
Geoff Marcy, Mike Shao, Shri Kulkarni, Debra Fischer
Chas Beichman, Jim Marr

Renaud Goullioud, Raul Romero, Keith Warfield,
Charles Baker, Rebecca Wheeler,

Matthew Muterspaugh, Stuart Shaklan,

DetectingDetecting Habitable Planets Habitable Planets
around Nearbyaround Nearby  Sun-Like StarsSun-Like Stars

A  SIM  Key  Project



Outline

1. How  known Exoplanets Inform SIM
2. SIM Search for Earth-like Planets:
3. Puzzles about other Earths
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Exoplanet  Exoplanet  Mass DistributionMass Distribution

DopplerDoppler
DetectionsDetections

Poor Poor DetectabilityDetectability::
Earths & Earths & NeptunesNeptunes::

215 Well Characterized215 Well Characterized  
ExoplanetsExoplanets

Planet Mass: (Jupiter-Masses)Planet Mass: (Jupiter-Masses)  



Orbital  Eccentricities

• <e> = 0.25
• Origin of ecc.
    controversial .

• Ecc still high
   beyond 2.5 AU

<e>=0.25

Tidal Circ.:Tidal Circ.:
   a < 0.1 AU   a < 0.1 AU



Weak  Interactions
2.5 MJ
1.9 MJ

HD 12661:HD 12661:    Two Jupiter SystemTwo Jupiter System

2 - Planet Model2 - Planet Model
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HD 128311
 2:1 Resonance

       Inner      Outer
Per (d)   458       918
Msini   2.3         3.1
ecc     0.23      0.22
ω        119       212

PPc c / / PPbb  = 2.004= 2.004
Dynamical ResonanceDynamical Resonance
(Laughlin)(Laughlin)

K0V, 1Gy, 16 pcK0V, 1Gy, 16 pc



55 55 Cancri   Cancri   (G8V)(G8V)
(Fischer et al. 2007)(Fischer et al. 2007)

18  Years



55 55 Cancri Cancri Velocities:Velocities:    Fourier PowerFourier Power

P = 14.6 days

P = 14 year



Fourier Power of Velocity ResidualsFourier Power of Velocity Residuals

(Fischer et al. 2007)(Fischer et al. 2007)

3rd Planet3rd Planet

55 Cancri



Fourier Power of Velocity ResidualsFourier Power of Velocity Residuals

(Fischer et al. 2007)(Fischer et al. 2007)

4th Planet4th Planet

55 Cancri



Fourier Power of Velocity ResidualsFourier Power of Velocity Residuals

(Fischer et al. 2007)(Fischer et al. 2007)

5th Planet5th Planet

55 Cancri

(Alias)



55 Cancri  vs  Solar System
5 Planets   &    Gap



Multi-Multi-PlanetsPlanets
are common:are common:

SIM must cSIM must cope,ope,
and can . . .and can . . .

Per MarrPer Marr’’s talks talk..
SIM can detectSIM can detect  
rocky planets in HZrocky planets in HZ
despite other planetsdespite other planets..



Detecting  Earth-mass  Planets
by  Doppler Measurements of Stars

Star’s Wobble Velocity:
   K = 0.1 m/s  [Mpl/M1/2

star  1/aAU
1/2]          (Mpl in ME)

Benchmark Earth:
     Induces  0.1 m/s (at 1 AU)

   Photospheric Noise is ~1 m/s
  Spots (on rotating star)Spots (on rotating star)
  Convection (granulation)Convection (granulation)
  Acoustic oscillationsAcoustic oscillations

Doppler  Cannot Find Earths  
Anywhere Near  Habitable Zone

Around AFGK Stars



Detect Wobble of StarDetect Wobble of Star
due to Gravitational pulldue to Gravitational pull
by the planetby the planet..

