Extrasolar Giant Planets: Masses and Luminosities from In-situ Formation Theories

Günther Wuchterl^1

Institut für Theoretische Astrophysik der Universität Heidelberg, Tiergartenstraße 15, D-69126 Heidelberg, Germany

Abstract. Their expected luminosities make young giant planets favorable for the first direct detection of an extrasolar planet. The giant planet formation process is relatively slow with expected formation times ranging from comparable to the star formation timescale up to the nebula lifetime, depending on the formation theory. Therefore quantitative models of giant planet formation have to be considered when estimating young giant planet properties at pre-main sequence stellar ages. This is especially important for free-floating giant planet candidates where planetary nature is inferred from luminosities, without independent mass determinations. I will discuss observables of young- and proto-giant planets as they follow from the disk-instability and nucleated-instability hypothesis, respectively. The luminosity exceeds 10�^4 L↓, even for a Saturn-mass protoplanet, during the brief, 3 10^4 year period around maximum accretion. Luminosity maxima of giant planets occur at ages of 1–10 Myr, depending on the details of the formation process. To infer planetary nature in a young population, the properties of young planets have to be compared to those of proto brown dwarfs, as they follow from the respective formation theories.

1 Luminosities for Young Giant Planets

Young^1 giant planets are much more luminous than present solar system giant planets, with ¸ 10�^9 L↓ for Jupiter. Even a 20 M� protoplanet can radiate

at ¸ 10^{�6} L↓, = 1 ¯L↓, the typical luminosity for young giant planets (cf.

[10]). They are therefore much easier to detect, especially when they are at large orbital distances. Unfortunately solar system dimensions appear on the sub-arcsecond scale even in the closest young, star-formation regions. But ejection of young planets after close encounters with a massive body might still provide planetary objects separated far enough from their parent systems for convenient observation. In such a situation, that facilitates direct detection, the mass and therefore the planetary nature cannot be determined from the gravitational interaction with the primary of the parent system. It

1 This work has been supported by the Österreichischer Fonds zur Förderung der wissenschaftlichen Forschung (FWF) under project numbers S-7305–AST, S-7307–AST and the Deutsche Forschungsgemeinschaft (DFG), SFB 359 (key research project of the german national science foundation on ‘Reactive flows, diffusion and transport’).

has to be estimated by direct study of the candidate object. This requires knowledge of the properties to be expected for such young giant planets, most prominently for detection purposes, their luminosity. If, in a known range of ages for the region under investigation, there is nothing else that can be as faint as a young planet at its brightest, the candidate object may be considered to be a planet.

Usually luminosities of young giant planets are taken from planetary evolution models, that were originally designed to understand solar system giant planet luminosities at ages comparable to the present solar system age. These models give relatively high luminosities (> 10�^6 L↓) for ages < 10 Myr, for a Jupiter mass (cf. [6]). They do not consider the formation process but assume an arbitrary hot inital state and argue that due to the short cooling times in the beginning, these initial conditions are rapidly forgotten and the results become independent of the initial assumptions. But the giant planet formation process itself occurs on the 10 Myr timescale. Therefore luminosities from such ‘cooling’ calculations cannot be used in the first 10^5–10^8 yr because they still show the memory of the artificial inital state [9].To obtain physically plausible luminosities for young giant planets they have to be calculated from formation theories. I present results obtained in the nucleated instability hypothesis, where a core grows first, and the disk instability hypothesis, that involves giant gaseous protoplanets. I compare those luminosities to the luminosities for stars and brown dwarfs, as they follow from the respective formation theories for the first Myrs.

2 Luminosities and Formation Theories

The relatively high luminosities of young giant planets occur for two main reasons: (1) the planets are still hot because the cooling just started and (2) the accretion process itself adds to the luminosity, e.g., when gas flowing onto the protoplanet is stopped at its ‘surface’. The two reasons are interdependent because energy radiated away during the accretion process will not be stored into the interior of the planet for later release during the cooling phase. Early high luminosity phases due to the accretion process leave less energy for later, high luminosity cooling phases. Because of the unimportance of nuclear energy generation, the luminosity radiated over all time is limited to the binding energy of the cooled planet. Hence the accretion history is important for the early cooling history and I will give examples from two formation theories.

All calculations that I present use a new, time-dependent convection model [13] that is derived from the model of Kuhfuß (1987), [7]. It closely approximates standard mixing length theory in a local, static limit and has been successfully tested in calculations of the Sun and RR-Lyrae pulsations [13]. To determine the protoplanetary luminosities, the equations of radiation hydrodynamics with spherical symmetry, supplemented by the convection model, are solved with a ‘protoplanetary’ version of the VIP-code [4], where convection is added as outlined in [12]. The convection model is used with the standard parameters given in [13]. Equations of state (as in [10]) and opacities are for solar composition. Opacities include the contribution of dust particels with ‘interstellar’ properties and Alexander and Ferguson (1994) values, [1], in the molecular range (compilation by [5]). Deuterium burning and convective mixing are included. For the formulation of equations and boundary conditions see [10].

