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Since the detection of planetary companion orbiting 51 Peg @ecade ago, more than
165 extra-solar planets have been unveiled by radial-itgloaceasurements. They exhibit a
wide variety of characteristics, including large massethwmall orbital separations, high
eccentricities, multi-planet architectures and orbitafigpd resonances. Here, we discuss the
statistical distributions of orbital parameters and htest groperties in the context of constraints
they provide for planet-formation models. We expect thdtalavelocity surveys will continue
to provide important discoveries. Thanks to ongoing imsgntal developments and improved
observing strategies, Neptune-mass planets in shorgperbits have recently been detected.
We foresee continued improvement in radial-velocity mieci that will reveal Neptune-mass
planets in longer-period orbits and planets down to a fewitE@asses in short-period orbits.
The next decade of Doppler observations should expand thss mhiatribution function of
exoplanets to lower masses. Finally, the role of radiabsity follow-up measurements of
transit candidates is emphasized.

1. INTRODUCTION Here we present a census of the main statistical re-

sults obtained from spectroscopic observations over the

Before 1995, the Solar System was the only known e>iiast decade. In addition to the orbital properties desdribe

ample of a planetary system in orbit around a sun-like st h Sects. 2 and 4, and the primary-star characteristics dis-
and the question of its uniqgueness was more a philosopr&i- '

cal than a scientific matter. The discovery of an exoplan%tgssed in Section 5, we will discuss the evolution of radial-
. . ) locity measurements over the past 2 years, nai
orbiting the sunlike star, 51 Pelylayor and Queloz1995), Y Y v P y Méie

;%Iae played by follow-up radial-velocity measurements in

changed this fact. and led t.o a steadily Increasing numberg nfirming and characterizing planetary objects among the
exoplanet detections. During the ensuing years, we learn

i . ny candidates detected by photometric-transit programs
first that gas giant planets are common and ”_“"_‘t the p_la&gection 6) andi) the development of specially designed
etary f(_)rmat|_0n Process may pf"duce a surpnsing varie igh-resolution spectrographs achieving precisions der r
of conflgurat_|ons. Masses conmdgrably larger than ‘]u.p.'t%{ial velocities below the 1 ms limit (Section 3). This ex-
planets moving on hlghly.eccentnc.orbns, planets qug't'n treme precision opens the possibility for detection of Eart
closer than 10 stellar radii, planets in resonant multirpta

' ._type planets with radial-velocity measurements (Sectjon 7
systems, and planets orbiting components of stellar bmaXp P y ( )

ries. Understanding the physical reasons for such widg ORBITAL PROPERTIES OF EXOPLANETS
variations in outcome remains a central issue in planet-

formation theory. The role of observations is to provide As a result of the increase in the temporal baseline of

constraints that will help theoreticians to model the largéhe large radial-velocity planet searches (Lick, Keck, AAT

variety of properties observed for extra-solar planets. ~ ELODIE, CORALIE programs) and the initiation of new
¢From the mere 7 or 8 exoplanets known at the time d&rge surveys (e.g., HARPS planet searbhayor et al,

the PPIV conference (and the 17 candidates published 2903) and metallicity-biased searches for Hot Jupitéiss (

the proceedingsylarcy et al, 2000), the number of known cher et al, 2005; Da Silva et al, 2006), there is a large

exoplanets has now surpassed 170. With this larger samp$@mple of known extra-solar planets. This lends some con-

statistically significant trends now appear in the distiit fidence to observed trends in statistical distributionshef t

of orbital elements and host-star properties. The feanires planet properties. The most remarkable overarching featur

these distributions are fossil traces of the processesrof f®f the sample is the variety of orbital characteristics. sThi

mation or evolution of exoplanet systems and help to conariety challenges the conventional views of planetary for
strain the planet-formation models. mation. A globalvisualillustration of these properties is



ets more massive than \%;,,, Marcy et al. (2005) find

e T . in the Lick+Keck+AAT sample that 16/1330=1.2% of the
i 1 stars host Hot Jupiter$X(< 10d, i.e.a < 0.1 AU for a solar-
08 | mass star) and 6.6 % of stars have planets within 5 AU. In
L . * - the volume-limitedCORALIE sample (including stellar bi-
- O « ©® . naries), for the sameuy;,,,, we count 9/1650=0.5% occur-
0.6 e N @ ] rence of Hot Jupiters and overall, that 63/1650=3.8% of
> | o. 1 stars have planets within 4 AU. As binaries with separations
g O 3 L0 ° . - closer than 2 to 6are usually eliminated from planet-search
= - . ° . programs (along with rapidly rotating stars), if we redtric
go4 O Ve, ° ] ourselves to starsuitablefor planet search (i.e., not binary
=m0 tf'.:" -t .,"'. . e ] and withv sin i < 6 kms™1), then we find foICORALIE that
9 26 ¢ . ¢ _ 9/1120=0.8% of stars have giant planets with separations
ozt ) e @ -. - less than 0.1 AU and 63/1120=5.6% of stars have planets
" fe ‘e ° * ® at separations out to 4 AU. Within Poisson error bars, and
I . @ e, e e ] including a correction to account for the smaller separatio
o L& e . ° | range considered witBORALIE, these two large samples
(') — é — "t ; é are in good agreement.

Separation [AU]

The true occurrence rate of gas giant planets can be
better approximated by estimating the detection efficiency
(as a function of planet mass and orbital period) using

Fig. 1.—Separation-eccentricity diagram for the complete sa
ple of presently known extra-solar planets. The size of this d
is proportional to the minimum mass of the planet candidate
(ma sini < 18 Myyp).

MMonte Carlo simulations. This has not yet been done for
e largest surveys. However, for ti ODIE program
magnitude-limited sample of stars cleaned from known bi-
naries), although dominated by small number statistics er-
rors, Naef et al. (2005) estimate for planets more mas-
given in Fig. 1 displaying orbital eccentricities as a funcsive than 0.5M,,, a corrected fraction 0F 0.5% of Hot
tion of planet-star separations for the complete sample dtipiter withP <5days and 7.3- 1.5% of planets with peri-
known extra-solar planets. Several of the planet properti®@ds smaller than 3900 days. A similar analysis has been car-
(close proximity to the star, large eccentricity, high massried out byCumming et al(1999) for the Lick survey and
are clearly apparent in the figure. The goal now is to intely Endl et al.(2002) for the planet-search program with the
pret the observed orbital distributions in terms of coristea ESO Coudé-echelle spectrometer. In the overlapping pa-
for the planet-formation models. rameter space, all of these analyses show good agreement.
The determination of statistical properties of giant plan- With the continuously increasing timespan of the sur-
ets should be derived from surveys that are themselves steeys and the improvement in our ability to detect smaller-
tistically well defined (e.g., volume limited) and that havemass planets, we expect the fraction of stars hosting plan-
well-understood detection thresholds in the various flaneets to increase substantially from these estimated minimum
primary-star and orbital parameters. There are several pnalues, perhaps to values higher than 50%, taking into ac-
grams that meet these requirements, including the volumesunt that the number of detected planets is a rising functio
limited CORALIE planet-search prograr{iry et al, 2000)  of decreasing planet masses and the rise in planet detection
and the magnitude-limited FGKM Keck survepdrcy et at wide separations (see Sects. 2.2 and 2.3).
al., 2005). In the diagrams, we present detected planet can-
didates from all radial-velocity surveys and note that th@.2 Planetary-Mass Distribution
discussed properties agree with those presented fronesingl
well-defined programs as well. Even after the detection of just a few extra-solar planets
it became clear that these objects could not be considered
as the low-mass tail of stellar companions in binary sys-
tems (with lowms sin¢ because of nearly face-on orbital
The most fundamental property that can be obtainddclinations). The strong bimodal aspect of the secondary-
from a planet-search program is the fraction of surveyechass distribution to solar-type primaries (Fig. 2) has gene
stars that host detected planets. Given a typical Dopplatly been considered as the most obvious evidence of dif-
precision of a few ms! and duration of observations, this ferent formation mechanisms for stellar binaries and plane
planet occurrence rate is only defined for a particular paary systems. The interval between the two populations (the
rameter space: planets with masses larger thap and  brown-dwarf deseytorresponding to masses betwee2D
orbital periods shorter thaR;;,,. The minimum rate is ob- and~60 My,;, is almost empty, at least for orbital periods
tained just by counting the fraction of stars hosting planshorter than a decade. However, there is probably overlap
ets in this particular slice of parameter space. For plarf these two distributions; at this point, it is not easy tb di