SIM:SIM:    Detecting the Nearest
Rocky Planets

••     Finds First Nearby EarthsFinds First Nearby Earths
••     Determines Mass and OrbitDetermines Mass and Orbit
••     InformsInforms  Direct DetectionDirect Detection



Error bars are 1 uas

Simplisitic Detectability Threshold
Demand Wobble > σ = 1 µas

 d = 5pc

Ignores Temporal CoherenceIgnores Temporal Coherence



αΤΗRESH =  σ / Nobs
1/2 

Proper Detection Threshold, Proper Detection Threshold, αΤΗ
after after NNobsobs  Observations:Observations:

For measurement uncertainty of σ = 0.82 µas, N = 250 measurements 
are needed to detect an Earth at 10 pc (0.3 µas) with SNR = 5.  

      (SNR = 1)(SNR = 1)



SIMULATION:  Near SIM  Limit:

1 Mearth  @ 1 AU  (d = 5 pc)

• Wobble  ~  1 µas
• Temporal  Coherence

Proper FAP Assessment:
• Fit Orbit
• Chi-Square Analysis
• FAP Monte Carlo ==>
       Prob. of Chisq that low
        from noise fluctuations

MMplpl=1=1 M MEarthEarth,,  P = 1 yr,  P = 1 yr,  d=5 d=5 pcpc



False Alarm Probability  Assessment:
Periodogram Periodogram AnalysisAnalysis

inc = 60 deginc = 60 deg

PeriodogramsPeriodograms

1 1 MMearthearth  @ 1 AU@ 1 AU

Orthogonal SIM Meas.

Period  (d)Period  (d)

Period  (d)Period  (d)

Time (days)Time (days)

Time (days)Time (days)



SIM  Noise  Floor
Instrument Errors

• Thermal drift
– Modeling predicts performance better

than that of ground testbeds.
– Ground testbed data (MAM & SCDU)

show thermal noise to be white after
chopping and averages to less than 1
pm with no floor based upon longest
data sets taken to date.

• Field dependent (e.g., beamwalk)
–  Measurements all made within 1° of

center of field.
• Color dependent

– Spectral Calibration Development Unit
showed how to correct for stellar color
dependent errors when chopping.

• See Proc SPIE Vol 7013, 70132H.

Noise Floor:Noise Floor:
0.03 0.03 µµasas

Integration Time  (sec) Integration Time  (sec) 

1 pm noise floor1 pm noise floor



Primary  SIM  Targets
• 60-100   A, F, G, K, M  dwarfs  within ~20 pc

–  Doppler Recon.  @  1 m s-1

              Jupiters & Saturns within 5 AU

–  SIM:  500 obs. during 5 yr (1 µas)
             1 MEarth  @ 0.5 - 1.5 AU

• 4-6  K-giant reference stars @  0.5 - 1 kpc
–  Located within 1 deg of each target
–  Doppler vetting for binaries and jupiters @ 25 m/s

5 5 σσ



Target  List
Nearest A,F,G,K, M dwarfs
Criteria:
        - Proximity
        - Brightness V < 10
        - Future TPF target (HZ ang. sep.)

• “Rocky” Search: Nearest 60-100 Stars
– 0.20 µas wobble amplitude
– 1% false alarm probability (FAP)
--  Match 0.22 µas  of ExoPlanet Task Force
– Number of visits, precision adjustable.

• Broad Survey:
– ~1000 stars to 4 µas mission accuracy.

• Young Stars:
– ~50 stars <100Myr to 5 µas mission acc.

Rocky: triple Rocky: triple entent. - planets,. - planets,  rocky road, Sylvester rocky road, Sylvester StaloneStalone



100  AFGKM  Stars  d <100  AFGKM  Stars  d <  20 pc20 pc

Selection by Proximity, Brightness,  Habitable zone separation



Astrometric Astrometric Planet  SignalPlanet  Signal

The semiamplitude of the angular wobble, α, of a star of a given mass, M*, 
and distance, D, due to planets of a given mass, is given by:

Benchmark:  Earth-Mass orbiting 1 AU
                          from a Solar-mass star  at 10 pc

plpl plpl

α =  0.3 µas .