2.1 The Nucleated Instability Hypothesis

The Nucleated Instability Hypothesis is based on the ‘planetesimal hypothesis’ that assumes that planets grow within circumstellar disks via accretion of km-sized solid bodies, the so-called planetesimals. Sufficiently massive planetesimals embedded in a gravitationally stable preplanetary nebula can capture large amounts of gas and become the cores of giant planets. In this hypothesis one formation mechanism accounts for small solar system objects, terrestrial planets and giant planets. It is the only formation model for Uranus and Neptune type planets (see [14] for a review). In Figs. 1 and 2

Fig. 1. Luminosity of a young giant planet that grows at an orbital distance of 5.2 AU from a solar mass star, according to the nucleated instability hypothesis. The final mass is 106 M� with 9.2 M� in the core, i.e. similar to Saturn. The peak luminosity is reached at the moment of maximum accretion, Ṁ ¸ 0.14 M�/yr. That moment is reached after the core has grown to 9.2 M� with a constant accretion rate of Ṁcore = 10�^6 M�/yr. The width of the luminosity peak is 30000 yr at 10�^4 L↓, cf. Fig. 2 results from a nucleated instability model for a proto giant planet growing at an orbital distance of 5.2 AU in a minimum mass nebula [8] and constant core accretion rate of 10�^6M�/yr are shown (for a discussion see [14]). When the envelope mass reaches 97 M� the protoplanet is shut off from the nebula and the following evolution is calculated at constant mass.

Fig. 2. Luminosity of a protogiant planet in the vicinity of maximum accretion. Detail of Fig. 1. The young giant planet is brighter than 10�^4 L↓ for about 30000 yr

2.2 Disk Instability and Giant Gaseous Protoplanets

Protoplanetary disks are considered to be gravitationally stable and selfstabilizing (see [14], for a discussion in the context of giant planet formation). But it has been claimed that a disk instability might be triggered by an external perturbation and giant planets might form via a tenuous intermediate stage as giant gaseous protoplanet (GGPP), [2]. The luminosity of a GGPP in the first Myr is estimated here by a radiation hydrodynamical calculation with the same assumptions as above, for the nucleated instability hypothesis, but without a core. The initial condition was a gravitationally unstable nebula condensation of a Jupiter-mass, M_J and a temperature of 10 K. Initially the GGPP had similar properties as the banana-shaped density enhancements found in [2] (mean density 8 � 10�^{10} g cm�^3, central density

3.3 � 10^{�8} g cm^{�3}). The results for this case and for 5 MJ ¸ 0.005 M↓ are

displayed as the lowest two full lines in Fig. 3. Because a Jupiter mass is optically thick under nebula conditions, the 1 M_J GGPP does not collapse immediately, but cools for ¸ 1 Myr at a luminosity around a ¯ L↓. The luminosity rise at the end of the depicted evolution indicates the onset of the final collapse to planetary densities.

Fig. 3. Comparison of young stars, young brown dwarfs and young planets in the first 10 Myr as calculated from formation theories. The hydrodynamic evolution of gravitationally unstable cloud fragments of 10, 2, 1, 0.5, 0.1 M↓ (protostars), 0.05, 0.01 M↓ ( proto brown dwarfs), and 0.005, 0.001 M↓ (giant gaseous protoplanets) are depicted as full lines, from top to bottom, respectively, together with the Saturn-mass proto giant planet (dashed) that has been calculated according to the nucleated instability hypothesis as discussed in Sect. 2.1 (cf. Figs. 1,2). Age is measured from the moment when the Rosseland-mean optical depth exceeds unity. Note the initial rises in luminosity, that are not present in evolutionary calculations that do not consider the formation process. For the planets, the formation of the core and the cooling in the case of the lowest mass GGPP, delay the luminosity peaks on the Myr timescale. Clearly the formation process has to be considered when discussing luminosities in a young population. The luminosity evolution for 2, 1, 0.5, 0.1 M↓ (dotted lines from top to bottom) as obtained from standard quasi-hydrostatic stellar pre-main sequence calculations ([3], ‘MLT+Alexander’) are plotted for comparison.