2.1 Giant Extra-solar Planets in Numbers
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Fig. 2.—Minimum mass distribution of secondaries to solar-type-ig. 3.— Period distribution of known gaseous giant planets
primaries. The stellar binaries are frddalbwachs et al(2003). detected by radial-velocity measurements and orbitingrtpra
The hatched histogram represent HARPS planets (Section 3). mary stars. The hatched part of histogram represents *ljan-

ets withmg siné <0.75M;,,. For comparison, the period dis-

tribution of known Neptune-mass planets (Section 3) is g
ferentiatdow-mass brown dwarfisom massive planefsist  the filled histogram. (Note, however, that there is stillyhigh
from theirms sin ¢ measurements, without additional infor- observational incompleteness for these low-mass planets.
mation on the formation and evolution of these systems. (A

dedicated working group of the 1AU has proposedak- o
ing definitionof a “planet” based on the limit in mass at accrete $afronoy 1969) over the lifetime of the protoplan-

13 My, for the ignition of Deuterium burning.) etary dis_,k & 107. y). The detection of planets well inside
Towards the low-mass side of the planetary mass diéh? ice line requires thgt the planets undergo a subsequent
tribution, a clear power-law type rise is observed (Fig. 2)Migration process moving them close to the central star (see
Marcy et al. (2005) proposedN/dM o M ~19 for their e.g.,Lm et al, 1996;Ward, 1997; see also the c_hapte_r by
FGKM sample. This fit is not affected by the unknown Papaloizou et alfor an updated review). Alternative points

distribution Qorissen et al. 2001) which simply scales in Of view invokein-situformation @odenheimer et 812000;

the vertical direction. The low-mass edge of this distripu¥Vuchterl et al, 2000), possibly triggered through disk in-

tion is poorly defined because of observational incomplet§t@bilities (see the chapter Durisen et al). Note however
ness; the lowest mass planets are difficult to detect becaf@l €ven in such cases, subsequent disk-planet inmacti
the radial-velocity variations are smaller. It is then like !€2ding to migration is expected to take place as soon as the
that there is a large population of sub-Saturn mass planeRianet has formed. The observed pile-up of planets with pe-
This trend is further supported by accretion-based plandi©ds around 3 days is believed to be the result of migration
formation models. In particular, large numbers of “solid"@nd requires a stopping mechanism to prevents the planets

planets are expectettié and Lin 2004a, 2005Alibert et from falling onto the stars (see e.tdry et al. (2003) and
al., 2004, 2005; see also Section 3). references therein for a more detailed discussion).

Another interesting feature of the period distribution is
the rise of the number of planets with increasing distance
from the parent star. This is not an observational bias

Figure 3 displays the orbital period distribution for the@S €quivalent mass candidates are more easily detected at
known exoplanet sample. The numerous giant planets gthorter periods with the radial-velocity technique. The de
biting very close to their parent star® ¢ 10 days) were Crease of the distribution beyond 10 years coincides with,
completely unexpected before the first exoplanet discovefd is almost certainly a result of the limited duration of
ies. Thestandard modée.g.,Pollack et al, 1996) suggests most of the radial-velocity surveys. The overall distribat
that giant planets form first from ice grains in the outer re¢an then be understood as being comprised of two parts: a
gion of the system where the temperature of the stellar neBl&in distribution rising with increasing periods (as for bi
ula is cool enough. Such grain growth provides the suft@ry starsHalbwachs et al.2003) the maximum of which
posed requisite solid core around which gas could rapid@ﬁ'ng still undetermined, and a second distribution of plan

2.3 Period Distribution of Giant Extra-solar Planets
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Fig. 4.— Period-mass distribution of known extra-solar plan-Fig. 5.— Mean (filled circle) or highest (average on the
ets orbiting dwarf stars. Open squares represent planieitingr 3 highest values; open circles) mass of planets in period
one component of a binary system vyherea; dots are for "gingl%moothing windows of widthog P[days] = 0.2. Although
ts(;ﬂrssks 1pelr25i?]ttsl\lrgp{5§§nr;§'szneltjn'gtsmngg’f'}izeﬁnsﬁtm: massive planets are easy to detect in shorter period orbits,
2.25 M;uppand 100 d;ys. The dottgd line connects the 2 “massivea.n increase in the ma.X|mum planet mass_ Wlt.h |_ncreaS|ng
components orbiting HD 168443, dlsFance fr.om thg star is observed. Detection limits for ve-
locity semi-amplitudeg< of 10 and 30 ms! (M; =1Mg,
e=0) are represented by the dotted lines.
ets that have migrated inwards. The visible lack of planets
with orbital periods between 10 and 100 days is real, an
appears to be the intersection between the other two dist

butions. 2 d periods smaller thar 100days. The onl
A minimumflat extrapolation of the distribution to larger ™ MJHP and periods smater tha 1 ays. T. eonly
(Egndldate left iHD 168443 b, member of a possible multi

distances would approximately double the occurrence raIO dwarf L 2001:Ud | 2002
of planets Marcy et al, 2005). This conservative extrapola- rown-awar systerrMarcy etal, oary e_t al, ,)'
Migration scenarios may naturally result in a paucity of

tion hints that a large population of yet undetected Jupiter . ) S
mass planets may exist between 5 and 20 AU. This is ose-in massive planets. For -exampl_e, type Il migration
prime importance for the direct-imaging projects under d where the planet clears a gap in the disk) has been shown

velopments on large telescopes as e.g., the VLT or Gemild be less effective for massive planets; i.e. massive plan-
Planet Findefsee the chapter beuzit et al and space- ets are stranded at wider separations than low-mass planets

based imaging missions such as NASAs Terrestrial Planéﬂte.mat'vely' when a migrating planet reaches small sep-
Finder or ESA's Darwin. arations from the star, some process related to planet-star

interactions could promote mass transfer from the planet to
the star, decreasing the mass of the migrating planet (e.g.,
Trilling et al., 1998), or cause massive planets to fall into
the central starRatzold and Rauer2002).