Planet Search Observing Scenario
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Grid star

Stuart Stuart ShaklanShaklan
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~1º field

15º Field
of Regard

Science target

Reference star

Grid star
How are Reference Stars Chosen and Vetted?How are Reference Stars Chosen and Vetted?



• Distinguish  Giants from Dwarfs:   Reduced Proper Motion Diagram

     Tycho 2 Cat. + 2MASS JHK  + Tycho BV + proper motion

        Select  Giants

        90% Efficient   (10% Dwarfs & 90% Efficient   (10% Dwarfs & Subgiants Subgiants leak)leak)

• Select stars with B-V < 1.2Select stars with B-V < 1.2

    (low RV jitter)

•• RV vetting  at 25 m/s RV vetting  at 25 m/s

ReferenceReference    StarsStars

K Giants  @  0.5 - 1 K Giants  @  0.5 - 1 kpckpc

Low RV jitterLow RV jitter

Sabine Sabine ReffertReffert

RV  JitterRV  Jitter



Selecting  Reference  Stars

  K Giants at dK Giants at d  ~~  0.5 0.5 kpckpc
              ((ElimElim.  .  Astrometric Astrometric Jitter from Earths, Jitter from Earths, NeptunesNeptunes))

  V < 10.5V < 10.5 mag mag    (Exp. Time 30 sec, Low thermal drift)(Exp. Time 30 sec, Low thermal drift)

    θ θ <<  1 deg1 deg                      (Angle (Angle DepDep. Errors). Errors)

  RV  Vetting:  25 m/sRV  Vetting:  25 m/s    ((Elim Elim Binaries, Binaries, BDsBDs))

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

θθ      Wide BinariesWide Binaries:: a = 10 - 100 AU a = 10 - 100 AU
                          Unresolved at 1 Unresolved at 1 kpckpc, Contaminate Fringes, Contaminate Fringes
                                              10% have delta10% have delta mag  mag < 7            < 7                    Error > 4 Error > 4 uasuas..



61 Cyg A

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

Failure Prob.

11oo



ElimElim. Companions:. Companions:

25 m/s RV Precision25 m/s RV Precision  

RV Vetting of Reference Stars:
Example:  M Dwarf Companion

PlanetsPlanets
around K giantsaround K giants
get throughget throughTime (yr)Time (yr)

RV
 (

RV
 ( m

/s
m

/s
))





Science Goals ofScience Goals of  PlanetHunterPlanetHunter::

Discovery and Characterization ofDiscovery and Characterization of
Rocky Rocky ExoplanetsExoplanets

Earth-like planets around Sun-likeEarth-like planets around Sun-like  Stars in Habitable ZoneStars in Habitable Zone
Rocky Planets and super-Earths 0.5 - 3 AU.Rocky Planets and super-Earths 0.5 - 3 AU.
Planets aroundPlanets around  Massive Stars (A,F-type stars)Massive Stars (A,F-type stars)
Planets around young starsPlanets around young stars
Planetary Masses and full OrbitsPlanetary Masses and full Orbits
Complementary Complementary ObsObs. Vis-à-vis RV Discoveries. Vis-à-vis RV Discoveries
Architecture of Planetary SystemsArchitecture of Planetary Systems





““Tier 2Tier 2”” Survey @ 4  Survey @ 4 µµas:  as:  No ChoppingNo Chopping

NeptunesNeptunes::

TakesTakes
only ~3%only ~3%
 of SIM of SIM  

-Fewer visits-Fewer visits  
-Lower -Lower PrecPrec..



Tier-2 Survey at 4 Tier-2 Survey at 4 µµasas



What About Kepler?

• Kepler is a transit mission that looks at ~100,000 stars in a 12° solid
angle of sky in the direction of Cygnus/Lyra.
– Stars at average distance of ~1 kpc.

• Difficult to follow up by direct detection.

– Transit requires alignment of the planetary plane with line of sight.
• 0.5% to 1% will be so aligned.

