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Abstract. We present evolutionary models for cool brown dwarfs and extra-solar giant planets. The models reproduce the main
trends of observed methane dwarfs in near-IR color-magnitude diagrams. We also present evolutionary models for irradiated
planets, coupling for the first time irradiated atmosphere profiles and inner structures. We focus on HD 209458-like systems
and show that irradiationfiects can substantiallyffact the radius of sub-jovian mass giant planets. Irradiatitects, how-

ever, cannot alone explain the large observed radius of HD 209458b. Adopting assumptions which optimise irréietson e

and taking into account the extension of the outer atmospheric layers, we stilZbdb discrepancy between observed and
theoretical radii. An extra source of energy seems to be required to explain the observed value of the first transit planet.
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1. Introduction 0.012Mg = 12M; (Saumon et al. 1996; Chabrier et al. 2000a).

h decad ked b or di _ . This mass is often used as the boundary between planets and
The past decade was marked by two major discoveries in )&, qwarfs, more for semantical than physical reasons. On

field of _stellar and planetary physics: the detections_of the fitsts other hand isolated objects with planetary masses are now
unambiguous brown dwarf (BD) GL 229B (Oppenheimer et gjisc.q\ered in young stellar clusters, down to a flély as re-
1995) and the first extrasolar giant planet (EGP) S1 Peg-fy renorted by Zapatero et al. (2002)dnOrionis. These
(Mayor & Queloz 1995). The near-IR spectrum of GL 229,01 ations suggest that there is an overlap between the mass
was found to be dominated by strong methane absorption e of the least massive brown dwarfs and of the most mas-
bands, looking more similar to Jupiter than to late type-stalsye giant planets. In principle, @iérent formation processes

On the other hand, the surprisingly small orbital separatiQfq 4 gistinguish planets from brown dwarfs. However, such
between 51 Peg b and its parent star suggests that the plangLyinction is dificult to characterize in terms of atmospheric,

should be &ected by irradiation and that, given the expected,.yral and cooling properties since both types of objects
large surface temperature, its atmospheric properties shoul BJe convective interiors with essentially a metalljtlel mix-

semble more the ones of relatively hot brown dwarfs than th&.. The signature of a central roeike core, like in solar gi-

ones of jovian planets. ant planets, would be the clear identification of a planet. The
Since then, about thirty methane dwarfs (or the so-callgdasence of a core caffect the radius of a planet, yielding a
T-dwarfs) have been identified, due mainly to the near-IR sWmaller planetary radius than in the absence of a core. By 1
veys 2MASS (Burgasser et al. 1999), SDSS (Strauss et @k gfect is about 5% on the radius for a core ma8s06 M,
1999) and the VLT (Cuby et al. 1999). The radial velocity teChgee Saumon et al. 1996). The presence of this core can be in-
nique has now revealed more than 100 EGPs in orbit arouadreq from the accurate characterization of the gravitational
nearby stars (see Hubbard et al. 2002 for a review and refgfsments of the object, and such an observation is currently not
ences therein), with a large fractior Y0%-20%) being ex- feasiple for EGPs. In addition, both giant planets and brown
tremely close (less than 0.06 AU) to their parent star. Thgyarfs have atmospheres dominated by molecular absorption
mass of substellar companions detected by radial velocimgyy the gects of cloud formation. Although frustrating from
try extends well above the deuterium burning minimum magg, gpservational point of view, these similarities imply that the
general cooling theory for BDs, involving detailed models of

Send gfprint requests tol. Baraffe, the atmosphere and inner structures, can be applied to EGPs.
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In terms of cooling properties, this general theory can evegrant planets, the cooling of which is simply characterized by
be applied to Jupiter, as emphasized by Hubbard et al. (20@8g cooling properties of the “isolated” planet plus the heating
Additional observational constraints, as provided by spacecredintribution from the Sunzﬂa-Rng‘, whereR, is the radius of
encounters or by direct probes (e.g. Galileo), have lead to tikee planet and, represents the equivalent black body temper-
finements of the models (heavy element core, non-standatdre of the converted solar radiation (Hubbard 1977; Guillot
chemical composition). As mentioned above, such constraietsal. 1995). In Sect. 2 we briefly present the input physics of
are, unfortunately, far from being accessible for EGPs. non-irradiated models, describing methane dwarfs and isolated
Much efort has been devoted to the modeling of substellBEGPs. Apart from the impinging stellar flux, the same input
objects during the past decade, improving our understandingbf/sics are used to analyse th@eets of irradiation. The ef-
cool atmospheres (see Allard et al. 1997 for a review), of tfects on the radius and cooling properties of giant planets are
role of dust (Tsuji et al. 1999; Burrows et al. 2000; Ackerman 8escribed in Sect. 3 and results are compared to the observec
Marley 2001; Allard et al. 2001; Marley et al. 2002), of irradiproperties of HD 209458b. Discussion follows in Sect. 4.
ation (Saumon et al. 1996; Seager & Sasselov 1998; Sudarsky
et al. 2000; Barman et al. 2001), and of their inner structure and . .
evolutionary properties (Burrows et al. 1997; Chabrier et &: Non-irradiated models
_ZOOOb;_see Chabrier_& Baie 2000_for a review). Qne remain-z_l_ Model description
ing major challenge in the theory is the description of dynami-
cal processes of grain formation anéfidsion necessary to un-The main input physics involved in the present models are the
derstand the transition between L-dwarfs and T-dwarfs, whiseme as described in our previous works (Chabrier & fBara
is expected to take place @ty ~ 1300 K—1700 K. The for- 1997; Bardfe et al. 1998; Chabrier et al. 2000b). The models
mer objects are better reproduced by dusty atmosphere modiie,based on the coupling between interior and non-grey at-
whereas the later are better reproduced by dust-free (or papgsphere structures. The treatment of dust in the atmosphere
dusty) models. The recent observations ¢f ldwarfs at the is described in detail in Allard et al. (2001), with two limiting
transition clearly indicate that complex processes take placechses of dust treatment. The first case, referred to as “DUSTY”,
the atmosphere of these objects (see e.g. Burgasser et al. 208Rgs into account the formation of dust in the equation of state,
Another important challenge is the modeling of irradiation e&nd its scattering and absorption in the radiative transfer equa-
fects, which are expected tffect the spectra of close-in EGPstion. Such models assume that dust species remain where they
and may also fiiect their inner structure and cooling properform, according to the chemical equilibrium conditions. The
ties. The recent discovery of the planet HD 209458b transitifgcond case, referred to as “COND”, neglects dust opacity in
its parent star (Charbonneau et al. 2000) provides a unique tbét radiative transfer equation. In a previous paper (Chabrier
to explore such féects, since its mass and radius can be det al. 2000b), we presented the evolutionary models based on
termined with high accuracy from the modeling of the trandRUSTY atmosphere models, aimed at describing the evolu-
lightcurve. According to the most recent determination (Codign and the photometric and spectroscopic properties of early
& Sasselov 2002), the mass and radius of the planet are estdwarfs. The present paper is devoted to evolutionary mod-
mated to ben = 0.69+ 0.02M; andR = 1_42ig:igRJ_ els based on the COND approach, which are more appropri-
Evolutionary models including crude estimates of the efite to objects with fective temperatureber < 1300 K, such
fects of irradiation on planet atmospheres suggest that extrirgcmethane dwarfs or EGPs at large orbital separation. These
heating is sfficient to maintain a larger planetary radius conodels apply when all grains have gravitationally settled be-
pared to an isolated planet. It has thus been argued that irrdelv the photosphere. A forthcoming paper will be devoted to
ation could explain the large radius of HD 209458b (Guillgnodels taking into account characteristifation timescales
et al. 1996; Burrows et al. 2000). More recently, Guillot &f different processesfacting the dust stratification (e.g. coag-
Showman (2002) questioned such results and argue that Wkaion, gravitational settling, convection). These models aim
radius of HD 209458b can only be reproduced if the deep &t describing in particular the transition objects between late
mosphere is much hotter than what can be expected from irkadwarfs and early T-dwarfs (see Allard 2002).
diation dfects. However, none of these calculations includes a
consistent trgatmgnt between the irradiated atmospheri.c str%—z Evolution of cool brown dwarfs
ture and the interior structuref the planet. Such a consistent
treatment is mandatory to get reliable results since the de®preliminary version of the COND models was presented in
interior entropy profile, which determines the heat content Ghabrier et al. (2000b) down to 0.04,,. In the present paper,
the planet to be radiated away while it cools, fikeated by the we extend our calculations by = 100 K andm = 0.5 M;.
modification of the atmospheric temperature profile due to th@ée evolution ofL and Te; as a function of time for dier-
incoming external heat flux. The main goal of the present pant masses is displayed in Fig. 1. The properties of the COND
per is to present the first such consistent calculations. As memedels for dfferent ages are given in Tables 1-5. As already
tioned above, in the case of non-irradiation, these calculatisisessed in Chabrier et al. (2000b), the treatment of dust in the
apply to the evolution of cool (dust-free like) brown dwarfsatmospheric models barelyffacts the evolutionary tracks in
i.e. T-dwarfs, and extrasolar giant planets far enough from ttegms ofL and T as a function of time for a given mass (see
parent star for the irradiatiorffects on the thermal structureFig. 2 of Chabrier et al. 2000b). Consequently, although the
of the planet to be negligible. This is the case of the sol&@OND models are more appropriate to describegpectral
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Fig. 1. Evolution of the luminosity. and dfective temperatur@.; as  Fig. 2. Color — Magnitude diagramJ(— K) — M. Observations are
a function of time (in yr) for diferent masses. Substellar objects areaken from Leggett (1992) (mostly for M-dwarfs) and Dahn et al.
indicated by solid lines and stars by short-dashed lines. The horizor{#2002). Also shown: LHS 102B (Goldman et al. 1999), GL86 (Els
long-dashed line indicates the limit& ~ 1300 K) below which the et al. 2001). M-dwarfs are shown by dots, L-dwarfs by filled squares
COND models are appropriate for the photometric and spectroscoaied T-dwarfs by triangles. DUSTY isochrones (Chabrier et al. 2000b)
description of T-dwarfs and EGPs (see text). are displayed in the upper right part of the figure, fdfatient ages,
as indicated. The COND isochrones are displayed in the left part of
the figure. Some masses (h,) and their correspondinge are in-
and photometrical propertiesf substellar objects witfieg < dicated on the 1 Gyr isochrones by open squares (COND) and open
1300 K, they provide a good description of thedroling prop- circles (DUSTY). The names of two/T transition objects and of the
ertieseven at highefe;. In other words, it is not necessaryfaintest T-dwarf known with parallax are indicated.
to perform evolutionary calculations with the DUSTY models
aboveTgr ~ 1300 K and switch to the COND models below.
An object characteristic of the present models was recently dis-
covered by Zapatero et al. (2002)dnOrionis: S Ori 70. From
a comparison of its observed spectrum with COND synthetic