1e multiple-star systems (Section 2.5), a complete void of
candidates remains in the diagram for masses larger than

2.4 Period-Mass Distribution

The orbital-period distribution highlights the role of mi- Another | nq f tth iod distribution i
gration processes underlying the observed configuration %f nother |rr]1terest|.ng eatlljre of the per!oh distri u.tlondl_s
exoplanet systems. An additional correlation is seen p&le rise in the maximum planet mass with increasing dis-

tween orbital period and planet mass. This correlation ig;mce from the host star (Fig.__Bdry etal, 2003). While it
illustrated in Fig.4 showing the mass-period diagram fol® true that Doppler detectability for lower mass planets de
the known exoplanets orbiting dwarf primaries clines with increasing distance from the star, the massive

The most obvious characteristic in Fig. 4 is the paucity Oﬁ—JIanets are easily detected at small separations, yet they

massive planets on short-period orbsiéker and Mazeh preferentially reside in more distant orbits. This can be un

2002; Udry et al, 2002; Patzold and Rauer2002). This derstood in the context of the migration scenario as well.

is not an observational bias as these candidates are the %g_re massive planets are expected to form further out in
e

iest ones to detect. Even more striking, when we negl e protoplanetary disk, where raw materials for accretion



are abundant and the longer orbital path provides a largservations suggest that some kind of migration process has
feeding zone. Then, migration may be more difficult to ini-been at work in the history of these systems. The proper-
tiate as a larger portion of the disk has to be disturbed tiles of the five short-period planets orbiting in multiplarst
overcome the inertia of the planet. This notion is furthesystems seem, however, difficult to reconcile with the cur-
supported by the observation that Hot Jupiters have statistent models of planet formation and evolution, at least if we
cally lower massesi. sin ¢ < 0.75 My,,) that may migrate want to invoke a single mechanism to account for all the
more easily (Fig. 3). characteristics of these planets.

It has also been suggested that multi-planet chaotic in- Even if the stellar orbital parameters for planet-bearing
teractions preferentially move low-mass (low-inertiggpl ~ binary stars are not exactly known, we have some informa-
ets either inward or outward in the system, whereas masen like the projected separations of the systems or stella
sive (high-inertia) planets are harder to dislodge fronirtheproperties. No obvious correlation between the properties
formation site Rasio and Ford1996;Weidenschilling and of these planets and the known orbital characteristicsef th
Marzari., 1996; Marzari and Weidenschilling2002; see binaries or of the star masses are however found yet. Due
also the chapter bievison et a). One weakness of this to the limitations of the available observational techeisju
hypothesis is that the frequency of short-period planets ammost detected objects are giant (Jupiter-like) planets; th
the eccentricity distribution are difficult to reproducetlwi existence of smaller mass planets in multiple star systems
reasonable assumptions for these modedsd et al, 2001, is still an open question.

2003). Searches for extra-solar planets using the radial-velocit

As discussed above, the observations empirically poitechnique have shown that giant planets exist in certain
to a decrease in the efficiency of migration with increastypes of multiple star systems. The number of such plan-
ing planet mass. Simulations of migrating planets in visets is still low, perhaps in part because close binaries are
cous disks are consistent with this observatirilljng et  difficult targets for radial-velocity surveys and are exigd
al., 1998, 2002Nelson et al. 2000). Therefore, it seems from Doppler samples. However, even if the detection and
reasonable to expect that a large number of massive placharacterization of planets in binaries are more difficult t
ets may reside on long-period orbits, and yet to be still urcarry out than the study of planets around single stars, it
detected because of the time duration of the present sis-worth doing it because of the new constraints and infor-
veys. Younger primary stars among them, less amenabigation it may provide on planet formation and evolution.
to radial-velocity searches because of the intrinsic astrén particular, circumbinary planets offer a complete unex-
physical noise of the star, will be suitable targets for diplored new field of investigations.
rect imaging searches (see the chapterBeyzit et al.

Lower-mass planets could exist on long-period orbits a3.6 Giant Planet Eccentricities

well, however these planets are difficult to detect with pre-

cisions>3ms !. Low-mass, distant planets orbiting chro-  Extra-solar planets with orbital periods longer than about
mospherically quiet stars may be detected with extreme pré-days have eccentricities significantly larger than thdse o
cision radial velocities with demonstrated stability ower giant planets in the Solar System (Fig.6). Their median ec-

decade or more (see Section 3). centricity ise =0.29. The eccentricity distribution for these
exoplanets resembles that for binary stars, spanning &lmos
2.5 Giant Planets in Multiple Stellar Systems the full range between 0 and 1. Planets with periods smaller

than 6 days are probably tidally circularized (see below).

Among the~170 extra-solar planets discovered to date, The origin of the eccentricity of extra-solar giant planets
at least 20 are known to orbit one of the members of a dolras been suggested to arise from several different mech-
ble or multiple star systenPétience et al.2002;Eggen- anisms: the gravitational interaction between multiple gi
berger et al, 2004; Mugrauer et al, 2004, 2005). These ant planets\(veidenschilling and MarzariL996;Rasio and
systems cover a large range of binary projected separatiof®rd, 1996;Lin and Idg 1997); interactions between the
from ~20 AU for 2 spectroscopic binaries to more thargiant planets and planetesimals in the early stages of the
1000 AU for wide visual systems. Although the sample isystem formationl(evison et al.1998); or the secular influ-
not large, some differences between planets orbiting pinaence of an additional, passing-lBakamska and Tremaine
components and those orbiting single stars can be seen2f04) or bounded companion in the system (Betnaine
the mass-period (Fig. 4) and eccentricity-period (Fig.i6) d and Zakamska2004, for a comprehensive review of the
agrams. As pointed out i¥ucker and Mazel2002), the question).
most massive short-period planets are all found in binary The latter effect seems particularly interesting in some
or multiple star systems. The planets orbiting a componentases. The mean velocity of several planets with eccen-
star of a multiple star system also tend to have a very lowic orbits shows a drift, consistent with the presence of
eccentricity when their orbital period is shorter than abowa long-period companion. The gravitational perturbation
40 days Eggenberger et al.2004). The only exception is arising from the more distant companion could be respon-
the “massive” companion of HD 162020 which is probablysible for the observed high orbital eccentricity. This ef-
a low-mass brown dwarfudry et al, 2002). These ob- fect has been suggested as an eccentricity pumping mecha-
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i 0o ol e § P 0 and (O-C) is the residuals (RMS) around the Keplerian so-
0zf § . i ° ;ooooo lution. The lowest msin i of 6 M, is obtained for G876 d
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R ) 0 ee o references are: [1$antos et a).20044a; [2]McArthur et al,
0 km' ‘ {;%. o ° 2004; [3]Udry et al, 2006; [4]Vogt et al, 2005; [5]Rivera
(l) L i TR g TR g - et al, 2005; [6]Butler et al, 2004; [7]Bonfils et al, 2005a.

log(Period) [days]