– Transit methods can give size, if stellar distance is accurately known, but
not mass.

• Kepler will measure the frequency of habitable terrestrials.
– That will be useful in selecting the PH depth of search.



What About Gaia?

• Gaia is a scanning astrometry mission like Hipparcos.
– Will achieve a mission accuracy of ~6 µas for stars between

~V7 and ~V12.

• All PH target stars are too bright for Gaia (≤ V7).
• Gaia’s precision of 6 µas is not sufficient to detect HZ

terrestrial planets.



Theory of Rocky Planet Formation
 Inward of 2 AU

Assume Planetesimals  (km-sized comets & asteroids)

• Orderly growth by collisions.
• Dynamical Friction circularizes orbits of large “oligarchs”
• They stir small ones: excite eccentricities and inclinations
• Mergers, growth to 1 Mearth

Safronov Safronov 19691969
Greenberg et al 1978Greenberg et al 1978
Wetherill Wetherill & Stewart 1993& Stewart 1993
Kokubo Kokubo & Ida 2000& Ida 2000

Lissauer Lissauer 19871987
Rafikov Rafikov 20032003
Chambers, Chambers, Thommes Thommes 20022002
GoldreichGoldreich, , LithwickLithwick, Sari 2004, Sari 2004

Analytical and N-body:Analytical and N-body:

LithwickLithwick, , GoldreichGoldreich, Sari, Sari  



Ida & Lin 2008 (last month)



Predicted  Distribution of 
Mass-Semimajor Axis

(Ida & Lin 2008)

C1=0.3,
Both σ_gas and σ_dust 
enhanced at ice line



Predicted  Distribution of 
Mass-Semimajor Axis

(Ida & Lin 2008)

Planet Desert:
a = 0.05 - 1.0 AU
M = 1 - 30 MEarth

• H2O and (H & He) 
      makes super-Earths
• But causes migration.

After 10 Myr:
  Gas Gone, No Migration
• Ida & Lin don’t include t > 10 Myr :

Migration fast 
through desert.

Ice lineIce line

• 1 MEarth :  Largest rocky planet?
•  Formation of M > 1MEarth
     decoupled from M < 1MEarth
•  Super-Earths: 
      don’t inform us of Earths



• Detects Rocky Planets at ~1 AU around Nearby Stars
• Survey 100 AFGKM Stars  (within 20 pc)
• Rocky Planets: Occurrence, Masses,  Orbits
• Theory of rocky planets: Not well constrained
• Mass Desert: 1 - 30 MEarth ?

                 Detects Earths  @Detects Earths  @    FAP < 1 %FAP < 1 %

 Keys for Terrestrial Planet Finder (TPF):
• SIM Identifies Stars with Earths
• SIM Sets Time of Maximum Angular Sep.

SummarySummary

Planet SearchPlanet Search



Rocky Planet
Mass  Growth  Rate

Evolution of masses for oligarchs
in a full planet-formation
calculation at 0.86–1.14 AU.

Each colored track shows the
mass evolution for one
oligarch. Discontinuities or
terminations in the tracks
indicate mergers of large
objects.

  τ = 107 years

Kenyon & Bromley (2006)Kenyon & Bromley (2006)

Σ =Σ = 8 gm cm 8 gm cm-3-3

Log Time  (yr)Log Time  (yr)
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M > 1 M > 1 MMearthearth  are rare !?are rare !?



Water  Content of Rocky Planets

• Water Delivery: Comets & hydrated
asteroids

• H2O content vs rorb  from meteorites
• N-body:  collisions deliver  H2O
• Jupiter ejects asteroids,    preventing

their delivery of water to the terrestrial
planets at 1 AU.

• Continuous  H2O delivery
• Loss of H2O by impacts ? ? ?