spectra (Allard et al. 2001), Zapatero et al. (2002) estimate S already noticed in Allard et al. (1996) for GL 2298,
an dfective temperatur@e; ~ 700-1000 K. If the member- models free of atmospheric dust clouds better reproduce the

ship of S Ori 70 too- Orionis is confirmed, implying an agenear-IR photometric and spectral properties of methane dwarfs.

<10 Myr, its mass mass should 56 M, (see Fig. 1). This is iIIustrat_ed in § — K) and K - L") colors in Figs. 2
Several methane dwarfs have been discovered in the @89 3 gespec(tjl\iely, dWhIerE.thez CONDt mtﬁdetls r(taproqtl_J ce tze
lar neighbourhood, implying older ages and thus larger mas$ag Observed rends. In Fig. 2, we note the two transition 0b-

than the extreme case of S Ori 70. At an age Gfyi9only ob- jects, intermediate between L- and T- dwarfs, wilh-(K) ~ 1
jects with masses below the deuterium burning minimum m L 86B: Els et al. 1999; SDSS 1254-01: Leggett et al. 2002a,

.. Dahn et al. 2002) and the faintest L-dwarfs (Dahn et al. 2002),
m < 0.012 Mg) haveTer S 1300 K, whereas at 5 Gyr, it ~ " : . o
i(s the case fo;))all s\L/Jbs'?gllar objects V\\INIllh - O%G M (geel which are not described by either the DUSTY or COND limit-
~ . (O]

Fig. 1 and Tables 1 and 4). Photometric observations and pa%g— cases, and require a Qetalle_d treatment of duiitsion in
lax determinations of several L- and T-dwarfs (Els et al. 200 ,e atmosphere, as mentioned in Sect. 2.1.

Leggett et al. 2002a; Dahn et al. 2002) now allow a compar- The predictions of the COND models provide a general
ison with models in observational color-magnitude diagrang®od agreement with observed near-IR photometry and spec-
(CMD), providing stringent constraints on theoretical modetsa at wavelength-1 um (Leggett et al. 2002b; Zapatero et al.
(see Figs. 2—-4). 2002). The models show however shortcomings at shorter
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Table 1. COND isochrones for 0.1 Gyr.

m/Mg Te |Og L/Lo R/R, |Og g My Mg M, M, My My My M

0.0005 240. —7.418 0.114 3.020 41.98 37.51 34.00 28.42 26.59 37.66 19.57 17.64
0.0010 309. —-6.957 0.117 3.300 32.58 28.68 25.89 22.43 22.38 20.11 17.41 15.69
0.0020 425. -6.383 0.120 3.580 29.69 25.62 22.79 20.05 19.76 23.13 15.94 14.55
0.0030 493. -6.112 0.121 3.746 28.71 24.48 21.66 18.88 18.57 20.88 15.21 13.93
0.0040 563. -5.880 0.122 3.869 28.09 23.77 20.95 17.95 17.71 19.35 14.59 13.50
0.0050 630. -5.686 0.122 3.965 27.65 23.25 20.44 17.23 17.02 18.15 14.06 13.14
0.0060 688. -5.534 0.121 4.048 27.36 22.92 20.09 16.71 16.51 17.26 13.67 12.83
0.0070 760. -5.365 0.121 4117 27.03 22.55 19.74 16.16 16.01 16.38 13.26 12.55
0.0080 816. —-5.246 0.120 4.180 26.77 22.28 19.49 15.76 15.65 15.79 12.97 12.35
0.0090 886. -5.103 0.120 4.232 26.45 21.96 19.19 15.32 15.23 15.16 12.63 12.13
0.0100 953. -4.978 0.120 4.279 26.10 21.66 18.92 14.94 14.86 14.69 12.34 11.96