Fig. 6.— Period-eccentricity diagram of the known extra-solar ~ Correlations can also be seen between eccentricity and
planets. Open squares represent planets orbiting one céthgo-  period, and between eccentricity and mass. The more mas-
nents of a binary system whereas dots are for “single” s@pen  sive planets (i.e., more massive than p\) exhibit sys-
dots represent planets in multi-planet systems. Plangectdel tematically higher eccentricities than do the planetswEio
in metallicity-biased or photometric-transit surveys mdicated masses Narcy et al, 2005). This cannot be a selection
by filled triangles. Stared symbols are for Neptune-massetta  effect (larger induced radial-velocity variation). If plets
The *()" locate HD 162020. The dotted line is indicative of angq 1y jntially in circular orbits, the high eccentricitiesf
observed tidal circularization period around 6 dayalpwachs et . . .
al., 2005) and the dashed lines limit the> 0.05 andP <40d the most massive p'?”etsf are p_uzzllng. Such massive plan-
domain (see Section 2.5), ets have the Iargest_ inertial resistance _to_ p_e_rturt_)atlmist
are necessary to drive them out of their initial circular or-
bits. Note that the more massive planets are also found at
nism for the planet orbiting 16 Cyg Bvazeh et al.1997). wider separations (Section 2.3); therefore, eccentranity
However, Takeda and Rasi(2005) have shown that such orbital period are coupled. The long-period planets have
a process would produce an excessive number of both vargually only been observed for one period and are rarely
high (¢ > 0.6) and very low ¢ < 0.1) eccentricities, requir- well covered in phase. This could lead to an overestimate
ing at least one additional mechanism to reproduce the obf the derived eccentricity in some Keplerian fiBugler et
served eccentricity distribution. In fact, none of the proal. 2000), but overall it seems unlikely that improper mod-
posed eccentricity-inducing mechanisms is able to alone reling is entirely responsible for the observed correlation
produce the observed eccentricity distribution. Finally, as seen in Fig.6, a few long-period, low-
For small periastron distance, giant planets are likelgccentricity candidates are emerging from the surveys.
to undergo tidal circularization. For periods smaller thaThey form a small subsample of so-called solar-system
~6 days, nearly all gaseous giant planets are in quasinalogs
circular orbits € <0.05, Fig. 6;Halbwachs et al. 2005).
The few border cases, with eccentricities around 0.8. THE QUEST FOR VERY-HIGH PRECISION
have b_een recently detect_ed With few obse_r\{ations in SUE 1 Down below the Mass of Neptune
veys biased for short-period orbits (metallicity-biased o
photometric-transit searches) and have very uncertain ec- After a decade of discoveries in the field of extra-solar
centricity estimate (even compatible with zero). With morgiant planets, mainly coming from large high-precision
radial-velocity data spanning several orbits, the meakurgadial-velocity surveys of solar-type stars, tgeest for
orbital eccentricities may decline. Alternatively, an ad-other worldshas passed now a new threshold. Most of
ditional companion may ultimately be found in some othe detected planets are gaseous giants similar to our own
these systems. In multiple planet systems, a single Kegupiter, with typical masses of a few 100’s of Earth masses.
lerian model can absorb some of the longer period trerildowever, in the past year, 7 planets with masses in the
in mean velocities, artificially inflating the orbital eceen Uranus-Neptune range (6-21 Earth masses) have been de-
tricity. Additional companions could also tidally pump-uptected (Table 1). Because of their small mass and location
eccentricity in short-period systems. in the system, close to their parent stars, they may well be
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Fig. 7.— Histogram of the observed radial-velocity dispersionFig. 8.— HARPS measurements qf Ara that unveiled the

(orv) of the stars in the HARPS “high-precision” sub-program14 Mg planet on a 9.55-days orbit. The overall r.m.s. of the resid-

(124 stars with more than 3 measurements). The positioneof thuals around the planet Keplerian solution, corrected frdong-

planets detected with HARPS is indicated by the hatched area term drift due to additional planets in the system, amoumtsnty
0.9ms™, and is even as low as 0.43 misfor the first 8 points
obtained by nightly averaging radial velocities measunading) a

composed mainly of a large rocky/icy core, and it is possit-week asteroseismology campai@aftos et a).2004a).

ble that they either lost most of their gaseous atmosphere or

simply formed without accumulating a substantial one. )

These planetary companions, together with recently d@etter on a short term basiBduchy et al. 2005a). The
tected sub-Saturn mass planets on intermediate-period §eck telescope with an upgraded detector for the HIRES
bits, populate the lower end of the planet-mass distrilytio SPeCtrometer is also approaching Ithsprecision, with
a region still strongly affected by detection incomplene demonstrated stability since August 2004. _
(Fig. 2). The discovery of very low-mass planets so close to Another fundamental change that allowed progress in
the detection threshold of radial-velocity surveys sugg;esmanet detection towards the very low masses is the applica-
that this kind of objects may be rather common. The verjfon of a careful observing strategy to reduce the pertgrbin
existence of such planets is yet another unexpected obsgftect of stellar oscillations that can obscure the tinyevefl
vation for theorists. Indeed, a prediction had already beef¢lOcity signal induced by Neptune-mass planets.
made that planets with masses between 1 and G M Only a couple of years ago the behavior of the stars
and semi-major axes of 0.1 to 1 AU would be rare (the sd2€low 3ms' was completely unknown. However, astro-
called planet desertida and Lin,2004a). At least for the S€ismology observations carried out by HARPS have made
moment, observations seem to be at odds with the prediglear that the achieved precision is no longer set by in-
tions (although very little is known about the actual popustrumental characteristics but rather by the stars themsel
lating of this hypotheticieser}. In any case, the search and(Mayor et al, 2003; Bouchy et al. 2005a). Indeed, stel-
eventual detection of planets with even lower mass will se@f P-mode oscillations on short time-scales (minutes) and

firmer constraints to planetary system formation and evoliellar jitter (activity-induced noise) on longer timeases
tion models. (days) can and do induce significant radial-velocity change

the development of a new generation of instruments cap&romospherically quiet G and K dwarfs show oscillation
ble of radial-velocity measurements of unprecedented-qudnodes of several tens of cmseach, which might add up

ity. One workhorse for high precision work is the ESO!0 radial-velocity amplitudes as large as several n#\s a
high-resolution HARPS fiber-fed echelle spectrograph e§onsequence, any exposure with a shorter integration time
pecially designed for planet-search programs and astroseihan the oscillation pe.rlo.d of_the star, or even shortern than
mology. HARPS has already proven to be the most pre_;node—lnterference variation time-scales, mlghtfallmdm

cise spectro-velocimeter to date, reaching an instrurhently On @ peak or on a valley of these mode interferences and
radial-velocity accuracy at the level of 1 msover months thus introduce additional radial-velocity “noise”. Thisg

to years WMayor et al, 2003,Lovis et al, 2005), and even Nomenon could, therefore, seriously compromise the gbilit



to detect very low-mass planets around solar-type stars By MULTIPLE PLANET SYSTEMS
means of the radial-velocity technique. .
To minimize these effects as much as possible, staLs There are 142 planet-hosting stars for the more than 170

for very high-precision radial-velocity measurementsehav nown extra-solar planets. Seventeen of these stars have

first to be chosen as slowly rotating, non-evolved, and IovJ—nUItiple planet systems rather than singlg.planets. One fl.”
activity stars. Then, in order to average out stellar cascill ther system, HD 217107, shows an additional curved drift

tions, the observations have to be designed to last at Iea?gtthe r_eS|dua_1Is of the 1-planet Keplerlan_ solution that_ IS
ompatible with a 2nd planetary companion. The orbital

15 to 30 minutes on target. This strategy is now applied 8 . ; _
9 9y PP haracteristics of these systems are summarized in Table 2.

