallicities and stellaffective temperaturestion will depend on essentially three quantities: their sess

from high-resolution and high signal-to-noise spectraistetd ages, and the amounts of flux they receive from their par-
ent star. The latter are expressed in Table 1 in the form of

Send offprint requests to: T. Guillot Teqo, the dfective equilibrium temperature calculated for a
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Table 1. Characteristics of the transiting Pegasi planets diseal/so far

# Name Age [Ga] [FeH] Ter [K] Teqo [K]  Mp[Mg] R, [Mm] Refs.
1 HD209458 4-7 002(3) 6117(30) 1487(120) 210(19) 97(5) [1,2]
2 OGLE-TR-56 2-4 025(8) 6119(60) 2079(140) 394(73)  88(11) [3,4,5]
3 OGLE-TR-113 07-10 015(10) 4804(110)  1340(80) 429(70) 77(5) [5,6]
4 OGLE-TR-132 05-2 037(7) 6210(59) 1980(100) 350(38) ) [6,7,8]
5 OGLE-TR-111 11-10 019(7) 5044(80) 1033(160) 168(35) 71(4) [3,5,9]
6 OGLE-TR-10 11-5 028(10) 6075(90) 1578(50) 200(41) 102(7) [3,4,5,10]
81(6) [11]
7 TrES1 2-6  006(5) 5226(40) 1157(140) 238(22) (792) [5,12]
8 HD149026 12-28 036(5) 6147(50) 1740(150) 114(10) 52(4) [13,14]
9 HD189733 05-10 -0.03(4) 5050(50) 1199(30) 365(13) 90(2) [15]
825(23) [16]

The numbers in parenthesis represent the uncertaintidgeaotresponding last digits.

References: [1]] Winn et all (2005); [P] Santos dt oq)@])jlgdalski et al. tzogi); [4] Bouchy et l
ouchy et aJ. (2004); [7] Moutou et gl 04); [B] Pont el @006); [9]|Pont et gl. ;
B] Sato

00%); [12]|Sozzetti et al| (20p4); [1 4. (400%¥] [Charbonneau et hf. (20

zero planetary albedo. In terms of these parameters, thelesam
of known transiting Pegasi planets is already quite icddbd. = ——4——n 44— —0—1—4—r——1""
deed, evolution calculations of individual planets hawedded B 1
quite diferent results. The first one discovered, HD209458t')E' 20 i |
was shown to be anomalously large (Bodenheimer|gt al| 200%, : _4)_ % 1
Guillot & Showmah[2002). The subsequent six planets aps_ 6 ]
peared relatively "normal”, i.e. fitting the standard ew@n © 0 B —— 7
models within the error bars, with the exception of OGLE-% i W— |
TR-10b, another too-large plangt (Bfieset al|2005; Laughlin € : 1
et al.[2005p). Then, HD149026b was shown to be significantlﬁ -20F 7
smaller than expected, requiring the presence of a largeiamo > I |
~ 70M; of heavy elements in its interiof (Sato e{ hl. 2005).3 , +
The last addition to that list is that of HD189733b (Bouchy™ —40 -

et al[2005p), which, like HD209458b orbits a star of nedaiso L e L L L L ]
metallicity, and is found to be relatively large. 0.0 0.1 0.2 0.3 0.4

While a radius that is smaller than expected by theoreti- [Fe/H]
cal evolution calculations for a solar-composition gialatnet
can be easily accounted for by the presence of a central de'gls:qe

. L . 1. Radius anomaly (in units of Mm, or 1000 km) of the
core, or generally more heavy elements in the interior,elar o . ) -
N o o i nown transiting Pegasi planets as a function of the meitli
radii point towards missing physics in the models: an addi

. ) S X of their parent star (see Table 1 for a list of the planetsg rBh
tional energy source, or inaccurate physical inputs (éoost . : : .