0.0120 1335. -4.332 0.129 4.297 23.53 19.44 16.79 13.20 12.97 12.76 10.90 11.17
0.0150 1399. -4.281 0.124 4.424 23.30 19.24 16.46 13.05 12.82 12.65 10.83 11.15
0.0200 1561. -4.110 0.122 4.569 22.30 18.55 16.08 12.60 12.34 12.17 10.53 10.99
0.0300 1979. -3.668 0.126 4.715 19.96 16.80 14.48 11.52 11.20 10.90 9.82 10.38
0.0400 2270. -3.386 0.132 4.797 18.46 15.63 13.31 10.89 10.52 10.19 9.39 9.84
0.0500 2493. -3.167 0.141 4.837 17.09 14.77 12.53 10.43 10.02 9.71 9.04 9.37
0.0600 2648. -3.008 0.150 4.863 16.08 14.12 12.01 10.10 9.68 9.37 8.78 9.03
0.0700 2762. -2.879 0.160 4.874 15.33 13.59 11.60 9.82 9.39 9.10 8.55 8.75
0.0720 2782. -2.856 0.162 4.875 15.20 13.50 11.53 9.77 9.34 9.05 8.51 8.70
0.0750 2809. -2.821 0.166 4.875 15.01 13.36 11.42 9.69 9.26 8.97 8.44 8.63
0.0800 2846. -2.776 0.170 4.880 14.77 13.18 11.29 9.60 9.16 8.87 8.36 8.53
0.0900 2910. -2.689 0.180 4.884 14.34 12.85 11.03 9.40 8.96 8.68 8.19 8.35
0.1000 2960. -2.617 0.189 4.887 14.02 12.58 10.82 9.24 8.80 8.52 8.05 8.19

Notes:Te is in K, the gravityg in cgs. TheV RI magnitudes are in the Johnson-Cousins system (Bessell 1B9B)in the CIT system (Leggett
1992),L’" in the Johnson-Glass system and M in the Johnson system.

Table 2. Same as Table 1 for 0.5 Gyr.

m/Mg Te |Og L/Lo R/R, |Og g My Mg M, M; My My My M

0.0005 141. -8.415 0.105 3.097 56.30 51.03 46.60 37.42 33.07 51.62 23.09 20.59
0.0010 203. —7.753 0.109 3.365 47.57 42.88 38.99 31.61 29.15 43.23 20.93 18.68
0.0020 272. -7.218 0.112 3.639 37.05 33.00 30.06 25.07 24.62 34.02 18.66 16.58
0.0030 322. -6.913 0.113 3.805 32.02 28.23 25.75 22.05 22.27 29.03 17.52 15.53
0.0040 370. -6.670 0.114 3.928 30.65 26.73 24.16 21.01 21.06 26.45 16.85 15.05
0.0050 4009. —6.496 0.113 4.027 29.60 25.57 22.94 20.20 20.11 2454 16.32 14.67
0.0060 449. —-6.340 0.113 4112 29.16 25.05 22.39 19.64 19.51 23.10 15.92 14.36
0.0070 488. -6.200 0.112 4.185 28.71 24.51 21.80 19.10 18.91 21.68 15.52 14.06
0.0080 525. —-6.080 0.111 4.249 28.40 24.14 21.41 18.65 18.46 20.74 15.19 13.83
0.0090 564. -5.963 0.110 4.307 28.14 23.82 21.07 18.21 18.04 19.95 14.88 13.63
0.0100 599. -5.864 0.110 4.358 27.91 23.53 20.77 17.80 17.66 19.22 14.59 13.43
0.0120 759. -5.447 0.110 4.432 27.20 22.73 19.91 16.38 16.29 16.82 13.51 12.68
0.0150 791. -5.404 0.107 4.557 27.11 22.63 19.81 16.20 16.16 16.58 13.41 12.60
0.0200 936. -5.133 0.104 4.704 26.53 22.07 19.27 15.33 15.34 15.37 12.78 12.21

0.0300 1264. -4.636 0.101 4.905 24.97 20.77 17.95 13.90 13.87 13.69 11.70 11.68
0.0400 1583. -4.255 0.100 5.040 23.11 19.28 16.74 12.92 12.76 12.68 10.95 11.33
0.0500 1875. -3.955 0.101 5131 21.31 17.94 15.53 12.21 11.95 11.79 10.44 10.99
0.0600 2116. -3.729 0.102 5.194 19.99 16.91 14.50 11.69 11.36 11.13 10.10 10.63
0.0700 2329. -3.534 0.106 5.233 18.84 16.04 13.68 11.27 10.90 10.63 9.81 10.26
0.0720 2369. -3.498 0.107 5.238 18.60 15.89 13.54 11.19 10.81 10.54 9.75 10.19
0.0750 2426.  -3.445 0.108 5.244 18.25 15.66 13.33 11.08 10.69 10.42 9.67 10.08
0.0800 2518. -3.356 0.111 5.248 17.65 15.27 13.00 10.89 10.49 10.22 9.53 9.89

0.0900 2680. -3.189 0.119 5.241 16.54 14.56 12.43 10.55 10.12 9.85 9.25 9.53

0.1000 2804. -3.047 0.128 5.223 15.68 13.96 11.98 10.25 9.80 9.54 9.00 9.22

wavelength, with a flux excess around 0.8-@m, character- significantly bluer [ — J) colors than observations. As men-
istic of the I-bandpass. This problem is illustrated in Fig. #ioned in Allard et al. (2001), uncertainties in the current
ina( -J)— M; CMD, where the COND models predicttreatment of the far wings of the absorption lines of alkali
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Table 3. Same as Table 1 for 1 Gyr.

m/Mg Ter |Og L/Lo R/R, |Og g My Mg M, M, My Mg M, My

0.0005 111. -8.851 0.102 3.115 60.75 55.23 50.50 40.19 35.07 55.87 24.15 21.49
0.0010 160. -8.185 0.106 3.386 54.15 49.10 44.69 35.58 32.06 49.17 22.40 19.95
0.0020 226. -7.560 0.109 3.662 44.39 39.91 36.34 29.28 27.80 40.31 20.18 17.94
0.0030 270. —7.244 0.111 3.827 37.64 33.60 30.73 25.29 24.99 34.51 18.84 16.66
0.0040 304. -7.031 0.111 3.950 32.62 28.93 26.60 22.49 22.91 30.25 17.91 15.73
0.0050 342. -6.831 0.110 4.051 31.58 27.79 25.36 21.71 21.98 28.28 17.38 15.36
0.0060 377. —-6.664 0.110 4.134 30.53 26.63 24.12 20.96 21.07 26.39 16.87 15.01
0.0070 403. —6.556 0.109 4.208 20.77 25.79 23.26 20.41 20.43 25.04 16.54 14.76
0.0080 438. -6.417 0.108 4.272 29.37 25.31 22.73 19.93 19.89 23.77 16.18 14.50
0.0090 464. -6.325 0.107 4.331 29.06 24.94 22.33 19.59 19.49 22.85 15.93 14.31
0.0100 491. -6.235 0.107 4.383 28.74 24.55 21.89 19.23 19.07 21.90 15.65 14.11
0.0120 578. -5.955 0.106 4.467 28.09 23.75 21.01 18.15 18.03 19.86 14.88 13.60
0.0150 628. -5.835 0.103 4.587 27.86 23.47 20.72 17.70 17.62 19.05 14.56 13.38
0.0200 766. -5.514 0.100 4.736 27.31 22.85 20.05 16.56 16.55 17.19 13.72 12.80

