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Overview

 Quick update on Doppler planet characteristics
 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 MSUN

Star Selection  
Criteria:

• Hipparcos  Cat.
• Vmag < 10 mag
• No Close Binaries
• Age > 2 Gyr

Hipparcos Cat.  d < 100 pc

1.3 
Msun

0.3 MSUN

.  1330 Target Stars



Doppler  Survey of
1330 Nearby Stars

 156  Planets  Discovered
  13+  Multiple-Planet Systems
 131 Stars have known planets

 Occurrence  of  Planets:  131/1330 = 9.8 %

       9.8 % of stars have a giant planet
                    within 3 AU.  Lower

 Limit



Planet  Mass  Distribution

Detection Limit:
~ 0.2 MJUP

  @ 1 AU



Poor
Detect-
ability

Doppler  Survey  of 1330  Nearby Sun-like Stars

Extrapolation:
6% of stars have 
giant planets beyond 
3 AU

6% + 10%:
> 16% of stars have 
Doppler detectable 
planets

Rise
?



Orbital  Eccentricities

Tidal
Circ.

Jupiters
at 2-4 AU
Eccentric



Planet – Metallicity  Correlation

Fischer &Valenti  2005
Valenti & Fischer 2005
 (catalog at http://tauceti.sfsu.edu/)

Abundance
Analysis 
of all 
1000 stars: 
Spectral
Synthesis
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Levison, Lissauer, Duncan 1998

Monte Carlo Examples of 
Planetary Systems.

 
$Size   Planet mass 
     (in M earth ) above each planet. 

                   
                    Peri - Apo  of orbit
          
     

AU

- - -
Rocky  Planets will
Outnumber jupiters.



“Hierarchical” Double Planet
Weak  Interactions

2.5 MJ

1.9 MJ
Possible  6:1 Resonance
Gozdziewski & Maciejewski,
Lee  &  Peale



GL 876   
2:1  Mean-Motion Resonance &
Apsidal  Lock

           Inner   Outer
P(d)     30.1     61.0 

Msini   0.56    1.89 MJ

e          0.27    0.10  

ω        330    333ο 

Resonance Theory:
$ Laughlin & Chambers
$ Lissauer & Rivera
$ Man Hoi Lee & S.Peale

I  = 84 +- 6o  (Benedict et. al. 
2002)



Planets  Beyond  5 AU

G5  V Astrometry:
Need 25 yr

Proper 
motion
Absorption.



Current Astrometric Contribution to Exoplanets:

Determining Orbital Inclination
of Known Planets

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

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

 Orb. Inclination to 55 Cancri   (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
Shri Kulkarni, Chris Gelino

Andy Boden, Stuart Shaklan, Didier Queloz

Scott Tremaine, Sallie Baliunas, Alex Wolszczan
Tom Loredo, Doug Lin



Primary  SIM  Targets 
& Reference Stars

 250   A, F, G, K, M  dwarfs  within 15 pc
 Doppler Reconnaisance  @  1 m s-1

              Jupiters & Saturns within 5 AU
  SIM:  30 obs. during 5 yr (1 µas)
        ==>  3 MEarth  @ 0.5 - 1.5 AU

 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

 400 AFGKM stars at 10-30 pc
SIM precision:  4 µas
Use “SIM  GRID”  

(not narrow angle Ref Stars)

4 µas @ 30 pc reveals:
 30  Mearth at 1 AU 



Selection:
• Proximity
• Sp = A-M type

SIM  Target List:
www.exoplanets.org



SIM:  Planet  Discovery  Space:

SIM Planet Domain:
  3 - 30 MEARTH 
 Near Habitable Zones 

•Unambiguous  Mass
•Co-planarity of orbits in 
   multi-planet systems
• Orbital:  a, P, e

New SIM
Domain

MASS
(MEarth )

30
030

3

3000

Do  3 - 10 MEarth Planets Exist?

1 Mearth  @ 1 AU  for d= 1 pc ==> 3 microarcsec

...



• Distinguish  Giants from Dwarfs:   Reduced Proper Motion Diagram 

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

        90% Efficient   (10% Dwarfs & Subgiants leak)

• Select stars with B-V < 1.2 
    (low RV jitter)

• RV vetting  at 25 m/s

Low RV jitter

Sabine Reffert 

RV  Jitter

Reference  Stars

Culling  K Giants  @  0.5 - 1 kpc



Selecting  Reference  Stars

 K Giants at d > 500 pc 
       (Elim.  Astrometric Jitter from Earths, Neptunes)  
 V < 10.5 mag  (Exp. Time 30 sec, Low thermal drift)
  θ < 2 deg           (Angle Dep. Errors)

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

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

•   Wide Binaries: a = 10 - 100 AU
             Unresolved at 1 kpc, Contaminate Fringes
                       10% have delta mag < 7                Error > 4 uas. 



61 Cyg A

Reference Star 
Merit Function

(Chris McCarthy)

Exp. Error
 Photons
 Angle sep.
 Planet jitter

1o



Typical  M Dwarf Companion

Eliminate 
Companions:
need 25 m/s 
RV Precision 

RV Vetting of Reference Stars:

Planets
around K giants
get through. 



61 Cygni A:  Proper  Motion
Proper Motion 

tracking
KL Tah (SFSU)

Crowded Fields 

Fringe  
Contamination

if within 2 
arcsec



SIM Complements Darwin & TPF-C 

TPF inner working Angle

  SIM ~250 closest stars: 
         Identify targets for  Darwin & TPF 
      
    Definite targets:  SIM finds rocky planet in 

the          habitable zone
    
     Potential targets:  3-σ 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.

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

Darwin/TPF
Timing:

Inner Working Distance



*  input parameters:
 inclination (i), omega (ω) and big omega (Ω)
 Parallax, MSTAR, MPLANET

 Orbital period, eccentricity

•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

Monte Carlo simulations



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.  

Monte Carlo programs

Demo…



Error bars are 1 uas

SIM:
3 Earth-Mass
Planets
                   precision 1 µas

 d = 5pc 

SIM











Lessons from Doppler work
1. You always want higher precision and more data 

than you think you’ll need (more than DOF + 
1).

2. Planetary architectures can be complicated (see 
above)

• Multiple planets, including resonance systems
• High eccentricities

3. Need more than 1 full orbit to properly 
characterize unseen companions

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