• Water-rich worlds common ?:
     10 - 100 “Earth-Oceans”

N-Body Planet Growth with Water DeliveryN-Body Planet Growth with Water Delivery
Raymond, Quinn, Raymond, Quinn, Lunine Lunine 20042004

Most are Water WorldsMost are Water Worlds



PlanetHunter PlanetHunter Survey for EarthsSurvey for Earths

100 Target Stars can be surveyed100 Target Stars can be surveyed
All within 25 pcAll within 25 pc
5-year Mission lifetime5-year Mission lifetime



Primary GoalPrimary Goal

PlanetHunter PlanetHunter will find Earth-Analogswill find Earth-Analogs
Around nearest Solar-Type StarsAround nearest Solar-Type Stars



Measures:Measures:

••  Planet Masses  Planet Masses
•• Orbital Parameters (all Orbital Parameters (all  7)7)
•• Occurrence Rate of Earths Occurrence Rate of Earths
•• Other giant planets in system Other giant planets in system
••    Infer Temperature (modulo greenhouse)Infer Temperature (modulo greenhouse)

PlanetHunter PlanetHunter Characterizes Rocky PlanetsCharacterizes Rocky Planets



Fall-off on this side is
due to decreasing

sensitivity to low-mass
planets, which make up

the majority of the planet
population.

Fall-off
on this
side is
due to
lack of
availabl
e targets
that can

be
probed
to lower
masses.

PH

2 times more
HZ terrestrial
planets @ 4Me/IHZ
than @ 1Me/IHZ

Planet mass distribution = m^-1.39
normalized for 1 T/HZ per star

Expected Yield of Habitable Planets

Maximum yield
of HZ terrestrial

planets

85PH30
with

80% of
mission

time

Curves assume 1 HZ terrestrial per star.  More likely will by ~0.1 to 0.2 HZ terrestrial per star.

ExoPTF recommendation does not yield the maximum number of HZ terrestrials.
What is the best objective?



PH: number of survey targets

3554
2553
1552
671

#
targets

Search
depth,

MEarth@
IHZ

T/HZ planet counts assume that each star has one T/HZ planet drawn from a mass
Distribution of m^-1.39 normalized for one T/HZ planet per star.

Limited by target list

Limited by instrument noise floor

1 M⊕ @ IHZ; 0.5@OHZ
2 M⊕ @ IHZ; 1@OHZ3 M⊕

 @ IH
Z; 1.5@OHZ

4 M
⊕ @

 IH
Z; 2@OHZ

42 T/HZ, 63%

64 T/HZ, 41%

77 T/HZ, 30%

84 T/HZ, 24%

Preliminary



What About Doppler?

• Doppler shift in stellar spectrum gives star’s
motion about the star-planet barycenter.
– Currently limited to ~1 m/s precision.  Possibly

improving to high fractions of a m/s in coming
decade.

– Can find HZ terrestrials only around coolest M-
dwarfs.

• Can’t reach FGK dwarfs in reasonable observation
time (would take many 10’s of yrs to accomplish PH
mission).



PlanetHunter:  Conclusions

• PH is the next logical step in the search for
      nearby habitable terrestrial planets around Sun-like stars.

– Provides unambiguous mass.
– Provides orbital parameters for direct detection follow-up.
– Recommended by ExoPlanet Task Force.

• Performance verified by a rigorous double-blind planet finding capability study.
– Finds HZ terrestrials even in complex planetary systems.

• PH is technically ready to go now.
– Technology completed in 2005.
– Designs mature:  based on SIM designs developed over last 12 years.



Basic Definitions



Ida Lin Models:

Idea:  At ice line (~2.5 AU) icy dust removes electrons,
          suppressing ionization and hence suppresses
          magneto-rotational instability, lowering viscosity. 

•  Low accretion rate --> build-up material at ice line 

•-->
        -  Positive pressure gradient with r  (net inward P)
        -  Super-Keplerian gas orbits: a tail wind for dust.