stars in the “high-precision” part of the HARPS and Kec o : .
planet-search programs. An illustration of the obtained re he most prolific of them is 55 Cnc, with four detected plan-

sults is given by the histogram of the radial-velocity dis—ets'UAnd’ HD 37124, GI876, and Ara (HD 160691) each

persion of the HARPS high-precision survey (Fig. 7). Th&ave three planets. Finally, there are a total of 11 known
distribution mode is just below 2ms, and the peak de- dog\ble—plan(let sytstsms_. tare. 120 K "
creases rapidly towards higher values. More than 80 % oﬁ mong planet-bearing starsy 1270 are known multtl-
the stars show dispersion smaller than 5msand more Ple planet syst_ems. Thus, the probability of finding a
than 35 % have dispersions below 2ThsIt must be noted seci)ond pIan(_eF IS er!hapced by_ a factor of two over the
that the computed dispersion includes photon-noise errévrkaA) probabllltl_ty |Of f|rt1d|ngt the f_|rst pltar)elt. Tlhe fraclz.tlo.?
wavelength-calibration error, stellar oscillations aittef, ot known mufti-planet systems 1S certainly a fower fimit
and, in particular, it is “polluted” by known extra-solaspk One challenge is that low amplitude trends from more dis-

ets (hatched part in Fig.7) and still undetected planetar?nt’ longer-period s!bllng planets are ea§|ly absorb_t(_nj n
companions. The recently announced 14 Manets orbit- |ngle-p!anet Kep_lenan models. Detection of.add|t|0nal
ing ;1 Ara (Fig.8) and HD 4308 (Table 1) are part of this.planets is easier in sy§tems where the more d|st§nt planet
HARPS “high-precision” subsample. is greater t_han a few times the mass of \_]up|ter since such
systems will produce larger velocity amplitudes. However,
the mass histogram (Fig. 2) shows that high mass planets
are uncommon. A second challenge exists for systems
i\g/ith small orbital period ratios like GI876. There, dy-

amical interactions between planets can complicate Kep-

3.2 Gaseous vs Solid Planet Properties at Short Periods

Although the number of known Neptune-mass planets

small, it is interesting to see how their orbital parameters”. fit f the ob » d del h —
compare with properties of giant extra-solar planets. B gran fiting ot the observations and delay characteiall

cause of the tiny radial-velocity amplitude they induce ognd announcement of a second planet. As a result, while

the primary stars, limiting to short periods possible deteN® orbital period is sufficient for a single-planet system

tions, a “meaningful” comparison can only be done for gi-With velocity amplitudes greater than 10mis(~30 detec-

ant planets with periods smaller thai20 days. tlon)l, lon dg(;a_tr_phalse coveragei IS gr(ra]nelrally retqwreq to df:§ehn
The distribution of short-period giant planets strongl)}ang € additional components. the longest-running, hign-

peaks at periods around 3 days (Fig.3). On the contrar?/f?C'S'o_?ﬁ_urvey |slthef11':'>(536ea;r pla_nelt sdeartiﬂ at LI(I:F Olbser[-
despite the mentioned detectability bias, the perioditistr va (:ry. SéscsamBe OA q GSI 2;56 inc 3 4e7$UMe m: ;;pﬁr;]e
tion of Neptune-mass planets is rather flat up to 15 days. AT(S ems ne, Ups And, an a. nafrotthe

also observe that orbits of Neptune-mass planets have Sn%ﬁmzt—?osttlr&g sitarstfrogn ”:ﬁt sample r?otw have mglrg than
eccentricities (Fig. 6). In particular for periods between one detected planet. For the somewhat yourtgey

d15d 3 out of the 7 didates), th tpégnet-search_program in Haute-Provenc_e, started in 1994
an ays (3 outofthe 7 candidates), the mean eccentr nd enlarged in 1996, 25 % of the stars with detected plan-

ity value is much smaller than the one of giant planets. Agts host more than one planet
periods smaller than 6 days, orbits are supposed to beftida In light of the challenges that preclude detection of

circularized, especially if these planets are “solid”. How lti-planet svst d ai the hiah fracti ¢ multi
ever among them, the largest observed eccentricities are fﬁ'u I-planet systems and given the hugh fraction of mutti-

55Cnce P=2.8d ande=0.17) and G436 P =2.6d and planet systems in the older long-running search programs,

¢=0.12). The former is a member of a multi-planet Sysi_t seems likely that most stars forsystems of planetather

tem what might explain the non-zero eccentricity of the inEhan |solat§d, smglle. planets_. New techniques, co_mpllemen-
ner small-mass planet (Section 2.6), however, the proble}%ry _to radial velocities, to dlscover exoplanets with IMmag
is more difficult for the latter case. Another difference be'9" mterferome_try or astro_metry will very probably explq
tween giant and Neptune-mass planets can be found in tWee S|zable fraction of multiple planet systems when design
parent-star metallicity distribution as well (see Sectd?). Ing their programs.
Although the number of objects does not constitute
statistically significant sample, these small differenmoey
hint that giant gaseous and “solid” planets form two didtinc
populations, with different properties. More detections a
however needed to consider this question in a more co

vincing way.

3.1 Mean Motion Resonance Systems

It is tempting to categorize multi-planet systems as ei-
1er hierarchical or resonance systems. Among the known
multi-planet systems, at least eight (nearly half) are iame



Star ID P e me sin ¢ a Rem

[days] [MJup] [AU]
HD 75732 b 14.67 0.02 0.78 0.115 55Cnc
HD 75732 c 43.9 0.44 0.22 0.24 3:1 (c:b)
HD 75732 d 4517 0.33 3.92 5.26
HD 75732 e 2.81 0.17 0.045 0.038
HD 9826 b 4.617 0.012 0.69 0.06 v And
HD 9826 ¢ 2415 0.28 1.89 0.83
HD 9826 d 1284 0.27 3.75 2.53 ~16:3 (d:c)
HD 37124 b 154.5 0.06 0.61 0.53
HD 37124 c 843.6 0.14 0.60 1.64
HD 37124 d 229590 0.2 0.66 3.19 ~8:3 (d:c)
GI876 b 60.94 0.025 1.93 0.21 2410.02 (b:c)
Gl 876 ¢ 30.10 0.27 0.56 0.13
Gl 876d 1.938 0.0 0.023 0.021
HD 160691 b 629.6 0.26 1.67 1.5 wAra
HD 160691 c 9.55 0.0 0.044 0.09
HD 160691d 2530 0.43 1.22 4.17 411).25 (d:b)
HD 12661 b 262.5 0.35 2.37 0.83
HD 12661 c 1684 0.02 1.86 2.60~13:24+0.8 (c:b)
HD 217107 b 7.12 0.13 1.35 0.10
HD 217107 ¢ >10000 - >10 >20
HD 168443 b 58.11 0.53 7.64 0.29
HD 168443 c 1764 0.22 17.0 2.85
HD 169830 b 225.6 0.31 2.88 0.81
HD 169830 c 2102 0.33 4.04 3.60
HD 190360 b 2891 0.36 1.56 3.92
HD 190360 ¢ 17.1 0.01 0.057 0.13
HD 202206 b 256.2 0.43 17.5 0.83
HD 202206 c 1297 0.28 2.41 2.44~5:140.07 (c:b)
HD 38529 b 14.3 0.25 0.84 0.13
HD 38529 ¢ 2182 0.35 13.2 3.68
HD 73526 b 187.5 0.39 2.07 0.66
HD 73526 ¢ 376.9 0.40 2.30 1.05 2£10.01 (c:b)
HD 74156 b 51.6 0.64 1.86 0.29
HD 74156 ¢ 2025 0.58 6.19 3.40
HD 82943 b 219.5 0.39 1.82 0.75
HD 82943 ¢ 439.2 0.02 1.75 1.20 2£10.01 (c:b)
HD 95128 b 1089 0.06 2.54 2.09 47 UMa
HD 95128 ¢ 2594 0.00 0.76 3.73
HD 108874 b 3954 0.07 1.36 1.05
HD 108874 ¢ 1606 0.25 1.02 2.68 411.1 (c:b)
HD 128311b 458.6 0.25 2.18 1.10
HD 128311 c 928 0.17 3.20 1.77 210.03 (c:b)