0.0300 1009. -5.071 0.096 4.948 26.40 21.96 19.15 15.10 15.16 15.14 12.67 12.15
0.0400 1271. -4.696 0.093 5.099 25.19 20.99 18.13 14.04 14.04 13.90 11.88 11.80
0.0500 1543. -4.374 0.092 5.211 23.73 19.81 17.15 13.21 13.12 13.04 11.25 11.53
0.0600 1801. -4.106 0.092 5.291 22.13 18.59 16.10 12.56 12.36 12.27 10.77 11.26
0.0700 2082. -3.829 0.094 5.333 20.44 17.31 14.87 11.93 11.62 11.43 10.32 10.85
0.0720 2140. -3.772 0.095 5.336 20.12 17.05 14.61 11.80 11.48 11.27 10.23 10.75
0.0750 2234. -3.679 0.098 5.334 19.59 16.63 14.21 11.60 11.25 11.02 10.08 10.58
0.0800 2383. -3.527 0.102 5.323 18.67 15.96 13.61 11.26 10.89 10.63 9.84 10.27
0.0900 2627. -3.268 0.113 5.285 16.98 14.86 12.67 10.72 10.30 10.03 9.40 9.72

0.1000 2784. -3.083 0.125 5.246 15.86 14.09 12.09 10.33 9.89 9.62 9.07 9.31

Table 4. Same as Table 1 for 5 Gyr.

m/Mg Ter |Og L/Lo R/R, |Og g My Mg M, M, My Mg M, My

0.0020 129. -8.570 0.105 3.698 60.05 54.63 49.68 38.16 34.52 53.62 23.33 20.80
0.0030 162. —-8.166 0.105 3.868 55.32 50.15 45.63 34.96 32.46 49.21 22.22 19.81
0.0040 193. —-7.867 0.105 3.994 50.68 45.80 41.76 32.14 30.52 45.15 21.28 18.92
0.0050 220. —-7.644 0.105 4.095 46.50 41.92 38.30 29.83 28.84 41.71 20.48 18.16
0.0060 244. —7.469 0.104 4.180 42.71 38.43 35.18 27.80 27.34 38.67 19.78 17.49
0.0070 265. -7.328 0.103 4.254 39.29 35.29 32.37 26.02 26.00 35.96 19.16 16.88
0.0080 284. -7.217 0.103 4.318 36.31 32.57 29.93 24.50 24.85 33.65 18.64 16.36
0.0090 301. -7.124 0.102 4.376 33.73 30.22 27.82 23.21 23.85 31.64 18.18 15.91
0.0100 322. -7.015 0.101 4.429 33.05 29.47 27.06 22.74 23.30 30.49 17.91 15.71
0.0120 361. -6.823 0.100 4.519 31.58 27.86 25.46 21.77 22.17 28.16 17.41 15.32
0.0150 399. -6.671 0.098 4.634 30.20 26.35 24.00 20.85 21.14 26.01 16.96 14.97
0.0200 473. -6.401 0.095 4.786 29.24 25.17 22.66 19.89 19.92 23.31 16.18 14.45
0.0300 610. —-6.008 0.090 5.011 28.17 23.83 21.17 18.34 18.31 20.04 15.04 13.71
0.0400 760. -5.670 0.085 5.179 27.58 23.15 20.40 17.04 17.11 17.99 14.17 13.13
0.0500 931. -5.353 0.082 5.313 27.09 22.63 19.82 15.94 16.05 16.38 13.38 12.63

0.0600 1120. -5.058 0.079 5.418 26.44 22.03 19.20 15.01 15.13 15.15 12.73 12.27
0.0700 1524. -4.504 0.081 5.466 24.33 20.36 17.60 13.52 13.50 13.44 11.60 11.77
0.0720 1712. -4.278 0.083 5.453 23.11 19.36 16.75 12.97 12.85 12.80 11.16 11.54
0.0750 2006. -3.942 0.089 5.411 21.038 17.80 15.34 12.20 11.92 11.78 10.54 11.06
0.0800 2320. -3.603 0.099 5.353 19.11 16.28 13.89 11.44 11.07 10.82 9.97 10.43
0.0900 2622. -3.275 0.113 5.289 17.02 14.88 12.70 10.73 10.31 10.04 9.42 9.73

0.1000 2785. -3.083 0.125 5.247 15.85 14.09 12.09 10.33 9.89 9.62 9.07 9.31

elements (Na, K) at such pressures may be responsible for thisThe correct trend of colors and spectral properties predicted
discrepancy. No theory, however, exists to date for an acdwythe present models at wavelengthum, where most of the
rate description of broadening of atomic lines by collisionftux is emitted for the concerned rangeTef;, comfort us how-
with H, and He. Attempts to improve current treatments asyer with their reliability to describe extremely cool objects.
under progress (Burrows & Volobuyev 2002).
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Table 5. Same as Table 1 for 10 Gyr.
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m/Mo Ter logL/Le R/Rs log g My Mg M M, My Mk My M
0.0030 125. -8.629 0.104 3.879 61.46 55.89 50.79 38.29 35.04 54.28 23.36 20.89
0.0040 149. -8.325 0.104 4.006 58.00 52.62 47.86 36.01 33.56 51.11 22.59 20.19
0.0050 172. -8.087 0.103 4.109 54.62 49.46 45.05 34.06 32.18 48.26 21.92 19.57
0.0060 193. —7.888 0.102 4.195 51.29 46.38 42.30 32.23 30.85 45.53 21.29 18.97
0.0070 213. -7.724 0.102 4.270 48.17 43.50 39.72 30.55 29.62 43.01 20.71 18.41
0.0080 232. -7.584 0.101 4.335 45.19 40.77 37.28 29.00 28.46 40.66 20.18 17.89
0.0090 249. —-7.469 0.100 4.393 42.49 38.30 35.07 27.62 27.41 38.55 19.70 17.42
0.0100 265. —-7.368 0.099 4.445 39.95 35.99 33.00 26.34 26.44 36.59 19.26 16.98
0.0120 293. -7.204 0.098 4.536 35.23 31.68 29.12 24.04 24.64 33.06 18.48 16.20
0.0150 330. -7.016 0.096 4.650 32.81 29.25 26.80 22.70 23.33 30.46 17.93 15.76
0.0200 389. —-6.759 0.093 4.802 30.75 26.99 24.64 21.28 21.73 27.02 17.21 15.19
0.0300 504. —-6.358 0.088 5.029 28.98 24.87 22.35 19.72 19.68 22.59 16.04 14.37
0.0400 634. -6.004 0.083 5.200 28.18 23.85 21.19 18.33 18.33 19.99 15.03 13.75
0.0500 776. -5.695 0.079 5.338 27.64 23.21 20.47 17.10 17.18 18.07 14.23 13.21
0.0600 941. -5.393 0.076 5.450 27.20 22.74 19.93 16.04 16.18 16.55 13.50 12.73
0.0700 1289. —-4.832 0.078 5.503 25.69 21.45 18.60 14.37 14.43 14.36 12.27 12.08
0.0720 1556. -4.472 0.081 5.481 24.17 20.22 17.48 13.44 13.41 13.36 11.55 11.75
0.0750  1997. -3.954 0.089 5415 21.10 17.85 1539 1223 1195 1181 1056 11.08
0.0800 2322. -3.602 0.099 5.353 19.10 16.27 13.89 11.43 11.06 10.82 9.97 10.43
0.0900 2624. -3.274 0.113 5.289 17.01 14.88 12.69 10.73 10.31 10.04 9.41 9.73
0.1000 2786. -3.082 0.125 5.246 15.85 14.09 12.08 10.32 9.88 9.62 9.07 9.30
3. |rradiated models T T, T | T T 17T T T 17T T T 17T T T 17T
10 - -\ -
3.1. Effect on atmosphere structure = :\ . g
As mentioned in the introduction, a non-negligible fraction :\ . i
of EGPs orbit close to their parent star and their thermal - N i
and mechanical structure igfected by irradiation féects. B N 7]
Therefore, a general theory of cool substellar objects must take '. N i
these &ects into account. Recently Barman et al. (2001) have EANRRN T
modeled irradiated atmospheres by including the impinging ra- Y \\ T
diation field in the solution of the radiative transfer equation. 14 [~ \ n
As shown by these authors, for a given intrinsic luminosity, g i \ T
non-irradiated planets have veryfférent temperature struc- < i \ T
tures than irradiated planets. Thus, substituting non-irradiated B ‘s AN T
atmospheric structures withey = Teq (See definition below, 16 — AN —
Eq. (8)) for irradiated structures, as done up to now in the liter- - A N\ .
ature, yields incorrect inner boundary conditions for evolution- - \\ .
ary calculations (see e.g. Fig. 13 of Barman et al. 2001). Given - N
the present lack of an accurate treatment of atmospheric dust 18 |~ N\
diffusion, the calculations were performed only for the DUSTY - N
and COND limit cases, respectively. The results emphasize the = g
strong dependence of the emergent spectrum and atmospheric | .
structure on the presence or absence of dust. In the absence ofp() |- Ny
dust, the impinging flux can penetrate in deeper layers of the TN T VI N B N T A MY