- : dius anomaly is defined as theféirence between the measured
of state, opacities, atmospheric models). It has been gezbo

that the anomalous radius of HD209458b could be expIain]Ee(E)iord::zO"’IIE;]rc}lct(?ne1 o;seiti((:;lcu;zsiteeodugsgg?]; simple evolution model
by tidal heating linked to a small forced eccentricity- 0.03 P 9 P '
(Bodenheimer et al. 20p1), but detailed observation irtdica

that the eccentricity is smalg = 0.014+ 0.009 (Laughlin elements present in these planets. We first compare measured
et al.[2005a), and observations of the secondary eclipsly impudii to the ones obtained by standard evolution models of ex
that this would further require a chance Conﬁguration ofdhe trasolar p|anets_ We derive in Section 3 masses of heavy ele-
bit (Deming et a).[2005). Another proposed explanation al$gents and compare them to the metallicities of the parers.sta
involving tidal dissipation of orbital energy is that theapkt Consequences for our understanding of planet formation are
may be trapped in a Cassini state with a large orbital inibma then discussed.

(Winn & Holmar}[200F). Finally, a third possibility that walil

apply toall Pegasi planets is to invoke a downward transport of

kinetic energy and its dissipation by tidgs (Showman & @iill 2. Standard models and the radius anomaly

pO02). This last possibility would require the various siting W§ first calculate evolution models for all nine planets base

plan_ets to have dierent core masses to reproduce the observgd o simple model assuming a near-solar composifion (Guillo

radii (Guilloi 2005). P00%). We use a pure hydrogen-helium equation of state
The purpose of this article is to test whether these scemarfSaumon et g [ 1995) with a helium mass mixing ratie 0.30

are possible, and to attempt to constrain the masses of heangl standard Rosseland opacitiEs (Allard ¢f al. |2001). The a




Guillot et al.: The metallicity of extrasolar planets 3

mospheric boundary condition is calculated for each pléoret
an incoming stellar flux averaged over the entire planetary s
face (Iro et d1[2005). We stress that significant uncersnt I ]
on the atmospheric temperature profile arise from incoraplet 100 - B
opacity sources, presence or absence of clouds, horizantal I ]
homogeneities, and advective transport of heat. This aspli i @ 1
that atmospheric temperatures in the literature can vamypby "¢ 50 - 8
to 500K (Barman et alf 20pT; Sudarsky e} [al. 2003; Fortnex, I ® ]
etal.[200p} Iro et 4|. 200%; Seager gi al. 2005). For our (Re&p0 _~ i > 1
however, this will not matter as long as the temperature ef th= 0OF ﬁg .

deep atmosphere remains roughly proportional to the dquili i |
rium temperature. For example, in our calculations of atmo- i 1
spheric profiles, the ratio of the temperature at the 10 hat le —50F (% T 4
to the equilibrium temperature is found to be between 1.18 an L B 1
1.28 for all the planets in Table 1. 0 1

N
[6X]

1 O[Fe/H]
We define theadius anomaly as the diference between the
measured radius and the one obtained by our evolution mo'qel . _
for the ages inferred in Table 1, and accounting for the fzet t 'g.2. Mass of heavy elements in the plan_ets as a function of
the measured radii correspond<mbar levels[(Burrows et &l. the metal content of the pafer.“ star rglatwe to the Sun. Th_e
P00%: [Fortney et 3 20D5: Iro et]Al 2005). Figure 1 shows eSS Of heavy elements required to fit the measured radii is
radius anomaly thus obtained against the metallicity opee calculated on the basis of standard evolution models. Negat

ent star. The error bars on the radius anomaly are equivalg?ﬁe masses are required in some cases, implying that some

1o error bars calculated on the basis of gaussian distributi ||gn|f|cant phyS(Iij{ﬂ I'?hpujflles m|SS|ngﬂ(]seeFtext()j. Torlz_me?or
of radii measurements and on a uniform distribution of the a arﬁ c?rresp%n 0 theylerrors on the [fff:] € erTl_r:]z;_ 1on.
within the limits in Table 1. (Note that for simplicity, in ¢h erlicaterrorbars are a consequence ot the uncertaim

case of OGLE-TR-132b and Tres-1b, we arbitrarily recemer(raneasured planetary radii and ages.

the radius measurement to have symetrical error bars)té-igu

indicates that the radius anomaly and the metallicity ofthe 3. Masses of heavy elements

ent star may be anticorrelated. We found no such correlation ) o

between the radius anomaly and the age, maEectve tem- At this point, the correlation is just indicative howevechase
perature of the star, or with the mass of the planet, andieguilth€ radius anomaly also depends on the planetary mass. In or-

rium temperature. We also found no correlation with theltotde" {0 ascertain its reality and to constrain the planet emp
XUV flux received during the planets’ lifetime, implying tha sitiorystar metallicity relationship, we further calculated evo-

planetary evaporation probably remained limited in magtet lution models for planets with a central rock core and a solar

composition envelope (sge Guilfot 2005). The results ave/sh

i . in Figure 2, in which we plot as a function of the metal content
In f|gure 1 and hereafter, two planets deserve a special digthe central star, the amount of heavy elements that isnedju

cussion: OGLE-TR-10b and HD189733b are characterized iy eproduce the observed planetary radii. In most casiss, th

two significantly diferent radius determinations (see table 1}qntis positive, but for HD209458b and OGLE-TR-10b, the

