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Outline

® Radial-velocity (RV) planet searches
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Started in 2003

HARPS @ La Silla 3.6-m Telescope
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Radial-velocity detection bias : Numerical simulations

— Grid in the m- versus P diagram (more than 5000 grid points)

* 0.8 < P <40000 days
* TMg, ¢t <mg <40 MJup

— For each grid points, 50 000 random orbits are simulated
— The simulations account for :

* all the error sources : photonic and non-photonic (such as stellar-activity induced jitter, instrument systematics)

*

the stellar sample properties (masses, colours, metallicities, rotation etc...)
* Random inclination of the orbital planes — probability density o sin ids
* Orbital eccentricities

* Real measurement timing

— A detection test is made for each of the 50 000 simulated orbits : test based on x“ probability

— Fraction of orbits passing the test = Detection probability for this grid point



Radial-velocity detection bias : Results
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Exoplanet population synthesis : foreword

A Bern (W. Benz, C. Mordasini & Y. Alibert) — ESO (D. Naef) collaboration
Same approach as the pioneer work of Ida & Lin : ApJ 604, 388 (2004) & ApJ 626, 1045 (2005)

Preliminary/intermediate results already presented in several conference papers : Benz et al.
(2006,2007) & Mordasini et al. (2006, 2007)

Final results to be published (hopefully) soon in Mordasini, Alibert, Benz & Naef (A&A
paper(s) in prep.)

Next slides kindly provided by C. Mordasini (from his talk at the JENAM meeting, Aug. 2007)



Population synthesis.: Principle (& Talk outline)

In general, extra-solar planets do not constrain planet formation models much on
an individual basis. It is the properties of the population as a whole that does!

Initial Conditions: Probability T ]
Distributions & Parameters
- Disk . .
ST 5 From Quantitatively tested in the Solar

- Disk ]_iﬁ_a’ﬁme observations
- Metalicity System
@ Compute synthetic @
planet population @

Compute planet .
evolution Curre_ntly hot included
Tristan Guillot’s talk

(Evaporation, Nbody)

PREDICITONS! Apply observational

(going back to the full ] ]
synthetic population) detection bias (RV) 4

@ S Observed population

Statistical tests:

Observable sub-population
Match - Disfribution of semi-major axis No match
- Distribution of masses
- Fraction of hot/cold Jupiters
- Metallicity effect

Model solution
found!



Linking Initial Cond. and End-Products:
Core Accretion Formation Model 11

© Model structure (“Extended core accretion model”)

1) “Standard” core accretion model (Pollack et al. 1996) for core and envelope growth
but....

Tmigration < Tformation ~ Tdisk evolution
— extend model to include in a self consistent way:

2) Disk evolution
(1+1 D) a-disk with photoevaporation (Papaloizou & Terquem 1999)

3) Dype I and type Il planetary migration
(Lin & Papaloizow 1986; Ward 1997; Tanaka et al. 2002)

® Basic assumptions
1) Only one embryo per disk, no systems !!

2) Formation followed only until the disk disappears: Evolution after disk
dispersal (Terrestrial planets, Ice giants) not included !!

3)No eccentricity, planets are on circular orbits !!

4) Planets migrate until the disk disappears: no particular stopping mechanism !!



Population Synthesis: Initial conditions

Some can be constrained by observations, some from theoretical arguments and
some are just “educated” guesses.

@ Four Monte Carlo Variables with Probability Distributions:

1. Dust-to-gas ratios: Constrained by observed Stellar Metallicities
2. Gyas surface densities: Constrained by observed Disk Masses

3. Photoevaporation rates: Constrained by observed Disk Lifetimes
4. Initial location of embryo in the disk

@ Parameters (fixed for one synthetic population)

- Type [ migration rate reduction factor Fi

- Disk viscosity parameter a (0.01)

- [nitial mass of seed embryo (0.6 Mgarn)

- Planetesimal size (R=100 km)

- Planetesimal properties (Density, Strength, etc.)

- Stellar mass (0.5, 1.0, 1.5 Mgu) s

- Scaling of disk mass with stellar mass (cMstar, <Mstar )



Probability Distribution III: Disk Lifetime

L-band (3.4 um) photometry:
- excess caused by p-sized dust (@ ~900K

- Disk photoevaporation rate
- Viscosity parameter (o) (fixed)

} Disk lifetime
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Adjust the distribution of photoevaportion rates to
obtain a distribution of lifetimes of the synthetic
disks that is compatible to the observed disk
lifetime distribution.