planet atmosphereffacting more drastically the inner struc- 0 1 2 3 4 5
ture of the planet than in the dusty case.

Except for a possible detection of sodium absorption in (K—L’)
the atmosphere of HD 209458b (Charbonneau et al. 2002), 5 ;o _ Magnitude diagramK( — L') — Mx. K is in
no ponstralnts on the atmospherlc composition of EGPS @& MKO-NIR system. Observations are from Leggett et al. (2002a).
available at the present time. The only strong observatiorgnols are the same as in Fig. 2. A DUSTY isochrone of 1 Gyr
constraint available for irradiated models is the transit plan@habrier et al. 2000b) is indicated by the long-dashed line. The
HD 209458b. The determination of its mass and radius proOND isochrones are displayed for 0.1 Gyr (dash), 1 Gyr (solid)
vides a stringent test to irradiated atmosphere calculations and 10 Gyr (dash-dot). Some massesNig) and their correspond-
to the resulting structure and evolution. We thus apply our cétg Ter are indicated on the 1 Gyr COND isochrone by open squares.
culations of irradiated EGPs to HD 209458-like systems.
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I AN L T L directionsu (u = cosd, whereg is the angle of incidence).

i AN x 7 Assuming there is no extra source or sink of energy (e.g. no

12 - N, w® —| horizontal energy transfer), energy conservation implies that

L \ | all the incident energy coming in must go out. Therefore, in

| N | the case of irradiation, the in-coming flux from the parent star
{ n cancels out the extra out-going, absorbed and reradiated flux

. due to the heating of the upper layers of the planet atmosphere

14 — \ R - (see Fig. 5). The in-coming flux at the surfaceFis = —Finc

- \.: 4 and the out-going flux at the surface kgt = Finc + aTgﬁ,

L \ i wherengﬁ defines the intrinsic, unperturbed fluﬂ;‘ﬁ of the

_ initial, non-irradiated atmosphere structure. Energy conserva-

= gL \\ . | tionthusimplies:

- \ 4 Fnet=Fout+ Fin = O—Téﬁ" (2

The non-irradiation casd~(,c = 0) corresponds to the usual

- \ 1 conditionFpet = Fout = 0 T4,

18 \ — Our atmosphere models, irradiated or not, are thus charac-

N N | terized by the parameteiigs andg. Of course, the same net

i N flux Fnet corresponds to two tfierent atmospheric structures,

\ in the non-irradiated and irradiated case, because of the extra

energy sourcd, # 0 in the latter case (see Fig. 5). Given

20 —| the above definitions, the net flux characterizesitignsic

R T Y S T T T N S luminosity i.e. the rate of energy released by the planet as it
2 4 6 contracts and cools down:

(I-J) Lint = 4R Top = f —T%—?dm ©)

Fig. 4. Color — Magnitude diagraml (- J) — M;. Observations are

from Leggett (1992) and Dahn et al. (2002). Symbols and curves J.Ja's q‘?a”“ty determines the cooling prqpertles o.f the planet
the same as in Fig. 3. for a given set of outer boundary conditions provided by the

atmospheric profile (see Sect. 3.2 below). We stress that, in the

case of irradiationT ¢ doesnotcharacterize thiotal fluxemit-
We have computed a grid of irradiated atmosphere mog by the planet, which is given by:

els based on the COND input physics described in Sect. 2, as )
in Barman et al. (2001). Although more appropriate for EGRs  _ 14 , p _ T4 4 1 (&) F @)
with Ter S 1300 K, the COND models maximise th@ect " eff T T ef © 2 *

of irradiation on the inner atmosphere structure and thus Rite thatF,, is the important quantity for observers, since it
the evolution of EPGs (Barman et al. 2001). The grid covergfaracterises the total radiation of the planet, including both
wide range offer from 40 K to 100 K, in steps of 20 K, and thermal and reflected parts of the flux. However, we do not fo-
from 100 K to 2800 K, in steps of 100 K. It covers a ranggys on this quantity, since a forthcoming paper will be devoted
of surface gravities from log = 2.5 to logg = 4.5, in steps g spectral properties of irradiated planets (Barman et al. 2003,
of 0.5 dex. We adopt the characteristics of HD 209458, assUfpreparation).

ing for the primary an @ective temperatur&er, = 6000 K, For the sake of comparison with non-irradiated atmosphere
a radiusR, = 1.18R, (Mazeh et al. 2000; Cody & Sasselovofiles (see Barman et al. 2001), we also define the quan-
2002) and an orbital separatian= 0.046 AU (Charbonneau tity Tinerm Which characterises the thermal f|u)]';r11€rm emitted

etal. 2000). As in Barman et al. (2001), we make the simplifgy the jrradiated fraction of the planet (in the present case, the
ing assumptions that the impinging radiation field is isotropigay side only). This quantity reads:

and the incident fluxi,c is redistributed only over the day-

side, i.e. 0Therm= 0T + (1= A)Finc, (5)
1 (R,\2 whereAis the Bond albedo. According to the definitions above:
3 (B F
_ , _ ~ Fout = 0 Them + Frefl (6)
where F, is the total flux from the primary (see discussion
in Sect. 4). where
Before proceeding any further, we briefly re-specify defm':refl = AFic @)

tions of fluxes (see e.g. Brett & Smith 1993), since use of vari-

ous terminologies leads to confusion. In all cases, the integraiethe reflected part of the incident flux.

net flux Fe, Obtained from the solution of the transfer equation, Within the conditions of the present calculations (Eq. (1),
is the intensity integrated over both in-coming and out-goireg= 0.046, Teg, = 6000 K, R, = 1.18R;), our Bond albedo
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is close to 0.1 for the coolest modelBsf ~ 100 K). A final

quantity, often used in the literature, is the equilibrium tem-
peratureTeq Which characterizes the planet’s luminosity after
having exhausted all its internal heat content (see e.g. Guillot3’4
et al. 1996; Saumon et al. 1996): 32

