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Overview

B Quick update on Doppler planet characteristics
B Space Interferometry Mission
® Monte Carlo modeling for testing detectability
Simulating Astrometric data
Simulating Doppler data
Periodograms



Stellar Sample -

1330 Nearby FGKM Stars

Masses: 0.3 - 1.3 Mq

. 2L . 1330 Target Stars]
Star Selection . o o

Criteria:

e Hipparcos Cat. =
* Vimag < 10 mag

* No Close Binarie -
*Age > 2 Gyr
| R 2

Lick, Keck & AAT



Doppler Survey of
1330 Nearby Stars

m 156 Planets Discovered
m |3+ Multiple-Planet Systems
m |31 Stars have known planets

B Occurrence of Planets: 131/1330=9.8 %

9.8 % of stars have a giant planet

Lower
Limit

within 3 AU.




Planet Mass Distribution

0 2 4 6 8 10 122 14
Msin i (M,,)



Doppler Survey of 1330 Nearby Sun-like Stars
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Extrapolation:

6% of stars have
giant planets beyond
3 AU

6% + 10%:

> 16% of stars have
Doppler detectable
planets



Orbital Eccentricities
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Planet — Metallicity Correlation
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Fischer &Valenti 2005
Valenti & Fischer 2005

(catalog at http://tauceti.sfsu.edu/)
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Monte Carlo Examples of
Planetary Systems.

e Size = Planet mass

(in M _,..,) above each planet.

Peri - Apo of orbit

Rocky Planets will
Outnumber jupiters.

Levison, Lissauer, Duncan 1998



HD 1266 1
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2.5 M,

s “Hierarchical” Double Planet oo .cibie 6:1 Resonance

Weak Interactions Gozdziewski & Maciejewski,
Lee & Peale



GL 876 Inner Outer

2:1 Mean-Motion Resonance &
Apsidal Lock ( F(d) 30.1 61 § ;

Msini 0.56 1.89 M,
e

Three-body Fit to GJ 876 Radial Velocities (Keck and Lick Data)
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Resonance Theory:
e Laughlin & Chambers
e Lissauer & Rivera | = 84 +- 6° (Benedict et. al.
e Man Hoi Lee & S.Peale 2002)



Planets Beyond 5 AU
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Astrometry:
Need 25 yr

Proper
motion

Absorption.



Current Astrometric Contribution to Exoplanets:
Determining Orbital Inclination
of Known Planets

B Upper Limits for Planet Masses
47 UMa and 70 Vir (Perryman, Lindegren, et al. 1997)

® Orb. Inclination to GL 876  (Benedict et al. 2002)

B Orb. Inclination to 55 Cancr1  (McArthur et al. 2004)



Two SIM Planet Searches for
Rocky Planets

G. Marcy & D. Fischer

C. McCarthy, R.P. Butler, B.R.Oppenheimer,
D.G.Monet, J.Scargle, A.Quirrenbach,

S.Reffert (Frink)

Mike Shao
Shr1 Kulkarni, Chris Gelino
Andy Boden, Stuart Shaklan, Didier Queloz
Scott Tremaine, Sallie Baliunas, Alex Wolszczan
Tom Loredo, Doug Lin



Primary SIM Targets

& Reference Stars

m 250 ALK G, KM dwarfs within 15 pc
Doppler Reconnaisance @ 1 m s!
Jupiters & Saturns within 5 AU

SIM: 30 obs. during 5 yr (1 uas)
——> 3M,,, @0.5-1.5AU

B Need 6 K-giant reference stars (@ 0.5 - 1 kpc
Located within 2 deg of each target
Doppler vetting for binaries (@ 25 m/s



Lower-Precision SIM Planet Search

m 400 AFGKM stars at 10-30 pc
SIM precision: 4 uas
Use “SIM GRID”
(not narrow angle Ref Stars)

4 nas (@ 30 pc reveals:
30 M_,_at1 AU

eart



"8 " Tearn = Shao,

SIM Target List:

www.exoplanets.org

Eulkarni, etal.

Tearn A/B draft
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"B" Tearn = Fischex, Marcy, Butler, Quireenbach, Monet, Oppenheimer, Frink, Scargle
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- Harne

1 5504=alphaCen=HD 128620
31 558B=alphaCenB=HD 125621
&1 71=Tau Ceti=HD10700

&1 144=Eps Eri=HDZZ049

G 178=HD20652

&) 34A=EtaGasA=HDAG14

) 348 = EtaCasH = HD 45148
%1551 = Prox. Cen = HIFTDS20
G| TGS = Alair= HD127642
&1411 = Lalande 211856 = HDOGT35
1221 = alpha PsA = HDZ16056