•Dust and Gas:  σ ~ a-3/2

•  Growth to Mars-size (“embryos”)
•  Type I Migration: Tidal Interaction with disk gas.
•  Migration too fast (~100 yr):  requires suppression
•  Past: Migration Fudge factor,  C1   << 1
•  Determines dN/da  (distrib. of planet orbital radii)



Acoustic Acoustic p-modes p-modes in Solar-Type Starsin Solar-Type Stars

Amp ~ 1.5 m/sAmp ~ 1.5 m/s
Period = 5 minPeriod = 5 min

““NoiseNoise””

        Avg Avg overover
        P-modes  !?P-modes  !?

  No: Coherence  No: Coherence
times hours-daystimes hours-days
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Acoustic P-modes in K dwarfs

K dwarfs Quieter:K dwarfs Quieter:
AmpAmp  ~ 0.5 ~ 0.5 m/sm/s
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Earth Formation beyond 2 AU:
10 - 50% H2O

• H2O Atmosphere +
• H2O Ocean +
•  Ice Envelope (ala Neptune)

• Lower Density than rocky planets

• Distinguish water worlds from
rocky worlds:

     Need SIM  and transit
             Mass  &  Radius  .

oceanocean

66 M MEarthEarth  Planets:Planets:
50% H50% H22O O                         No  H  No  H22OO

Fe, Ni

Silicates

““iceice””

ρρ = 4.3 g cm = 4.3 g cm-3-3          ρρ = 7.7 g cm = 7.7 g cm-3-3

PPcc = 1600  = 1600 GPaGPa

Kuchner (2003), Sotin et al. (2007),
  Valencia, Sasselov, O’Connell (2006)
Leger 2004, Raymond 2005



PH Astrophysical Errors
• Reference star companions

– Three cases:
• (1) Large, so pre-

screened by RV;
• (2) Too small (ignore);
• (3) Solved for along with

target star companions.
• Star Spots impact on

detection of habitable exo-
Earths:
– Astrometry: Spot noise

significantly below exo-
Earth signature and
instrument noise.

– RV: Sport noise larger
than exo-Earth signature.

– See Proc SPIE Vol. 7013,
70132K

0.7 µAU spot noise doesn’t
Inhibit exo-Earth detection.



PH Building Blocks
• PH operates in two distinct regimes: (1) real-time nanometer control and (2)

picometer sensing
– Real-time nanometer control is system-wide and does not depend upon

picometer sensing (nm-level external metrology information is used in real-time
control)

– Picometer sensing runs on top of real-time nanometer control (i.e., picometer
measurements are taken while the system is operating in the real-time
nanometer control), with all data being sent to the ground for mission processing

• Interferometer and external-metrology picometer-sensors are separable
and intersect only at fiducials.

Optical Bench (PSS)

Guide-1
nm RT Control

Science 
nm RT Control

Guide-2
mas RT Control

Guide-1
pm Sensing

Science
pm Sensing

Guide-2
µas Sensing

Spacecraft

nm R/T
Feed Fwd

nm R/T
Feed Fwd

External Metrology Truss

CC’s CC’s CC’s
nm RT Control

pm Sensing

RT = Real Time
nm = Nanometer
pm = Picometer
µas = Microarcsecond
mas = Milliarcsecond

Ext Met Sensor

Starlight
 Sensor



Five-star Narrow Angle observation sequence

0 +0.5degree-0.5degree Field
position

T R4TR2 TR3 TS SSSSS

30 s

TR5 R2S ….SS

time

T R2R4

R5

R3



Instrument
Performance

Science
Interferometer

Sensor

2’nd Order
Regularization

Errors

Science Int
Field Dep

Error

Science Int
Field Indep

Error
Guide Star
Knowledge

Guide Int
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Knowledge
Absolute

Metrology
Error
Roll 

Knowledge
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Error

WL Fringe
Measurement

Error
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Error

Alignment
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Cal. Error
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Sensor

1-D
Gauge Error
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Errors
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Metrology

Error

Truss
Deformation

Cyclic
Error

Thermal
Error

Alignment
Error

Sensor
Error

Ext Met
Field Dep/

Corner Cube
Error
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Error
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Sensor
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Error

WL Fringe
Measurement

Error
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Error

Alignment
Error

Guide Star
Brightenss
Dep Error

Thermal Def
Of Optics and

Assemblies

Astrometric Error Budget (AEB)

Model Predictions Testbed Demonstrations

Confirm physics-
based predict
match actual?

