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Abstract. Radial Velocity surveys have revealed 63 exoplanets (Msini < 10 Mjyp)
and 6 multi-planetary systems (status on the 4th of April 2001). Distributions of or-
bital elements already have been given some constraints on the formation of planetary
systems. Derived from recent high resolution spectroscopy studies, the impressive role
of the stellar metallicity on the giant planet formation has been revealed. The chem-
ical composition of the molecular cloud is probably the key parameter to form giant
planets. However some evidences exist showing the possibility of accretion of matter in
the stellar outer convective zone.

1 Introduction

Following the discovery in 1995 of the planet orbiting 51 Peg [20], we have
witnessed a complete revolution in the field of extra-solar planets. More than 60
other exo-planets were unveiled since then, and are giving us the opportunity to
reconsider the theories dealing with planetary formation and evolution.

In particular, the information gathered from the radial-velocity surveys can
be interpreted as fossil traces of the planet formation and evolution processes. By
looking at the planetary orbital characteristics, like the distribution of eccentric-
ities and periods, or to the planetary masses, we are facing a lot of questions on
planetary formation. Furthermore, other evidences are coming from the planet
host stars themselves, namely by the fact that stars with planets are very metal-
rich. The new results are showing that planet formation is not as simple as we
thought. In the next Sects. we will summarize the latest results on this field.

2 The Period Distribution

One of the most interesting problems that appeared after the first planets were
discovered as to do with their proximity from their host stars. Several mecha-
nisms have been proposed to explain this fact. Current results show that in situ
formation is very unlikely [2], and we have to invoke inward migration, either due
to gravitational interaction with the disk [7], [13] or with other companions [25]
to explain the observed orbital periods.

Although still strongly biased for the long period systems, the period dis-
tribution of the extra-solar planetary companions can already tell us something
about the planetary formation and evolution processes. This is particularly true
for the short period systems, for which the biases are not so important. In Fig. 1
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Fig. 1. Cumulative distributions of periods smaller than 10 days for planetary (solid
line) and stellar companions (dashed line) to solar type dwarfs.

we present the orbital period cumulative function for stars with planetary com-
panions (M<10Mj,,) with P<10days, as well as for solar type binary stars in
the same period regime. The most impressive feature in the diagram is the clear
cutoff of the planet distribution for periods shorter than ~3 days. To explain this
distribution, several ideas have been presented, invoking e.g. a magnetospheric
central cavity of the accretion disk, tidal interaction with the host star, Roche
lobe overflow by the young inflated giant planet, or evaporation (see [27] and
references therein).

3 The Mass Distribution

Another important clue concerning the nature of the now discovered plane-
tary systems comes from their mass distribution. Clearly, given that the radial-
velocity technique is more sensitive to massive companions, we could expect to
find more “massive” planets when compared to their less massive counterparts.
However, a look at the mass distribution tells us exactly the contrary (Fig. 2).
Several conclusions may be taken from the plots. First, the gap in the dis-
tribution, separating low mass stellar companions from the lower mass planets
(often called the “brown dwarf desert”) represents a strong evidence that these
two populations are the result of different formation processes. Second, we can
see that the planetary mass distribution has a sharp cutoff for masses lower than
~10Mjyup [27]. This limit is clearly not related to the D-burning mass limit of
13 Myyp. As was recently shown [12], and contrary to some recent suggestions [10]
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Fig. 2. Mass function of companions to solar-type stars in log (left) and linear (right)
scales. The dotted vertical lines indicate the H- and D-burning limits. Top: masini.
Bottom: composite histograms of ma (open part) and mgsini (if sin not known).

(easily refuted by statistical arguments [9], [24]), this conclusion is not an arti-
fact of the fact that for most of the targets we only have minimum masses, but
a real upper limit for the mass of the planetary companions discovered so far.