3 Zero Age for Planets, Brown Dwarfs and Stars

To compare the luminosities of objects of various masses at a given age a general definition of zero age is necessary. Because the thermally controlled Kelvin-Helmholtz contraction is the dominating evolutionary process in young gas spheres, whether they are giant planets, brown dwarfs or stars, I propose, to use the instant of time, when the interior of the gas-spheres is thermally enclosed for the first time, as age zero. The enclosure means that photons emitted as a consequence of an evolutionary change in the gas sphere cannot escape from the entire object directly and as soon as it changes — as is the case in the earliest isothermal cloud phases — but that they are radiated from a photosphere. Energy transfer to the photospheric bottleneck then delays the cooling and determines how the thermal reservoir in the interior is emptied. The cooling history can than be used to define an age since the heat reservoir was formed. As a practical definition for age zero I propose to use the instant of time when the Rosseland mean optical depth of a gaseous object exceeds unity. For a protostar this instant of time is practically at the end of the isothermal phase of the collapse. With that definition the luminosities of the protoplanets can be compared to stars and brown dwarfs of similar age.

4 A Comparison of the Luminosities of Young Planets, Brown Dwarfs and Stars

To finally address the question whether a young giant planet can be distinguished by its luminosity from a young brown dwarf or a young star of a similar age I present radiation hydrodynamical calculations of the formation of stars and brown dwarfs for the identical physical assumptions that were used to discuss planet formation above. The resulting luminosities in the first 10 Myr are compared to those of the giant planets in Fig. 3. I will discuss one important issue that follows from Fig. 3: the time delay between the ‘initial’ luminosity rise of stars and planets. Whereas protostars of all masses that are shown dramatically increase their luminosity within 2000 yr of cloud condensation and becoming optically thick, the luminosity increase for giant planets (with masses < 0.05 M↓) is much slower. They need up to 10 Myr to reach their maximum accretion phase and, as a consequence, their maximum luminosity which is the starting point for their final contraction and cooling phase. This delay has an interesting consequence: A Saturn mass proto giant planet with the main accretion nucleated after 9 Myr almost outshines a 0.1 M↓ star of the same age, for a few 1000 yr.

5 Conclusion

The luminosity for a Saturn-mass protoplanet exceeds 10�^4 L↓, during the brief, 3 10^4 year period around maximum accretion. Luminosity maxima of giant planets occur at ages of 1–10 Myr, depending on the details of the formation process. To infer planetary nature in a young population, the properties of young planets have to be compared to those of proto brown dwarfs, as follows from the respective formation theories.

References

1. Alexander, D. R. and J. W. Ferguson (1994) Astrophys. Journ. 437, 879 2. Boss, A. P. (1998) Evolution of the Solar Nebula IV – giant gaseous protoplanet formation. Astrophys. J. 503, 923–937 3. D’Antona, F. and Mazzitelli, I. (1994) New Pre-Main-Sequence Tracks for Mˇ 2.5M↓ As Tests of Opacities and Convection Model. Astrophys. Journ. Suppl. Ser. bf 90, 457–500 4. Dorfi, E. A. and Feuchtinger, M. U. (1995) Adaptive Radiation Hydrodynamics of Pulsating Stars. Comp. Phys. Comm. 89: 69–90 5. Götz, M. (1993) Die Entwicklung von Proto-Gasplaneten mit Drehimpuls — Strahlungshydrodynamische Rechnungen, Dissertation, Univ. Heidelberg 6. Burrows, A. and 8 other authors (1998) Advances in the Theory of Brown Dwarfs and Extrasolar Giant Planets. In: Rebolo R., Martin E. L. and Zapatero Osori M. R., (Eds.) Brown Dwarfs and Extrasolar Giant Planets. ASP Conf. Ser. 134, 354–368 7. Kuhfuß, R. (1987) Ein Modell für zeitabhängige, nichtlokale Konvektion in Sternen. Dissertation, Tech. Univ. Munich.

8. Mizuno, H. (1980) Formation of the Giant Planets. Prog. Theor. Phys. 64, 544– 557 9. Stevenson, D. J. (1982) Formation of the giant planets. Planet. Space Sci. 30, 755–764.

10. Wuchterl, G. (1991) Hydrodynamics of Giant Planet Formation II: Model Equations and Critical Mass. Icarus, 91, 39–52 11. Wuchterl, G. (1993) The Critical Mass for Protoplanets Revisited: Massive Envelopes Through Convection. Icarus 106, 323–334 12. Wuchterl, G. (1995b): Time dependent convection on self adaptive grids. Comp.

Phys. Comm. 89, 119–126 13. Wuchterl, G. and Feuchtinger M.U. (1998) A simple convection model for selfgravitating fluid dynamics. Astron. Astrophys. 340, 419–430 14. Wuchterl, G., Guillot, T. and Lissauer J. J. (1999) Giant Planet Formation.

In Protostars and Planets IV, Mannings, Boss and Russel, (eds.), Univ. Arizon Press in press