Table 2: Orbital parameters of multi-planet systems. \@are from the literature or updated fr@@utler et al. (in prep).
Period resonances are indicated in Bemcolumn. Note:a. seeVogt et al.(2005) for alternate orbital solutioh; Period
not covered.
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Fig. 9.— The ratio of longer to shorter orbital periods is_. ) , .
shown for multi-planet systems in Table 2. Uncertainties if;/9- 10-— Temporal differences between the radial veloci-

the orbital periods are propagated as error bars in theqberiBeS predicted by the 2-Keplerian models.and the numerical
ratio. The low order MMR at 2:1 appears to be quite narroditégration of the system HD 202206 ¢rreia et al, 2005).
with 2 + 0.01:1. Four of the eighteen systems (includingReS'O|ua|s of the€ORALIE measurements around the Kep-

uncovered periods) reside in a 2:1 resonance. lerian solution are displayed as well.

motion resonances (MMR) and four of these are in the low' the Keplgnan model for HD82943/(ay0r etal, 2004). .
The orbital parameters of multi-planet systems seem in-

order 2:1 resonance. Figure 9 shows the ratio of orbital pe- . = ° .
. . . o distinguishable from those of single-planet systems. For
riods (defined as the longer period divided by the shorter : .

: . . ; example, Figs. 4 and 6 compare the period-mass and eccen-
period) for multi-planet systems listed in Table2. Uncer;

tainties in the derived orbital periodBtler et al, in prep) tricity distributions of multiple and single planet system
are shown as error bars. Exceptfor HD 37124, which has g, Dynamics: Planet-Planet Interactions
uncertain Keplerian model, orbital ratios less than or équa’ '

to 4:1 are all very close to integral period ratios with lowor  The presence of two or more interacting planets in a
ders (MMR) of 2:1, 3:1, or 4:1. The outer two planets orbitsystem dramatically increases our potential ability to-con
ing vAnd are close to a 16:3 MMR and HD 12661 may betrain and understand the processes of planetary formation
in & 13:2 MMR. No mean motion resonances are observeghg evolution. Short-term dynamical interactions are of
close to the exact ratio of 5:1 or 6:1. However, uncertaintigsarticular interest because of the directly observable con
in the orbital solution for HD 12661 allow for the possibjlit sequences. Among them, the observedP; = 2/1 reso-
of a 6:1 MMR and the stability study of HD 202206¢r-  nant systems are very important because, when the planet
reia et al, 2005) suggests that the system is trapped in th&bital separations are not too large, planet-planet gravi
5:1 resonance. In this later case the 5:1 resonance coydional interactions become non-negligible during ptane
indicate that the planet formed in a circumbinary disk ascjose” encounters, and will noticeably influence the sys-
the inner “planet” has a minimum mass of 15M. Be-  tem evolution on a time scale of the order of a few times
yond the 4:1 MMR, the orbital period ratios quickly straythe Jong period. The radial-velocity variations of the cen-
from integral ratios. This suggests that if planets areecloS;a| star will then differ substantially from velocity vari
enough, it is likely that resonance capture will occur. Conions derived assuming the planets are executing indepen-
versely, resonance capture seems less effective if thiabrbigent Keplerian motions (Fig. 10). In the most favorable
period ratio is greater (i.e., the planets do not make a clog@ses, the orbital-plane inclinations, not otherwise kmow
approach), although longer orbital periods are not as premm the radial-velocity technique, can be constrainedesin
cisely determined. the amplitude of the planet-planetinteraction directlyles

Kley et al. (2004) model the resonant capture of planetgith their true masses. Several studies have been conducted
and find that for the 2:1 MMR, their models predigf:a  in this direction for the GI 876 system (Laughlin et al. 2005;
larger mass for the outer planet, aifjdhigher eccentricity Rjvera et al. 2005) hosting two planets at fairly small sepa-
for the inner planet. We find that the orbital eccentricity iSations (2/1 resonance). The results of N@wtonianmod-
higher for the inner planet in three of the four 2:1 resonanc8ling of the GI 876 system have validated the method, im-
systems. In the fourth system, HD 73526, the eccentrickyoying notably the determination of the planetary orbital
ties for both components are comparable. We find that th8ements and also unveiling the small-mass planet embed-
outer planet is more massive (assuming cqplanar or_bits) Hedin the very inner region of the system (Tables 1 and 2).
GI876 and HD 128311. The outer planet is only slightly - Another useful application of the dynamical analysis of
more massive in HD 73526, and it is slightly less massivg mylti-planet system is the localization of the resonairces
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Fig. 11.— The percentage of stars with exoplanets is showarfasction of stellar metallicity. Here, the dashed linewho
the results oSantos et al(2004b) for 875CORALIE non-binary stars and the solid line shows the analysis 00102k,
Keck and AAT starsKischer and Valen}i2005). Although based on different metallicity estimedesl on different star
samples, the two distributions agree within the error bars.

the system that shape its overall structure. Stabilityistud pollution of the stellar convective zone resulting fronekat
are also mandatory to insure the long-term viability of thestage accretion of gas-depleted material. A third explana-

systems observed now. tion invoking the possibility that planet migration is some
what controlled by the dust content of the disk - and thus
5. PRIMARY STAR PROPERTIES leads to an observed bias in favor of close-in planets around

Additional information to constrain planet-formation metal-rich St"’_‘r‘?‘ - Seems to be reasonably ruIed_ out by cur-
models comes from the study of the planet hosts therhet modelsi(ivio and Pringle 2003). The two main mech-

selves. In particular, the mass and metallicity of the p’arel"“?nisms result in different stellar structures; in the fiestes,

stars seem to be of prime importance for models of plan e star is metal-rich throughout, while in the latter caise,
formation (da and Lin 2004b, 2005Benz et al.2005) convective zone has significantly higher metallicity thiam t
' ' ' stellar interior.

At the time of the early observation of the planet-
metallicity correlation only a handful of planet-bearirtgrs
Jyere known, and the comparison metallicity distributions

gas giant planets and high metallicity in the host stars w. me from vqume-Ilm!ted studies, carrled_ out by differ-
noted in the early years of extra-solar planet detect@ort ent researchers at a time when systematic offsets of 0.1

zalez 1997, 1998;Gonzalez et a).1999; Gonzalez and ;Jlex '? m;:talhcny results twg_re cofmr|1|10tn. Eventluallyi, Sys- h
Laws 2000; Fuhrmann et al. 1997, 1998;Santos et a). -catc, NOMogeneous studies ot all stars on planet-searc

2000, 2003). This observation led to debate over the Or;]s#rveys were CotTr?lftti‘$a?tos Et a.2001) \r/:”t?) the fli.r' ¢
gin of the planet-metallicity correlation. One explanatio errequirement that the stars have enougn observations o

posited that high metallicity enhanced planet formation béwave found a Jupiter-like planet with an orbital period out

cause of increased availability of small particle conden® four years Eischer et al, 2004; Santos et aJ.2004b,

sates, the building blocks of planetesimals. Another argt?—0(i5l;ll_:i_st0hefr ?nd \{a:)lenti_ZOOSt). Ra;:]her than chec;(ing :h.e
ment suggested that enhanced stellar metallicity could faetallicity of planet-bearing stars, the presence of gas(gi

5.1 Metallicity Correlation of Stars with Giant Planets

A correlation between the presence of Doppler-detect
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planets orbiting stars with known metallicity was assessed
for well over 1500 stars on ongoing Doppler planet surveys. L i
Figure 11 shows the percentage of stars with planets as a
function of metallicity from 1040 stars on the Lick, Keck

and AAT planet surveys (solid linesischer and Valenti 10 1=
2005) and the percentage of stars with planets from 875 | .
stars on theCORALIE survey (non binary and with more L i
than 5 observations; dashed lirgantos et a).2004b). The

occurrence of planets as a function of metallicity was fit by
Fischer and Valent{2005) with a power law: z