4 The Distribution of Eccentricities

One of the most enigmatic results to date is illustrated in Fig. 3. A look at the
figure shows that there are no clear differences between the eccentricity distri-
butions of planetary and stellar binary systems. How then can this be fit into
the “traditional” picture of a planet forming in a disk? For masses lower than
~20 Mjyup, it has been shown that the interaction with a disk has the effect of
damping the eccentricity [22]. This suggests that other processes, like the inter-
action between planets in a multiple system, or the influence of a distant stellar
companion, may play an important role in defining the “final” orbital configu-
ration. In this respect, one particularly interesting case of very high eccentricity
amongst the planetary companions is the planet around HD 80606 [21] (Fig. 4).

Although still not clear, however, a close inspection of the Fig. 3, permits to
find a few differences between stellar and planetary companions eccentricities.
For example, for periods in the range of 10 to 30 days (clearly outside the
circularization period by tidal interaction with the star), there are a few stars
with planets having very low eccentricity, while no stellar binaries are present in
this region. On the other hand, for the very short period systems, we can see some
planetary companions with eccentricities higher than those found for “stars”.
This facts may be telling us that different formation and evolution processes
took place: for example, the former group may be seen as a sign for formation
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Fig. 3. The e — log P diagram for planetary (open pentagons) and stellar companions
(filled circles) to solar type field dwarfs. Starred symbols represent the giant planets of
our Solar System, while the “earth” symbol represents our planet.

in a disk, and the latter one as an evidence of the influence of a longer period
companion on the eccentricity (cf. case of HD 217107 [6] and HD 83443 [18]).

5 Multi-planetary Systems

Another possible source of information about the formation of giant planets may
came from the multi-planetary systems. To date, 6 such systems are known. Their
main characteristics are summarized in Table1l. A few cases, like the resonant
planets around HD 82943 [17] — see Fig4 — and G1876 [14], or the planet-brown
dwarf pair around HD 168443 [27], are of particular interest; their orbital configu-

Table 1. Characteristics of the known multi-planetary Systems.

Star P1 P2 P3 m;q mso ms Ref. for Ref. for
[days] [days] [days] [MJ /sin ] [MJ /sin 7] [MJ /sin ¢] First Planet System
vAnd 162 241 1308  0.71 2.11 161 [4] B3]
HD 83443 298 298 - 1.14 0.53 - 18] 18]
HD 168443 58.1 1667 - 7.2 15.1 - [15] (28]
G1876 61.02 30.1 - 1.89 0.56 - [5], [16] [14]
HD82043 444 221 - 1.63 0.88 - [19] 17]

HD 74156 51.61 2300 - 1.56 >7.5 - [17] [17]
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Fig. 4. Left: Radial-velocity measurements and best Keplerian solution for HD 80606.
The discovered planet orbits the star in a highly eccentric orbit (e~0.93) with a period
of 111.78-days [21]; Right: the same for HD 82943, a system of two resonant planets [17].

rations may provide new constraints on the planetary migration and eccentricity
pumping mechanisms (cf. [1]).

6 The Metallicity Correlation

One of the most promising results that became evident after the discovery of the
first exo-planets is that their host stars have shown to be very metal-rich when
compared with dwarf stars in the solar neighborhood [8], [26]. In Fig.5 (left) we
can see a comparison between the [Fe/H] distribution of a volume limited sample
of field dwarfs without planetary mass companions, and the same distribution
for the stars with planets [26]. There is a remarkable difference between both
distribution, as can be seen from their cumulative functions Fig. 5 (right).
There are basically two ways of interpreting this result. The first is saying
that the [Fe/H] excess is the result of the accretion of planets and/or planetary
material into the star. The second, is to consider that the planetary formation
mechanism is dependent on the metallicity of the proto-planetary disk: according
to the “traditional” view, a gas giant planet is formed by runaway accretion of
gas by a ~10 earth masses planetesimal. The higher the metallicity (and thus the
number of dust particles) the faster a planetesimal can growth, and the higher
the probability of forming a giant planet before the gas in the disk dissipates.
Recent results seem to support the latter scenario [26]. The argument is
mostly based on the fact that material falling into a star’s surface would induce
a different increase in [Fe/H] depending on the stellar mass, i.e. on the depth of its
convective envelope (where mixing can occur). However, the data shows no such
trend. Furthermore, the results also show that the [Fe/H] distribution of stars
with planets steeply rises for higher metallicities, which might be interpreted as
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Fig. 5. Left: [Fe/H] distribution of stars with planets (shaded histogram) compared
with the same distribution of field dwarfs in the solar neighborhood (open his-
togram) [26]. The vertical lines represent stars with brown dwarf candidate companions
having minimum masses between 10 and 20 Mj,.p. Right: The cumulative functions of
both samples. A Kolmogorov-Smirnov test shows the probability of the stars’ being
part of the same sample is around 107".