Giant planets must form
within 4-6 Myr
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M (Earth masses)

Synthetic Population: a-M (around G stars)

N=32250
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Population synthesis literally.: Planetary
evolution tracks

Reached inner boarder
of computational disk
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Type I migration
{Analytical rate reduced by Fr)

Type Il migration
{Disk dominated)

Type 1l migration

{Planet dominated, when mass of
planets becomes comparable to
local disk mass)



Detection Probability

Synthetic detection bias I: Radial Velocity
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Naef et al. 2004

I_‘“IIIIIIIIIIIIIIIIIIII

0

Includes effects of
- Orbital eccentricity
- Stellar metallicity
- Stellar rotation rate
- Stellar jitter
- Actual measurement schedule

Real RV detection probabilities
are significantly lower than
estimated from a simple
comparison of the RV amplitude
induced by the planet and the
instrumental precision!



Statistical assessment I:
Kolmogorov-Smirnov test 2D a-Msini
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O The extended core accretion model is a reasonable match to RV data



Statistical assessment [11:
“Metallicity effect”

Frac. with obs. Planets
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cf. also Santos et al. 2004, 2005

Blue: Observation (Fischer & Valenti 2005)
Black: Observable synthetic planets

Large metallicity effect on RV detections
- Metal rich systems tend to produce more massive planets
- Radial velocity method favors massive objects



Predictions II: Internal Composition (G stars)

rocky planetesimals accreted
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Predictions VII:
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The higher the RV precision,
and the longer the survey, the
higher the yield.

O Leveling off after 10-20 yrs

D10 yrs at 10 m/s: 6-8%, as
observed (Naef et al, Butler et al)

Values for 0.1 m/s: Lower limits
(model incompleteness)



Conclusions

@ The progress in characterizing both the initial conditions for planet formation as well as
finding more and more extrasolar planets has made a new test for theoretical models possible:

- The comparison of synthetic populations and the real extrasolar planet population.

@ Improved/extended core accretion models allow such quantitative tests with observations
{gravitational instability model does not)
- The whole population of detected planets can be used to constrain the models
- No more model tuning for a specific case...
- Fully exploit the observational investment !

® Improved/extended core accretion models do reproduce many observed properties &
correlations in a guantitative significant way with one synthetic population at one time.

- (Finally, hopefully) a certain convergence of theory and observations

® Improved/extended core accretion models can be used to predict future observations
- Theory can feed back on the design of future instruments



Why searching for planets in open clusters ?
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Stars (only ?) form in clusters/associations — if field stars host
planets, planets should also be found around cluster stars

Open cluster : uniform stellar populations

Age and metallicities are well defined and more or less constant
within a cluster

Mass = the only stellar evolution parameter — possibility to
study the impact of stellar mass on planet characeristics

Is the [Fe/H] effect seen for field stars (cf. Santos et al. 2004)
hosting planets also present in open clusters ?

Unlike in the field, masses of evolved stars can be precisely
estimated in clusters — possibility to search for planets around
stars with higher (and well known determined) masses.

To date, only 3 planets (or low-mass brown dwarfs) in open
clusters are known : They orbit the giant stars ¢ Tau (Sato et
al. 2007), NGC 2423 No 3 and NGC 4349 No 127 (Lovis & Mayor
2007). All 3 detected with the RV method.

Many transit searches in open clusters. So far, no detection! —
“cheap” but inefficient method (too few stars, largely underes-
timated systematics, ...)



Radial Velocity (km s-!)

Searching for planets in Open clusters : NGC 6253
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Searching for planets in Open clusters : NGC 2447 & NGC 6134
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Statistical assessment [1:
KS tests 1D Msini, a, [Fe/H]

Mass Msini: KS 92%
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The mass distribution is better reproduced
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— Migration model?
— N-body interactions?
— Too simplistic planetesimal disk model?
(Kornet et al. 2005)




Predictions IV: Planetary IMF (around G stars)
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Model incompleteness
-Complex structure, dominated by low mass planets

— Consistent w. non-detection of Jupiters around 90-95%.
-Overall largest planetary mass: 4 planets(of 32250) w. 25-35 Ms