In the case of OGLE-TR-10b, we adopted the value by BOUCfy e measured radii yield by extrapolation unphysicahtieg

et gl. )_, because the vaIuer_y Holman gt[al. (2005) {21 es of the mass of heavy elements.

Toatln_s uncgntflrmed_ t:lus fa;. tﬁ_spemal tSY”t‘boll forH%(iggE%ggéq One possible interpretation is that energy dissipationic

is used to remind us of this uncertainty. For ly in HD209458b and OGLE-TR-10b (e.g. via tidal dissipa-
the most recent valug (Bakos ef[al. 2006) was adopted becayse jye to a non-zero inclination of the orbital plane), grhi

the photometric analysis appears to be improved over the @lg; |4 explain the negative core masses derived for these pla
value. In both cases, this corresponds to a worst-caseisituagis |t we retain this explanation, the remaining 7 plandth w

for the (anti)correlation that we are seeking. positive core masses appear to possess amounts of heavy ele-
ments that are correlated with the stellar metallicity. Thee-

The fact that the radius anomaly decreases with increasBppnding linear correlation céiient for these 7 points is then

[Fe/H] indicates that the source of the correlation is not in threlatively high,r = 0.78 (Pearson) ors = 0.71 (Spearman),

atmosphere because larger amounts of heavy elements wauith a corresponding significance level (no-correlatioolpr

lead to larger atmospheric temperature (Fortney|et al [p@x@b ability) close to 7%. A tough test is however to retry all the

therefore larger radii. On the other hand, the magnitudéef tpoints within their error bars and calculate an averagenifsig

anomaly is much too large to be explained by assuming that trence level, which we find to be 33%.

planets have the same composition as their stars. On this bas An alternative explanation that we favor is that some

we now attempt to infer the masses of heavy elements preggiysics is missing in the treatment of the evolution caltoita

in the planets. and dfectsall the planets. One possibility could be that the




4 Guillot et al.: The metallicity of extrasolar planets

4. Conclusions

2000~ T We have shown that the nine transiting extrasolar plansts di
1 covered so far, including the anomalously large HD209458b
and the “big core” planet HD149026b form a relatively ho-
mogeneous ensemble, whose compositions can be explained
—— 1 by the same evolution model fail planets. Alternatively, we

2

150

@ cannot rule out that the structure of one or several planass w
affected by particular physical processes (e.g. a non-zelie inc
nation giving rise to tides, a fiierent orbital evolution...etc.).
] We found that the masses of heavy elements in the planets
1 appearto be proportional to the metallicities of their pastar.
1 This correlation remains to be tested, being still consistéth

- ano-correlation hypothesis at thi8level in the least favorable
‘ case. Iftrue, it is relatively steep ~ 60 Mg (10F¢/Hl — 0.8))
and appears to exclude the presence of Pegasi planets around
stars with a metallicity smaller than that of the Sun by more
than~ 0.1dex, in agreement with the lack of Pegasials:(0.1