-Allocation/Capability
-Verify no missing termsVerify Physics Independent

Review &
Assessment

Performance Prediction & Validation

AEB, testbeds, model
predictions & integrating
analytical models used to
verify overall system
performance (for both
Technology Development
and Flight)

AEB top-level
summary.



Who Wants This? & Why?
• ExoPTF Final Report

– “The only technique appropriate to survey the
nearest hundred or so bright sun-like stars in
the mid-term is space-based astrometry, and
this is one cornerstone of the Task Force
recommendations.”

• “0.1.4 B. Recommendations for 6–10 Years”
– “B. I. a.: What are the physical characteristics

of planets in the habitable zones around
bright, nearby F, G, K stars?”

• “Recommendation B. I. a. 1:  Launch and
operate a space based astrometric mission
capable of detecting planets down to the mass
of the Earth around 60–100 nearby stars, with
due consideration to minimizing the width of
any blind spot associated with Earth’s parallax
motion. (This requires a mission precision, over
many visits to a given star, as small as 0.2
microarcseconds.)”

• Why?
–Uniquely provides
planet mass to ~25%
–Provides orbital
parameters

•Helps direct
detection missions
know when/where to
look.



PlanetHunter Mission
PI: Geoff Marcy, U.C. Berkeley

Partnering with JPL

 

Instrument
Spacecraft

Bus

 Deep Search:
  60-100 nearby FGK stars for Earth-analogs.

Broad Survey:
  Planetary systems around 1000 nearby
stars.

Young Planet Search:
  50 nearby young stars.

6m astrometric interferometer using
mature technology (from SIM).

RV @ 1 m/s

~ GAIA

55 Cancri

HIP99461

GJ 412A (M
2V)

Planet Hunter Detectability Lower Limit



Rocky, Habitable Planets
Within  25 pc

• Goals:  Occurrence, Masses,  Orbits,  Chem.Comp.
• SIM & TPF :  Only hope Except Darwin (not RV, Kepler)

• Theory: Can’t predict Occurrence (or any property)
• SIM will survey 250 AFGKM Stars  (15 pc):
      - Finds 3 Mearth  @ 5 σ   ...  Direct Science
       - Finds 1 Mearth  @ 1 σ   ...  Feed to TPF

1. Earth-enriched TPF stellar sample
2. Orbital phase of TPF observations:
       When planet outside 4 λ/d  (0.06 arcsec).

OutlineOutline



Fraction Meeting FAP Thresh
for Different Planet  Masses

 (a =1 AU,  d = 5 pc)

For 3 Mearth:
 100 % have
 FAP < 5%

For 1.5 Mearth:
 63% have
 FAP < 5%
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1.5 Mearth  @ 1 AU
100  SIM  Observations

SIMSIM Meas Meas..                                                PeriodogramPeriodogram
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Fraction Meeting FAP Threshold

For 3 Mearth:
 100 % have
 FAP < 5%

For 1.5 Mearth:
 99% have
 FAP < 5%

FAP  Thresh.FAP  Thresh.

0.01  0.05    .320.01  0.05    .323 3 MMEarthEarth

1.5 1.5 MMEarthEarth

Find 99% of  earths.Find 99% of  earths.
Incur 5% Incur 5%   false false postivespostives

0 0       .02 .02     .04   .04    .06  .06      .08 .08
.10.10
                                            FAPFAP

              FAPs FAPs forfor

100  SIM  Observations100  SIM  Observations

1.51.5
100% 100% 100%100% 100% 100%33

a =1 AU  (d = 5 pc)a =1 AU  (d = 5 pc)

100100

7575

5050

  2525

  00

Fr
ac

 
Fr

ac
 (%

)  
(%

)  