Tea= S = G2 (R w
® 293

3.6

\

4
- Ttherm

Note that given our definition oy, qu defined by Eq. (8)
differs by a factor 2 from the definition usually used in the lit-
erature, because of the redistribution only over the day side. [+ o+ o+ | o+ o | 4+ 4+ | 4
Note also thaﬂ'eq anthherm differ Slgnlflcantly at young ages, 35 LI — T T T ] T T ] T T
when the intrinsic flux of the planet is not negligible. ’
The dfect of irradiation on atmosphere structures is illus-
trated in Fig. 5 for diferent values of thefiective tempera- 3
ture Te. As already stressed in Barman et al. (2001), an irra-
diated structure characterised Byem can difer significantly
from a non-irradiated structure at the sanfieetive tempera- 3’32'5
ture Teg = Tiherm This point (see also Seager & Sasselov 1998
Guillot & Showman 2002) emphasizes the fact that adopting 2 I
outer boundary conditions, for evolutionary calculations, from [~~~ Te=
atmospheric profiles of nonirradiated models ilith = Tierm, C
or Ter = Teg(as e.g. Burrows et al. 2000), is incorrect and yields L5
erroneous evolutionary properties for irradiated objects. 2

whenTeg — O. P L r=100

— . CoNnv

AGRRARARERARE

\
e by by g by |

—
(=]
(=]
Py

log P

3.2. Effect on evolution Fig.5. Effect of irradiation on atmosphere profiles, (K) versus

. . L . P, (dyrycn?), characterized by a surface gravity pg= 3.0, Ter =
The main &ect of irradiation on convective atmospheres a%oo K (upper panel) arfiy = 100 K (lower panel). Dashed lines cor-

its consequence§ on evolutiqn is well known (see HUbb"’}'é%pond to nonirradiated structures. Solid lines are irradiated models
1977; Brett & Smith 1993; Guillot et al. 1996; Hubbard et aly 5 separation = 0.046 AU from a primary witie:, = 6000 K. The

2002). The heating of the outer layers by the incident flux reorresponding equilibrium temperatureTig, ~ 1630 K. The squares
duces the temperature gradient between these layers andoth®e curve refer to optical depth, definedlat 1.2 um, t = 1 and
interior. They become radiative and the top of the cotthe circles tareq = 100. The triangles indicate the top of the convective
vective zone is displaced to larger depths compared to twme.

non-irradiated case, as clearly illustrated in Fig. 5. The inner

atmosphere structure is hotter at a given pressure than the NA%..4 = 100, which corresponds to a range of presseire

irradiated atmosphere model of samg (see Fig. 5). In order 0.1-200 bar for the whole range of atmosphere mddalse

to match the same inner entropy, or the same valuBsaoidT, 5 diated atmosphere models are integrated down to an optical
characteristic of the boundary layer between the |nter|orstrL&é|0thTStd = 100 forTe > 1000 K andreg = 10° for Teg <

ture and the irradiated atmosphere structure, characterizediB¥o k_ |n both cases. this is deep enough to reach the top

a givenTer and logg, one would need a nonirradiated atmogf the convective zone and to provide a good spatial resolu-

sphere model with high@fer, i.€. a larger heat loss. Thereforejo of these layers, even for the coolest models (see Fig. 5).
for a given plangt heat conten_t, i.e. |r_1ternal entropy, the h‘?ﬁtany case, the incident fluk,c drops to zero atsq < 50,

loss is reduced in the case of irradiation and the planet maips)| ahove the deepest layers of the atmosphere models. Note
tains a higher entropy for a longer time. Since for a given Magga; for the coolest atmospheric structures, convection does not
the !nter!or @, T) profile and thus the.entropy fix the rad'u,sreach the layers correspondingrte; = 100 (see Fig. 5). In that

the irradiated planet has a larger radius than the nonirradiglgde the radiative gradient in the interior is calculated with the

counterpart at a given time, starting from the same initial COf,ssejand means of the same atmospheric opacities, for a con:
figuration. In other terms, gravitational contraction, which iigient treatment between the interior and atmosphere thermal
the dominant source of energy of the planet, proceeds mgfg,ctures.

slowly with irradiation than without it. We have calculated the evolution of planets covering a
Our calculations proceed as for our low-mass star or bro"?’é‘nge of mass from 0.8, to 10 M, with and without irra-

dwarf calculations, by coupling the interior and atmosphefgation The evolution of the radius as a function of time is
profile at a deep enough optical depth, which defines unedquio,n, in Fig. 6 for irradiated and nonirradiated EGPs &1

ocally the fundamental properties of the objetR Ter.L 54 10M;. As expected, the less massive the planet, the larger
along its evolutiont (Chabrier & Bar&fe 1997). The bound-

ary condition between inner and atmosphere structure is fixetl g4 is defined aft = 1.2 um.
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Fig. 6. Radius (inR;) versus age (in yr) for EGP masses ofM; Fig.7. Effect of irradiation on the evolution of a planet with, =

(lower panel) and 10M; (upper panel). The dashed lines are noniB.69 M; at a separatioa = 0.046 AU from its parent star witflegs =

radiated models. The solid lines are irradiated models at a separa6000 K. The panels from top to bottom display respectively the in-

a = 0.046 AU from the parent star withe;, = 6000 K. The dotted trinsic luminosityLiy, the dfective temperature (in K) and the radius

lines are nonirradiated models from Burrows et al. (1997). versus time (in yr). The solid curves correspond to the irradiated case
and the dashed curves to the nonirradiated counterpart. We recall that
in the case of irradiation ¢ andL;y do not characterize the total flux

the efect of irradiation, for a given incident flux. At 1 Gyr,emitted by the planet. The position of HD 209458b in the lower panel

the 0.5M; EGP has a 14% larger radius than its nonirradis from Cody & Sasselov (2002).

ated counterpart, whereas for thé} (resp. 10M;), Ris only

10% larger (resp. 7%). We also compare our COND mode|generate earlier, its contraction slows down and its heat loss

(the nonirradiated models) to the Burrows et al. (1997, helgs.omes smaller than in the irradiated case (at lo§.2 yr).

after B97) nonirradiated models..Significanﬂfd'rgr!c,tes appearThe sjtyation reverses at log- 7.4 yr when the fiect of par-

at young ages{1 Gyr), due certainly to dierent |n|t|a>l condi- ia| degeneracy becomes important in the irradiated sequence.
tions (see Bare et al. 2002). For ages1 Gyrandm= 5M,  the age of HD 209458 is about 4—7 Gyr, according to Cody
the diferences between the B97 models and ours are of §1&,qq6|0v (2002). At 5 Gyr, the irradiated sequence displayed
order of the irradiation féects. This reflects the ierent in- ;. Fig. 7 predicts a radiu = 1.09 Ry, 26% smaller than the

put physics, mainly in the dust treatment and molecular 0pagsseryed value. Without including irradiatiofiects, the radius
ities and illustrates the present uncertainties in the modgls. 300, than the observationally determined one. Note that the
Form S 5 My, however, irradiationfects become larger than, ; hirradiated sequence stopdat = 100 K, corresponding to

the diferences between the B97 and our models. an age o2 Gyr and a radiu® = 1 R;. In the following sec-

The speqific case qf HD 209458b,_ Wif[h a Mags = tjon, we analyse the possible reasons for such a discrepancy.
0.69 My, is illustrated in Fig. 7. The intrinsic luminosity

and correspondingfiective temperature in the irradiated case .

