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Planets In Binary Star Systems

Planets In Binary Star Systems

57% of star systems are multiple

Image from Rodriguez et al., 1998

Close binaries complicate
non-astrometric planet detection
methods:

I Radial Velocity: Spectral
“contamination”.

I Stellar companions confuse
photometric measurements.

I Light from stellar companions
cannot be canceled by nulling
and coronography, frustrating
direct detection.
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Planet Formation

Planet Formation
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Reference Fields

I Wide-angle (Global) Astrometry
I Absolute Positions of Stars on Sky
I Limited by Atmosphere or Size of Satellite
I Precisions ≈ few mas
I 2012: SIM, precisions 4 µas

I Narrow-Angle Astrometry
I Separations ≈ 10-30 arcsec
I Target and Reference may be physically related.

Unimportant for few-year timescale phenomena.
I Precisions≈ 20-100 µas.

I Sub-Arcsecond Astrometry
I Target and Reference physically related

Orbital motion can be significant.
I Precision measured relative to separation.
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Binary Distribution

Binary Distribution

(Measurements from Duquennoy & Mayor 1991)
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Required Precisions

Required Precisions

I Stellar Astrophysics
I Stellar Masses, Orbital Characteristics: 1% astrometry places

constraints on current models.
I Astrophysical Distance Scales: 1%.

I Detection of Additional Companions and Extrasolar Planets
I Dynamically stable orbits at ≈ 20% of binary separation.

Relative effect on star: MJ
M�

= 10−3

I 1MJ planet at critical orbit requires fractional precision
≈ 10−4.
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Single-Dish Astrometry

Single-Dish Astrometry

I Adaptive Optics, Speckle
Interferometry

I System separation ≈ 100 mas.

I Astrometric Precision: ≈ 1 mas
I Precision limitations:

I Atmosphere (Only negligible at
small separations)

I Pixel scale
I Telescope size: Precision ∝

Diameter.

(Lane et al., 2001.)
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Basic Interferometer

Basic Interferometer

I (x) = I0
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Image from Principles of Long

Baseline Stellar Interferometry
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Astrometry With Visibility Amplitudes

Astrometry With Visibility Amplitudes

Fringe Amplitude determines separation.

I ι Peg: Parallax 1%, Axis 1%, Masses
1%.

I Precision: σV 2 ≈ 1%.
Integrated-optics: σV 2 ≈ 0.1%.

I Limited field-of-view.
I Errors dominated by data calibration:

I Visibility amplitudes are
positive-biased data products.

I Degeneracy between separation and
starlight average wavelength.

(Boden et al., 1998.)

Palomar Testbed Interferometer Collaboration MIT, Caltech, JPL, PTI

PHASES



Binaries & Planets Astrometry Optical Interferometry PHASES δ Equulei κ Pegasi V819 Herculis Mutual Inclinations Future Work Conclusions

Over-Resolved Systems

Over-Resolved Systems

Measure each packet position separately.

I ζ Her: Fractional precision 3× 10−3.

I Atmosphere coherent on 10 ms
timescale

I Observation of each star differs in
time by 300 ms.
Decoherence limits precision.
Faster scanning limits sensitivity.

I Analysis traced “envelopes”,
discarded fringe phases. May bias
results.

(Dyck, Benson, and Schloerb, 1995.)
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Phase-Referencing

Phase-Referencing

I Fast tracking (10ms) determines a(t).

I Second detector stabilized, slowly scans the two stars.
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Phase-Referencing

Differential Astrometry: Theoretical Precision

δD = δ~s· ~B − δd − δa
I Baseline ~B measured by

wide-angle astrometry.
I Internal delay d measured

by laser interferometer.
I δa(t,~s) nonzero due to two

terms:

1. Anisoplanatism: δ~s > 30
arcsec.

2. Coherence Loss:
Temporal turbulence
variations.
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The Palomar Testbed Interferometer

The Palomar Testbed Interferometer (PTI)

A.K.A. The Palomar 4,322 inch Telescope
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The Palomar Testbed Interferometer

The Palomar Testbed Interferometer (PTI)

National Geographic 2004 “Pictures of the Year”
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PHASES Data and Reduction

PHASES Data and Reduction

Fringe ambiguities in the presence of noise:

I Fringe fitting: highly oscillatory PDF—processor intensive.

I Incoherent averaging to determine correct local maxima.

I Incoherent averaging requires sub-wavelength stability.
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PHASES Data and Reduction

Useful Tools

I NOVAS/NOVAS-C: Naval Observatory Vector Astrometry
Subroutines
Kaplan and Bangert

I MPI/MPICH: Multiprocessing interface with simple
inter-process communications.
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PHASES Data and Reduction

Differential Delay Residuals
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PHASES Data and Reduction

Intranight Repeatability
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Observed Precision

13 Pegasi

F2IV
33 pc, P=29y

I Median minor axis
error: 13.1 µas

I Average relative
precision:

13
160000 = 8× 10−5

I Slope consistent with
speckle orbit.
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Observed Precision

13 Pegasi

F2IV
33 pc, P=29y

I Median minor axis
error: 16.4 µas

I Average relative
precision:

16
160000 = 10−4

I Slope consistent with
speckle orbit.
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Observed Precision

Sample Results
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δ Equulei

F7V+F7V
P = 5.7058± 0.0003 years

d = 18.39± 0.05 parsecs

V = 4.99, K = 3.27

Each 1.19± 0.01M�

Age 2.2± 0.6 Gyr

Mp ≥ 11.5
(

P
month

)− 2
3 Jupiter Masses

astro-ph/0507585
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κ Pegasi
A: F5 IV, 1.54 M�
Ba: F5 IV, 1.67 M�

Bb: 0.82 M�
A-B Period: 11.6 years

Ba-Bb Period: 5.97 days
Mutual Inclination: 43.8 degrees
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V819 Herculis
A-B Period: 5.5 years

Ba-Bb Period: 2.23 days

Ba-Bb shows eclipses

Mutual Inclination: 23.6 degrees
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Mutual Inclinations
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Future Work

≈ 50 systems observable with current setup.

I Within view of PTI (dec ≈ +10 to +50)

I K < 4.5

I Astrometry for ∆K < 1.5. Direct detections at ∆K < 5

I Separation less than 1 arcsecond

I Average Mpl,min = 0.7MJ.(3 σ = 30µas)
I 36 systems: Mpl,min < 1MJ

I 17 systems: Maximum stable Ppl < 2y.
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Conclusions

I Astrometry of sub-arcsecond binaries demonstrated at
precisions < 10−4.

I Astrometry detects faint companions to binary systems.
I A survey of sub-arcsecond binaries will search for planets

around stars inaccessible to other methods.
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Two Weeks Ago....
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Phase Noise
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Baseline Stability
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Differential Dispersion
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δ Equulei Isochrones
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Starspots

Palomar Testbed Interferometer Collaboration MIT, Caltech, JPL, PTI

PHASES



Konacki Ph Noise Bline Disp Age Spots Circ Micro

Circumbinary Planet Detection Sensitivity
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Circumbinary Planet Microlensing Lightcurves
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