Fig. 3. Same as fig. 2, but the mass of heavy elements requifdd) around metal-poor stars observed by radial velocimetry
to fit the measured radii are calculated on the basis of éeolut ~ The steepness of the relation, and the large valuedof
models including an additional heat source slowing theingol obtained in some cases are surprising and have not been pre-
of the planet. This heat source is assumed equab®®f the dicted by formation models, either in the framework of the
incoming stellar heat flu (Showman & Guillpt 2402). core-instability model[(ida & Lin 2004 Alibert et p. 2405)
or by models involving direct gravitational instability tifie
gas (Bodq 203). The core instability model seems however
to provide the key ingredients to explain this relation: stéa
growth of solid planetary embryos with increased metaijjci
hydrogen equation of state severely underestimates trsitglenthe subsequent collection of these during or after the captu
for a given pressure and temperature. It could also be dueofa gaseous envelope, and a more likely migration for ptanet
a strongly underestimated deep opacity that would thefi-artthat are formed quickly. On the other hand, in the framewérk o
cially shorten the planetary cooling and contraction. Bueg gravitational instability models, one needs to assumettiet
that it would require relatively severe modifications tosthe gaseous protoplanets are able to collect dust quickly aaid th
physical inputs, we will only focus here on a third possibilthe dficiency of this process is directly linked to the metallic-
ity: that downward kinetic energy transport and its dissga ity of the disk. However, we would then expect to find planets
due to tidal éects in the planetary interiorffectively leads around metal-poor stars which is not observed both by transi
to an additional energy source that slows the contraction @frveys (although figs. 2 and 3 imply they would be easier to
the planets[(Guillot & Showmah 2d0P; Showman & Gujllogietect) and by radial velocimetry. It seems therefore @ik
P00%). Quantitatively, we found that adding an addition®l ethat gravitational instability is responsible for the fation of
ergy source at the planet center equal %0 of the incom- Pegasi planets.
ing stellar luminosity was dticient to solve the problem of  Another consequence of this work is that the most typical
HD209458b and OGLE-TR-10b. Pegasids, 150 Mplanets orbiting stars more metal-rich than
Figure 3 shows the masses of heavy elements that reslt Sun, will be smaller than expected. Since the transithdep
from these evolution models including this additional gyer scales with the square of the radius, this has tough implica-
source. A pleasing feature of these models is that all pldiens for ground-based transit searches. For instance Mn60
ets can be explained within the same physical framework, a6 Ry) planet would produce a®% transitin frontofa 1R
that the planet-star metallicity correlation appears tadie- Star, instead of 2% for a 80 Mm (115 Ry) planet as typically
forced: including all nine planets, the correlation fiméents assumed, enough to sink it below the detection thresholt of a
arer = 0.58,rs = 0.50, for a significance level of 17%, whichpresent ground-based surveys. And indeed, the planetsl foun
is confirmed by permutation and bootstrap tests. Using Mongound the three most metal-rich stars by photometric ifrans
Carlo retrials of the nine points within their error barg thean searches, OGLE-TR-132, 10, and 56 (see Table 1) are also the
significance level increases to 27%. Removing the quesgidnones that endure the most irradiation from their parent tay
OGLE-TR-10b point from the sample, the rank correlation céhus have been prevented from contracting below the thieésho
efficient increases tos = 0.83, for a false positive probability level. This may contribute to explain the relative lack ofsess
of ~ 1% and a mean significance level of the Monte-Carlo ref photometric transit searches compared to radial velsait-
trials of 12%. Other calculations (not presented) with ehkig veys.
fraction of dissipated energy (1% of the incoming flux), ottwi Clearly, although tantalizing, the results presented ia th
an ad-hoc no-helium equation of state also lead qualifgitiee study are limited by the relatively small number of knowmtra
the same results. siting planets. In the next few years, the discovery of ftans

100

Mz [Me]

O

50

%

@]

1
1 O[Fe/H]
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ing extrasolar planets, in particular with the space missioSantos, N. C., Israelian, G., & Mayor, M. 2004, A&A, 415,
CORQOT (launch 2006) and Kepler (launch 2008), their careful 1153
characterization coupled to studies of their parent stawsld Santos, N. C., Pont, F., Melo, C., et al. 200&tron. &
greatly improve our understanding of planet formation. Astrophys, 450, 825

Sato, B., Fischer, D. A., Henry, G. W.,, et al. 20@&{rophys.
Note added in proof: The transiting planet recently discov- J., 633, 465
ered by| McCullough et &l{ (20p6), XO-1b, is very similar irSaumon, D., Chabrier, G., & van Horn, H. M. 1995, ApJS, 99,
mass, radius and stellar metallicity to HD209458b and &mth 713
strengthens the correlation proposed in this paper. Seager, S., Richardson, L. J., Hansen, B. M. S., et al. 2005,

Astrophys. J., 632, 1122

Showman, A. P. & Guillot, T. 2002, A&A, 385, 166
Sozzetti, A., Yong, D., Torres, G., et al. 2004, ApJ, 616,716
Alibert, Y., Mordasini, C., Benz, W., & Winisdoéer, C. 2005, Sudarsky, D., Burrows, A., & Hubeny, |. 200Bstrophys. J.,
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