(solid lines) are compared to the non-irradiated case (dasHed?iscussion

lines). Starting from_ the same initial configuration in bc_)tlzl_l_ Uncertainties of irradiated
cases, the heat loss is reduced at early_ages_ in the case of irradi- atmosphere/evolutionary models
ation, as expected. Consequently, the irradiated model evolves
at larger entropy and radius than its non-irradiated counterpditte question rises whether uncertainties of current models can
During the first Myr of evolution, both evolutionary sequencesxplain the mismatch of HD 209458b predicted versus ob-
contract with increasing central density and temperature, terved radius, and whether irradiatidfeets can still provide
non-irradiated model being denser. The latter becomes partidlig solution to the problem. We first note that our choice of
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parameters for the irradiated atmosphere calculations certaigiyen the negligible extension of their atmosphere compared to
overestimates thefects of irradiation (see Sect. 3). We assuntée total radius of the object. The picture could betent in
redistribution of the incident flux over the day-side of the plan#te case of irradiated atmospheres, where extensiiects due
only, without taking into account varying angles of incidenc® the large heating of the upper layers may not be negligible
of the impinging flux. As shown in Brett & Smith (1993), the(Seager & Sasselov 2000; Hubbard et al. 2001).

effect of irradiation on the atmosphere will decrease with in-  a¢ discussed in Baschek et al. (1991), the condition of

creasing angles of incidence. Note that adopting the maximytinpactness for a photosphere in hydrostatic equilibrium is
case, i.e. no redistribution at all Bf,c, affects significantly the Hp/r < 1, whit Hp the pressure scale height anthe radial
outer atmospheric profile, but only slightly the inner profilisiance to the center. This condition is known to be perfectly
We did not consider horizontal energy flows, which may exigtfijled in (non-irradiated) low mass objects (see Chabrier &
in a real planet receiving a varying amount of incident flux ove . 47e 1997), where the extension of the photosphere is usu-
its surface. But our assumption of isotropic incident flux, witQ”y less than 1% the total size of the object. Thus the ra-
the maximum amount of flux allowed, should provide an uppg[s can unambiguously be defined, quoting Baschek et al.
limit for the expected fects of irradiation on the evolution Of(1991), as the distance of the atmosphere to the object cen-
a planet. ter. In all our previous work, we fix the boundary condition
Although present atmosphere models still have some shasétween atmosphere and inner structuresat= 100, know-
comings, due either to incomplete molecular opacities or jify thatR(rsig = 100) is essentially the sameR&sg ~ 1) (see
dust treatment (see Sect. 2.2), the inner profiles of the irradhabrier & Bar#fe 1997). As already mentioned, we defiiag
ated models must be changed and heated drastically to prowdge.2m, which corresponds to the peak of the flux emitted by
the dfect required on evolutionary models to match the radigsol (non-irradiated) objects. Usually, the region whegg~ 1
of HD 209458b. Figure 7 indeed shows that the contraction gfclose to the region whetgosselang~ 1 (for the present irra-
the irradiated sequence proceeds too rapidly after the first Mijiated models as well). Above this region, the atmosphere con-
of evolution to maintain a radius close to the observed value. &ins little mass and contributes negligibly to the luminosity.
an age; = 1 Myr, the model has a radil® = 2 Ryand an in- The evolutionary calculations for irradiated models presented
trinsic luminosity logL; /L, = -5.12, corresponding tder = in Sect. 3.2 determine also the radiugas = 100. Within the
670 K. This corresponds to a characteristic Kelvin-Helmholgresent assumptions of irradiation, the atmospheric extension
timescalerky = Gnp/(RiL1) ~ 10 Myr. In fact, the model betweenrsy = 100 andrgg ~ 1 represents only 1-2% of the
has already reached a radiusRib = 1.48R;, about the ra- total radius. The presently calculated theoretical radius is thus
dius of HD 209458b, after only 10 Myr (see Fig. 7). In order tessentially equivalent to a photospheric radius ajin2
slow down the planet contraction to reach the observed value

at ; 5 Gyr, dthf i?ner p_rcgiles c;:‘ thﬁ g redsentt_irrﬁdiateg_fat;n%étimated by Cody & Sasselov 2002) is based on the analysis
sphere models, Tor a givelr, should be drastically modilied. ¢ optical light curves. It corresponds to a region of the atmo-
Such a major modification seems unlikely, for a fixed mmdeﬁ&

However, the observed radius of HD 209458b (e.g. the one

flux. Note that . tant flux f th ; gherewheretheopticaldepth is near unity.&gfn, which is
ux. Note that assuming a constant flux irom the parent s arrgg = 1072 in our atmosphere models. Therefore, the ra-

Hius predicted by the evolutionary models is not equivalent to
the observed radius. If the atmospheric extension and the opac-
i ) : Olfy of the atmosphere are large at the observed wavelengths, the
Iut|on_ after the first 1 Myr proceeds at a luminosihysmaller measured radius could bef@irent from the radius predicted by
than its value at 5 Gyr. the evolutionary calculation. However, based on our irradiated
Finally, possible uncertainties due to abundanffects, atmosphere models with the gravity predicted by the evolution
such as non-solar metallicity gfod helium abundance are notand the age of HD 209458b (i.e. lgg= 3.2), the atmospheric
expected to fiect significantly the present results. To estimaigktension betweenyy = 100 andrgg = 1072 (Where the op-
such uncertainties, we have CompUtEd a grld of irradiated ﬁé*a] depth is close to unity at@ﬂm) is very Sma”, name|y
mosphere models for an over-solar metallicity/ll = +0.3 0.05R;, compared to the overall radius (Barman et al. 2003,
and the corresponding evolutionary sequence for a mgss in preparation). Adding this value to the radius predicted by
0.69 M. After a few Gyr evolution, the radius of the later sethe models at 5 Gyr yields an optical-depth radius.&t.0n
quence is essentially the same as for the solar metallicity cage.1.14R,, still 22% less than the observed value. For younger
Given the Optimization of irradiationfk=cts prOVided by our p|anets or p|anets undergoing Stronger irradiatiﬁe@S, with
assumptions, and the hugfeet required on the inner profilemych lower gravities, the extension will be more important and
to reduce the mismatch between observed and predicted ragould be taken into account for a consistent comparison be-
we do not expect uncertainties in the present models to be igen theoretical and observed radii, as already stressed by

dent flux received by the planet oveb Gyr. For a parent star
mass~1.06 M, (Cody & Sasselov 2002), most of the star ev:

source of the discrepancy. Seager & Sasselov (2000) and Hubbard et al. (2001).
In the same vein, Hubbard et al. (2001) estimate a ra-
4.2. Observed versus theoretlcal radlus dius of 94 430 km (1322\]) at a preSSUl‘e of 1 bar, based