P(planet) = 0.03 x (M) _ L |

(Nre/Nn)o

Thus, the probability of forming a gas giant planet is i ’7 1
roughly proportional to the square of the number of metal V % /“ il
atoms, and increases by a factor of five when iron abun- o0
dance is increased by a factor of two, from [Fe/H]=0 to ‘754‘ ‘ ‘7(;2‘ — g — ‘0%2‘ ‘ ‘0%4‘ o6

The self consistent analysis of high resolution spectra for

more than 1500 stars on planet-search surveys also diSti"—t\'g. 12.— Metallicity distribution of the sample of extra-

guished between the two enrichment hypotheses. Metalligy |, planet hosts for planets with shorter periods than

ity was not observed to increase with decreasing convecti days. Stars with Neptune-mass planets are indicated by
zone depth for main sequence stars, suggesting that pol ‘é_e shaded histogram.

tion through accretion was not responsible for the observe
metallicity enhancement of planet-bearing stars. This ar-
gument is however questioned Wguclair (2004) invoking 5.2 Metallicity of Stars hosting Neptune-Mass Planets
thermohaline convectigmetallic fingers) that might dilute
the accreted matter inside the star and thus reconcile the Itis well-established that the detected giant planets-pref
over-abundances expected in case of accretion of p|anetﬁx}entlally orbit metal-rich stars. What is the situatiom fo
material with the observations of stars of different masse’e newly found Neptune-mass planets? If, as proposed by
Even more important to discard the pollution hypothesisséveral authors (see e.gecavelier et al. 2004; Baraffe
the analysis of subgiants in the sample showed that sugt al. 2004, 2005 and references therein), the rot-
giants with planets had high metallicity, while subgiantdNeptuneplanets are the remains of evaporated ancient gi-
without detected planets had a metallicity distributionsi ant planets, their host stars should also follow the metal-
ilar to main sequence stars without detected planets. Sintgty trend observed for their giant progenitor hosts. Shi
significant mixing of the convective zone takes place along0€S not seem to be the case, considering that the 7 known
the subgiant branch, subgiants would have diluted accretBignets withmy sini <21 Mg, (Table 1) have metallicities
metals in the convective zone. The fact that high metaflicitof 0.33, 0.35, 0.02, 0.14;0.03, —0.25, and—0.31, respec-
persisted in subgiants with planets, demonstrated thaethéively (the metallicity of the 3 M dwarfs comes from the
stars were metal rich throughout. The existence of a planefiotometric calibration derived bonfils et al, 2005b).
metallicity correlation supports core accretion over geav Although the statistics are still poor, the spread of thede v
tional instability as the formation mechanism for gas gian¢€S over the nearly full range of planet-host metallicities
planets with orbital periods as long as four years. (Fig. 12) suggests a different relation between metal con-
The observed relation between stellar metal content art@nt and planet frequency for the icy/rocky planets in reégar
planet occurrence has motivated metallicity-biased pand© the giant ones.
search programs targeting short-period planets to look for It is worth remarking that 3 of the Neptune-mass candi-
Hot Jupiters, which are ideal candidates for a photometrféate€s orbit M-dwarf primaries. Recent Monte-Carlo simu-
transit-search follow-up. These surveys are succesaiH ( lations bylda and Lin (2005) show that planet formation
cher et al, 2005;Sato et al, 2005;Bouchy et al.2005b;Da around small-mass primaries tends to form planets with
Silva et al, 2006; Section 6). However, the built-in bias oflower masses in the Uranus/Neptune domain. A similar
the sample has to be kept in mind when examining possibTSSU“ that favors lower-mass planets is also observed for
statistical relations between the star metallicity andeoth Solar-type stars in the case of the low metallicity of the-pro
orbital or stellar parameters. Up to now, no clear corrdostellar nebulalfla and Lin 2004b;Benz et al.2005). Fu-

lation between metallicity and orbital parameters has bedHre developments in the planet-formation models and new
observed. detections of very-low mass planets will help to better un-

derstand these two converging effects.
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object Period Mass Radius
[days] [MJup] [RJup] L ) T ]

OGLE-TR10 3.101 0.63+0.14 1.31+0.09 15 |- 4 -

OGLE-TRb56 1.212 1.244+0.13 1.254+0.08 s

OGLE-TR111 4.016 0.52+0.13 0.97+0.06 , s

OGLE-TR113 1432 1.35+022 1.080.06 = 1

OGLE-TR132 1.690 1.19+0.13 1.13%0.08 = ] ]
TrES-1 3.030 0.73+£0.04 1.08%0.05 g

HD 209458 3.525 0.66£0.01 1.3554+0.005 | T
HD 189733 2219 115+0.04 1.26+£0.08 05 S G
HD 149026 2.876 0.33£0.02 0.73+£0.06 !

Table 3: List of planets with both radius (from transit) anc  ° s 08 | 12 14 16 B 3 Ty

mass estimate (from accurate radial velocities). Data fron Radius (R,) BericdE(days)
Alonso et al. 2004;Moutou et al, 2004;Pont et al, 2004,
2005;Bouchy et al.2005bcWinn et al, 2005. Fig. 13.—Mass-radius and mass—period diagrams of transit-

ing planets with radius and accurate mass estimates. Orfthe |
panel, the dashed lines indicate iso-density contours ®fa@d
5.3 Primary-Mass Effect 1.3gcm 3,

The mass of the primary star also appears to be an im-k, h ic ol . h )
portant parameter for planet-formation processes. In tHg<!N9 P otometric planetary transiguchy et al.2005c;

case of low-mass stars, results from on-going surveys iﬁ’_ont et al, 2995)' The spgctroscoplg follow-up demon-
dicate that giant gaseous planets are rare around M dwart "%ted the dn‘flc_ulty of the interpretation .Of shallqw tran
in comparison to FGK primaries. The only known Systen§|t||ght curves without c_omplementary radial-velocityane _
with 2 giant planets is GI876 (Table 2). In particular, nosurements. The magpnitude of the OGLE planetary candi-

Hot Jupiter has been detected close to an M dwarf. This rggtes ranges frorif N,16 fo 17.5; close to th? faint capa-
sult, however, still suffers from small number statistiCs llity of an accurate fiber-fed spectrograph like FI.‘AMES
the other hand, as seen above, 3 of the 5 planets found18 the VLT_ and p_robably be_yo”d_ capablh_ty _Of S_l't Spec-
orbit an M dwarf have masses below 21Mind are prob- troscopy with Iodl_ne self?cahbranon. This |mpI|e_zs that_
ably “solid” planets. Thus, the occurrence rate for planetscPe' photo_me_tnc transit survey would face ser|ou_s_d|f-
around M dwarfs appears to be directly dependent on t ulty in confirming the planetary nature of the transiting

domain of planet masses considered. object by Doppler follow-up. )
For more massive primaries, new surveys targeting ear- To date, six planets have been detected from transit sur-

lier, rotating A-F dwarfs Galland et al, 2005ab) and pro- V€YS and confirmed by radial velocities._ Five of these have
grams surveying G-K giant starSgtiawan et aj. 2005; been found by the OGLE surve{alski et al, 2002ab)
Sato et al. 2004;Hatzes et al.2005) are starting to pro- and one by the TrES networlél\Konso et al, 2004). Three
vide interesting candidates. The detected planets are g the O,GLE planets have perllods smaller than 2 days (very
erally massive £ 5My,,) but it is still too early to con- Hot Juplters)..Such shprt per|0(_js, although easy to_ detect,
clude on a "primary-mass” effect as those programs are st re not found in the radial-velocity surveys, suggestirg th

strongly observationally biased (larger-mass primaries g those objects are ab(;)ut 10 tir(rjl_es I?SS numeroudsd_than Hot
short time baseline for the surveys). Jupiters (2.5X P < 10daysGaudi et al, 2005). In addition

to the photometrically-detected planets, 3 planets itiedti
6. FOLLOW-UP OF TRANSITING PLANETS by radial-velocity measurements have been found tragsitin
in front of their parent stars.