an evidence that the planet formation mechanisms are highly dependent on the
metallicity of the disk. Our own Sun is in the “metal-poor” tail of the planet
hosts [Fe/H] distribution!

These results do not exclude, however, that pollution may play a role (even-
tually important in some cases), but rather that it is not the key process leading
to the observed high-metallicity of the planet host stars. In fact, the recent de-
tection of Li in the atmosphere of the star HD 82943 [11] (known to harbor a
system of two planets [17]) is most likely an indication that this star has engulfed
a planet sometime during its lifetime.

7 Conclusions and Future Perspectives

The results presented above are giving astronomers a completely different view
on the formation and evolution of the planetary systems. We no longer have the
Sun as the only example, and today we have to deal with the peculiar character-
istics of the “new” extra-solar planets: a huge variety of periods, eccentricities,
masses. After only 5 years, we can say that at least 5% of the solar type dwarfs
have giant planetary companions. Furthermore, one interesting conclusion can
be taken: our Solar System, with giant planets orbiting away from the star in
quasi-circular orbits, is definitely not typical when compared to the presently
discovered extra-solar giant planets. The question now is: is it really untypical
or are these systems the exception? To help answer this question several projects
are currently in the pipeline.
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Fig. 6. Mass vs. astrometric motion diagram for stars with very low mass companions
discovered by radial-velocity surveys. The dotted lines represent the limits for astro-
metric precisions of 50, 10 and 5 parcsec. The open circle illustrates the position of
the Sun as seen from a distance of 10pc. The solid line indicates an approximate limit
imposed by the fact that no planets were found with periods shorter than ~3 days.

From radial-velocity searches, the current surveys, including between 2000
and 3000 stars, will continue to increase the number of known exo-planets. Sev-
eral dozens are expected to be announced in the next few years. On the other
hand, the ever increasing precision will permit to discover lighter planets, as
well as to increase the number of known multi-planetary systems. In this con-
text, newly or soon available ESO instruments (e.g. UVES/VLT or HARPS/3.6-
m [23]) will certainly play an important role.

From the astrometric point of view, the expectations are not lower. Instru-
ments like the VLTT or KeckI will give us the possibility to estimate real masses
for many of the known planetary systems (see Fig. 6). Furthermore, space mis-
sions like GAIA or the interferometric mission SIM will completely change the
current landscape by adding tens of thousands of new planets. Given that as-
trometry is more sensitive to longer period systems (contrary to the radial-
velocity method), these projects will also permit to better cover the period dis-
tribution of the exo-planets. It will further permit to find planets around targets
not accessible with radial-velocity surveys, like A or B stars, or T Tauri stars.

Further hopes will come from photometric transit searches, mostly based
upon space missions like COROT, Eddington or Kepler. Out of the Earth’s
atmosphere, these satellites will achieve a photometric precision better than
0.01%, permitting the detection of transiting earths.

All these steps will permit to better understand the mechanisms leading to
the formation of planetary systems like our own, and will thus somehow represent
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an important step towards the search for life in the universe. Two similar projects
are currently directed towards this specific goal (Darwin/ESO and TPF/NASA).
Using nulling interferometry techniques (to remove the light from the brighter
star and leave the one coming from the planet), they will try to find traces of life
in the spectrum of exo-earths. In a very close future humanity has to prepare
itself to find out that the whole universe may be teeming with life.
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