on a detailed analysis of physicafects influencing the ob-
The definition of the radius in low mass stars, brown dwarferved light curve of HD 209458b. At 5 Gyr, our models
or isolated giant planets is usually not a matter of confusigpredict a radius at 1 bar ofl.1 R;, 18% smaller than the
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% T T T T T T T T T T T T Showman & Guillot (2002) suggested that downward transport
: of kinetic energy produced by atmospheric circulation could
be dissipated in the planet interior, leading to a substantial
deposit of energy. Within the present input physics and treat-
ment of irradiation, we can estimate the amount of energy re-
quired to reach the radius of HD 209458b. As in Guillot &
Showman (2002), we arbitrarily add an extra term of energy
generatiorey, in the energy equation atfieérent depths. We
have explored several cases displayed in Fig. 8. We add a total
amountlgyra = f'eext,adm in a region of masamenclosed be-
tween the surface and an arbitrary depth at mass shdille.
Am = m,—my). Various tests indicate that an amount of energy
Lextra~ 107" —5x 10°" erg s'* dissipated along the internal adi-
abat yields a radius within the error bars of the observed value
(see Fig. 8). As expected, the larger the fraction.gf, de-
1~ - posited in the convective layers, the more important tifiece
| irradiated Note that the case displayed in Fig. 8 witkkya ~ 10°” ergs?t
o B B 9 dissipated all over the statn/m, = 1, dashed curve) is equiv-
L - 4 10% ergs™, Am/mp*2 10 1 alent to depositing the same amount of energy only at the very
| ... 10®" erg.s™!, Am/m =6 10 | center. Our quantitative estimates are in general agreement with
° Guillot & Showman (2002). Such an amount of energy repre-
sents more than 100 times the intrinsic luminogify of the

R/R,

L _ . 10¥ erg.s!, Am/mpzl i

0Ll b by planet, which is~10?° ergs® at 1 Gyr and~2 x 10** ergs*
' 6 v 8 9 10 at 5 Gyr (see Fig. 7). However, it represents only2o of the
incoming luminosity,Linc = 27R3Finc ~ 10°° ergs™, which

log t (yr) largely dominates the planet energetic balance. Thus, an alter-

) o i native possibility is the release of an external source of energy
Fig. 8. Effect of extra source of energy dissipation on the evolution Of(,aaused by the incident radiation (see e.g. Showman & Guillot
planet with massy, = 0.69 M,. The solid and long-dashed lines corre;, e

spond to the irradiated and non-irradiated sequences respectively, v%%)z)' As illustrated in Fig. 8, however, the extra source of en-

no extra source of energy dissipation. The other curves correspon tgy must be dissipated at the top of t.he Interngl a(?'abat' L.e.ata
irradiated sequences with a total amount of additional energy, Much deeper level than the penetration of the incident photons
(in erg s1) deposited in layers between the surface and the mass sketr = 1).

m, — Am, as indicated in figure (see text).

5. Conclusion

Hubbard et al. (2001) estimate. Such a discrepancy is consistiget have presented calculations describing the evolution of
with the afore-mentioned mismatch for the radius.&wn.  cool brown dwarfs and extra-solar gaseous planets. The present
models reproduce the main trends of observed methane-dwarfs
in near-IR color-magnitude diagram${ K, K —L). Problems

still remain at wavelengths1 um, with a flux excess predicted

If irradiation dfects alone do not explain the large observed the I-bandpass. The treatment of atomic line broadening in
radius of HD 209458b, other sources of energy must be such dense objects may be the source of the present discrep-
voked. Tidal interactions between the star and the plaratcy. The models fail to reproduce the coolest L-dwarfs and a
can provide a source of energy associated to the synchdetailed treatment of dust filisiorysedimentation is required
nization angbr circularization of the planet orbit, dissipatedor a correct description of the transition region between L-
within the planet (Lubow et al. 1997; Rieutord & Zahn 1997and T- dwarfs. Work is in progress in this direction.
Bodenheimer et al. 2001). However, as discussed recently by We have included thefiects of irradiationgoupling irradi-
Guillot & Showman (2002) and Showman & Guillot (2002)ated atmosphere profile and inner structug@d providing con-
these processes arffieient only during the early stages of thesistent evolutionary models for irradiated planets. THeat
planet evolution. Estimates based on the current understaoflirradiation are shown to modify significantly the mechan-
ing of such processes yield typical circularisation timescaileal (mass-radius) and thermal evolution of irradiated EGPs.
Tere ~ 108 yr (Bodenheimer et al. 2001) and synchronisadowever, a significant discrepancy (26%) remains between the
tion timescalersyn < 10° yr (Lubow et al. 1997; Rieutord & theoretical and observed radii of the transit planet HD 209458b.
Zahn 1997). Such an energy source seems thus unlikely to s have explored possible uncertainties inherentin the models
down the long term evolution of the planet, unless a secotwexplain such a discrepancy. Although solving these uncer-
planet orbiting HD 209458a is present. Such a detection Hammties may modify the outer structure of the models (exten-
been suggested very recently in the literature (Bodenheins@n of the atmosphere, albedo) and perhaps slightly reduce the
et al. 2003) but remains to be confirmed unambiguoustiscrepancy, none of the uncertainties is likely to modify

4.3. Other sources of energy deposit
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significantly the inner entropy profile of the models, which de&Baschek, B., Scholz, M., & Wehrse, R. 1991, A&A, 246, 374

termines the radius of the planet. Indeed, a drastic modificatidedenheimer, P, Lin, D. N. C., & Mardling, R. A. 2001, ApJ, 548,

on the inner thermal structure is required to bring the theoreti- 466

cal radius in agreement with the observed one. Bodenheimer, P., _Laughlin, G., & Lin, D. N. C. 2003, ApJ, submitted
In summary, we do not expect irradiatioffects alone to Brett J. M., & Smith, R. C. 1993, MNRAS, 264, 641

explain the large observed radius of HD 209458b. In the safid oWs: A., & Volobuyev, M. 2002, ApJ, in press

vein, tidal interactions will lect only the early stages of eV_O'Burr[gvSv;],?:?klt/{grzlelg,@l?AG} Hubbard, W. B., et al. 1997, ApJ, 491, 856

lution of the planet but will probably be dissipated too rapidly (B97)

to affect the long term contraction of the object. Other sourcggrows. A., Marley, M., & Sharp, C. M. 2000, ApJ, 531, 438

of energy, representing about 100 times the intrinsic luminosarrows, A., Guillot, T., Hubbard, W. B., et al. 2000, ApJ, 534, L97

ity of the planet, seem to be required to explain the observedrgasser, A. J., Kirkpatrick, J. D., Brown, M. E., et al. 1999, ApJ,

radius. The first extra-solar planet transit thus remains a chal- 422, L65

lenge for theory. Detection of other transits is now crucial furgasser, A. J., Marley, M., Ackerman, A. S., et al. 2002, ApJ, 571,

conclude whether HD 209458 is a peculiar system, whether a L151

second planetary companion is confirmed or not, or whether fygabrier, G., & Barfie, . 1997, A&A, 327, 1039

are missing something in the current understanding of closeGfaerier. G., & Bartie, 1. 2000, ARA&A, 38, 337
giant planets. Chabrier, G., Barde, I., Allard, F., & Hauschildt, P. H. 2000a, ApJ,

542,1119
Note: Isochrones foit > 1 Myr of the COND models Chabrier, G., Barde, I., Allard, F., & Hauschildt, P. H. 2000b, ApJ,
(from 0.5M; to 0.1 M) are available at: 542, 464
http://www.ens-lyon.fr/" ibaraffe/CONDO3 models Cha,;b?]ngzguLD" Brown, T. M., Latham, D. W., & Mayor, M. 2000,
pJ, , L45
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