In recent years, ground-based transit searches have pro\yhen transit photometry is combined with high-precision
duced a number of planetary transiting candidates (see thgjial-velocity measurements, it is possible to derive@n a
chapter byCharbonneau et &l. The most successful of cyrate mass and radius (Table 3) as well as the mean planet
these searches to date has been the OGLE survey, whigénsity. These important values constrain planetaryiotter
announced close to 180 possible transiting planétia(ski models as well as the planet-evolution history. It is inter-
et al, 2002ab). These new detections stimulated intensi\@%ﬂng to note here that the majority of planets for which
fO”OW'Up observations to detect the radial-VelOCity ﬁgn we know both mass and radius have been found by tran-
tures induced by the orbiting body. Surprisingly these studst survey despite the fact that more than 165 planets have
ies revealed that most of the systems were rather eclipseen identified by radial-velocity searches. This is a conse
ing binaries of small stars (M dwarfs) in front of F-G quence of the low probability to find a transiting configu-
dwarfs, eclipsing binaries in blended multiple stellar-sysration amongst the planet found by radial-velocity surveys
tems (triple, quadruple), or grazing stellar eclipsesyath-  \while most of all transiting candidates found so far can be
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follow-up with radial-velocity measurements. On the otheDoppler measurements. For example, a 2-planet on a
hand, the 3 planets transiting the brightest stars have beéways orbit induces on a Sun-mass star a radial-velocity
found first by radial velocities as transit surveys are nyainlamplitude of about 80cms that will be possible to de-
targeting crowded fields with fainter stars. tect with only “few” high-precision radial-velocity mea-
The derived density of transiting extra-solar planetsurements, provided that the period of the system is known
covers a surprisingly wide range of values from 0.3 tan advance. In this context, the most exciting aspect is the
1.3 genr? (Fig. 13). The "problem” of the anomalously opportunity to explore thenass—radiuselation down to the
large radius and low density of HD 209458 is clearly noEarth-mass domain.
shared by all very close planets since planets with a similar 3) The threshold of the lowest mass planet detectable by
mass are found to have a different density. This demoithe Doppler technique keeps decreasing. The domain be-
strates a surprising diversity and reveals our lack of titai low the 1 ms! level has not yet been explored. Results
understanding of the physics of irradiated giant planets. obtained with the HARPS spectrograph show that, even if
The distribution of planets in period vs massdiagram stars are intrinsically variable in radial velocity (at mod
shows an intriguing correlation (Fig. 13). Transiting plan est levels) due to acoustic modes, it is nevertheless possi-
ets seem to lie on a well defined line of mass decreable to reach on short term precisions well below by
ing with increasing orbital period. This puzzling obser-applying an adequate observational strategy. One open is-
vation, pointed out byMazeh et al. (2005), could be the sue remains however unsolved: the behavior of the stars on
consequence of mechanisms such as thermal evaporationger time scale, where stellar jitter and spots may impact
(Lecavelier et al2004;Baraffe et al, 2004, 2005) or Roche the final achievable accuracy. In this case, an accurate pre-
limit mass transferKord and Rasip 2005). It is worth selection of the stars is needed to select good candidates
noting the location of HD 149026, below the relation, thatind optimizing the use of telescope time. In addition, line
could be a result of its different structure with a large cordisector analysis and follow-up of activity indicators kuc
(Sato et al. 2005;Charbonneau et al.2006). Even more aslog(Rpk), as well as photometric measurements may
surprising in the diagram is the complete lack of candidatdkag suspect results.
above the relation. Why are we missing more massive tran- The discovery of an extra-solar planet by means of the
siting planets af”? = 3-4days? No convincing explanation Doppler technique requires either that the radial-vejocit

has been proposed yet for this puzzling observation. signal induced by the planet is significantly higher than the
dispersion, or that very high-cadence observations are ob-
7. THE FUTURE OF RADIAL VELOCITIES tained. A large number of observations with excellent phase

An important lesson from the past few years is that th overage is criticallfor ru!ing out false positives, partc .
radial-velocity technique has not reached its "limits” ye arly, given the relatively high number of free parameters i

in the domain of exoplanets. In fact, the future of radial—the orbital solution for multi-planet systems. A large num-

velocity studies s still bright. b:?'r of meal_s;u:jerr:je?ts t\{Vlll h%lptto_lnllt@ate cghe challenges
1) Recent discoveries indicate that a population of ' 'OW amplitude detections, but wilf deémand an enormous

Neptune- and Saturn-mass planets remains to be discé(}\-/eStment ofob;e_rvmg time. Thl.Js' as long as we are \.N'"'
ing to devote sufficient resources in terms of telescope,time

ered below 1AU. The improved precision of the radial- : )

velocity surveys will address this issue in the near futuré"}nd advance designed spgctrographs (_h|gh—level tempera-
thereby providing us with useful new constraints on planef-ure and pressure control) it should in principle be possibl
formation theories. With the precision level now achieve(tiO detect Earth-like planet®¢pe et al.2005).
for radial-velocity measurements, a new field in the search
for extra-solar planets is at hand, allowing the detectibn o
companions of a few Earth masses around solar-type stars.
very IOW-mas_S planets<{ 1O.M@) might be more frequent Alibert Y., Mordasini C., and Benz W. (200#stron. Astrophys.,
than the previously found giant worlds. 417 L25-L28.

2) As described above, radial-velocity follow-up mea-jipert ., Mordasini C., Benz W., and Winisdoerffer C. (Z)0
surements are mandatory to determine the mass of tran- astron. Astrophys., 43843-353.
siting companions and then to calculate their mean dengifonso R., Brown T., Torres G., Latham D., Sozzetti A., et al.
ties. These observations establish the planetary nature of (2004)Astrophys. J., 613.153-L156.
the companions and provide important parameters to coBaraffe I., Selsis F., Chabrier G., Barman T., Allard F., bichildt
strain planetary atmosphere and interior models. This is P- H., Lammer H. (2004jstron. Astrophys., 419.13-L16.
important in view of the expected results of the space mig@raffe I., Chabrier G., Barman T., Selsis F., Allard F. , and

sionsCOROT and Kepler that should provide hundreds ofB Has\fcr"\i/:dt; ",",(éooiﬁtropf‘s”%pgys'f' ésagggéﬁ; "
transiting planets of various sizes and masses. WhenP§"Z W-, Mordasini C., Alibert ., and Naef D. (2005) Tenth
anniversary of 51 Peg b: Status and prospects for Hot Jupiter

transit signal is detected, the orbital period is then known studies(L. Amold et al., eds.) IAP Conf. Ser., in press.

As a result, radial-velocity follow-up is less demandinggggenneimer P., Hubickyj O., and Lissauer J. (20@@)us, 143
both in terms of the number and precision of the acquired .14
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