Gl 3244 = 65 Cnc = HDTST32
%J 780 = del Fav = hd100242

hed277 = 47 UMa=HDA5128
118 = beta Hyi= HD 2151

Gl 2164=gam Lep = HD33393

1699 = Barnard's Star = HIP27Q2T

&1 440 = beta Wir= HRA4540 = HD10ZE70
31120 = hd20794 (AAT)

1702 =70 Oph A = HDGS341

G 702B =70 Oph B

18204 = 61 Cyg A= HDZD1081
G1820B =61 Cyg B
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31124 = iota Per= HD19373
Gl 447 = HIPETE4S (Ked)
G117 = HD1581

Gl 729 = HIPS2403 (Kedk)
1475 = HR4735 = HD109358 (Kedd)
31527 = gam Pawv = HD20360S
Gl 154 = HD1326A

Gl 158 = HD13268
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SIM: Planet Discovery Space:

1M, @1AU ford=1pc==> 3 microarcsec

Discovery Space for Exirasolar Planets

SIM Planet Domain:
R 3-30 MEARTH
MASS 30 Near Habitable Zones
0
30
(M) eUnambiguous Mass
3 *Co-planarity of orbits in

multi-planet systems
e Orbital: a, P, e

0.1 1.0 10.0
Are! (AU)

Do 3-10 Mg, ., Planets Exist?



Reference Stars

Culling K Giants @ 0.5 - 1 kpc

e Distinguish Giants from Dwarfs :@ Proper Motion Di@

Tycho 2 Cat. + 2MASS JHK + Tycho BV + proper motion
RPM= K +5*log(mu) RPM & Color ==> Giants

90% Efficient (10% Dwarfs & Subgiants leak)
we RV Jitter

 Select stars with B-V < 1.2 ;
(low RV jitter) %122; Low RV jit'ter -
e RV vetting at 25 m/s . ,.

N 0.8 0.9 1 .B_Vltfnag]].
Sabine Reffert



Selecting Reference Stars

e K Giants at d > 500 pc

(Elim. Astrometric Jitter from Earths, Neptunes)
e V <10.5 mag (Exp. Time 30 sec, Low thermal drift)
e 0<2deg (Angle Dep. Errors)

e RV Vetting: 25 m/s (Elim Binaries, BDs)

Two Types of Contamination:
. Glant Planets M < 5 Mjup within 5AU (10 % occurrence)

. Wide Binaries: @ = 10 - 100 AU

Unresolved at 1 kpc, Contaminate Fringes

10% have deltamag <7 __ Error > 4 uas.

>



GJ8204

m Photons
® Angle sep.

. 2.453:446

wi = .
| ® Planet jitter
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RV (m/s)
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RV Vettm% of Reference Stars:
Companion

ypica

Simulated RV Qbservations:
K Giant + M dwarf
P =20 yr

T ARV = 109 ms™"

5 10 15 20
Time (yr)

23

Eliminate

Companions:
need 25 m/s
RV Precision

Planets
around K giants
get through.
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SIM Complements Darwin & TPF-C

= SIM ~250 closest stars:
Identify targets for Darwin & TPF

Definite targets: SIM finds rocky planet in
the habitable zone

Potential targets: 3-c SIM earths

Avoid targets: SIM finds a giant planet in the
habitable zone

SIM is the only mission that can measure
masses and set upper limits on masses.

Darwin/ TPF
Timing:

Catch planets when they
are 4 A/d from star.

Inner Working Distance

TPF inner wc



Monte Carlo simulations

*Construct a keplerian orbit and rotate into space

*Add astrometric noise to change "clean" theoretical values to
realistically simulated observational data

*Construct the radial velocity curve with a different observational
sampling

*Add gaussian noise to change "clean" theoretical rv values to
realistically simulated observational data

*

input parameters:
inclination (i), omega (w) and big omega (22)
Parallax, Mstar, Mpianer
Orbital period, eccentricity



Monte Carlo programs

http://www.physics.sfsu.edu/~fischer/MSC_school.html
orbsim_earths.pro
euler_rotd.pro
simrv.pro

Download and run these idl programs to create

synthetic astrometric and Doppler data, useful for
detectability simulations, observing proposals, etc.

Demo...



SIM:;
3 Earth-Mass

Planets
precision 1 pas

d = 5pc

3 MEarih @ 3 I"II"',EE.-'H'l
P=2yr P=Fyr +P=6£

1AL A Fan T

=T

/]

el
S




Dec (uas)

Stellar displacement: Per = 1.0Yr M _pl = 1.5M_E Dist =

5.0pc
.
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Stellar displacement: Per = 1.0¥r M pl = 1.5M E Dist = 5.0pc
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Lessons from Doppler work

1.

You always want higher precision and more data
than you think you’ll need (more than DOF +

1).

Planetary architectures can be complicated (see
above)

Multiple planets, including resonance systems
High eccentricities
Need more than 1 full orbit to properly
characterize unseen companions

Difficult trade-offs between number of targets
observed and the achieved precision. High
precision always takes more telescope time.



