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• A transiting system would bolster our detection 
confidence and precisely constrain the planetary 
properties

(e.g., Schneider & Chevreton 1990; Schneider 1994, 
Schneider & Doyle 1995; Deeg, Doyle et al. 1998; Ofir 2008)
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Secondary Eclipse
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Tertiary Eclipse!
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Tertiary Eclipse!
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221.5 days

230.3 days
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Quaternary Eclipse!
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Quaternary Eclipse!
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Eclipse Timing Variations (ETVs) due to planet

Tuesday, February 7, 2012



Josh Carter, ESS-II (September 15, 2011)

Eclipse Timing Variations (ETVs) due to planet

• Geometrical Effect

• Dynamical Effect

∝
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Aprimary ≡ ∆Pprimary

Pprimary
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Eclipse Timing Variations (ETVs) due to planet
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Eclipse Timing Variations (ETVs) due to planet
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Stellar Eclipse Timing Variations (ETVs) due to planet
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Stellar Eclipse Timing Variations (ETVs) due to planet
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Kepler-16: The Mass of b
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• From the light curve fit (with dynamics)

Kepler-16: The Mass of b
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• From the light curve fit (with dynamics)

• All Mass ratios (to ~0.1% stars, 5% planet)

Kepler-16: The Mass of b
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• From the light curve fit (with dynamics)

• All Mass ratios (to ~0.1% stars, 5% planet)

• All Radii Ratios (to <1%)

Kepler-16: The Mass of b
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• From the light curve fit (with dynamics)

• All Mass ratios (to ~0.1% stars, 5% planet)

• All Radii Ratios (to <1%)

• Mean Stellar Density of Primary (to ~1%)

Kepler-16: The Mass of b

Tuesday, February 7, 2012



Josh Carter, ESS-II (September 15, 2011)

80

60

40

20

0

20

Ra
di

al
 V

el
oc

ity
 [k

m
 s

1 ] Star A
Star B

0.0 0.2 0.4 0.6 0.8 1.0
Orbital Phase

6040
20

0
20
40
60

Re
sid

ua
ls

[m
 s

1 ]

1.5
1.0

0.5

0.0

0.5

1.0
1.5

Star B eclipses Star A

100 0 100 200 300 400 500
Time [BJD  2,455,000]

2

1

0

1

2

   
   

   
De

via
tio

ns
 o

f E
cli

ps
e 

Ti
m

es
 fr

om
 C

on
st

an
t

Pe
rio

d 
M

od
el

 [m
in

]

Star A occults Star B

Kepler-16: The Mass of b

Tuesday, February 7, 2012



Josh Carter, ESS-II (September 15, 2011)
Tuesday, February 7, 2012



Josh Carter, ESS-II (September 15, 2011)
Tuesday, February 7, 2012



Parameter Value and Uncertainty
Star A
Mass, MA (M!) 0.6897+0.0035

−0.0034
Radius, RA (R!) 0.6489+0.0013

−0.0013
Mean Density, ρA (g cm−3) 3.563+0.017

−0.016
Surface Gravity, loggA (cgs) 4.6527+0.0017

−0.0016
Effective Temperature, Teff (K) 4450±150
Metallicity, [m/H] −0.3±0.2
Star B
Mass, MB (M!) 0.20255+0.00066

−0.00065
Radius, RB (R!) 0.22623+0.00059

−0.00053
Mean Density, ρB (g cm−3) 24.69+0.13

−0.15
Surface Gravity, loggB (cgs) 5.0358+0.0014

−0.0017
Planet b
Mass, Mb (MJupiter) 0.333+0.016

−0.016
Radius, Rb (RJupiter) 0.7538+0.0026

−0.0023
Mean Density, ρb (g cm−3) 0.964+0.047

−0.046
Surface Gravity, gb (m s−2) 14.52+0.70

−0.69
Binary star orbit
Period, P1 (day) 41.079220+0.000078

−0.000077
Semi-major axis length, a1 (AU) 0.22431+0.00035

−0.00034
Eccentricity, e1 0.15944+0.00061

−0.00062
Argument of Periapse, ω1 (deg) 263.464+0.026

−0.027
Mean Longitude, λ1 (deg) 92.3520+0.0011

−0.0011
Inclination, i1 (deg) 90.3401+0.0016

−0.0019
Longitude of Nodes, Ω1 (deg) ≡ 0 (by definition)
Circumbinary planet orbit
Period, P2 (day) 228.776+0.020

−0.037
Semi-major axis length, a2 (AU) 0.7048+0.0011

−0.0011
Eccentricity, e2 0.0069+0.0010

−0.0015
Argument of Periapse, ω2 (deg) 318.+10.

−22.
Mean Longitude, λ2 (deg) 106.51+0.32

−0.16
Inclination, i2 (deg) 90.0322+0.0022

−0.0023
Longitude of Nodes, Ω2 (deg) 0.003+0.013

−0.013
Other parameters
Flux ratio of stars in Kepler bandpass, FB/FA 0.01555+0.00010

−0.00006
Upper limit on third light (95% conf.), FX/(FA+FB) < 0.013
Radial Velocity Parameter of Barycenter, γ (km s−1) −32.769+0.035

−0.035
Photometric Noise Parameter, σphot 0.0002403+0.0000062

−0.0000060

Table 1: Characteristics of the Kepler-16 system. For all parameters except
Teff and [m/H] (which are described in the SOM) the results are based on the
photometric-dynamical model. The quoted values and uncertainty intervals are
based on the 15.85%, 50%, and 84.15% levels of the cumulative distributions of
the marginalized posteriors for each parameter, making them analogous to “one-
sigma” intervals for Gaussian statistics. The quoted orbital parameters are osculat-
ing Jacobian parameters at BJD 2,455,212.12316. The distance from Kepler-16 to
Earth has not been measured, but is probably about 200 light years, judging from
the apparent brightness of star A and theoretical models of stellar structure that
give a crude estimate of its intrinsic luminosity.

1

Kepler-16: Accurate Masses and Radii

Tuesday, February 7, 2012



Parameter Value and Uncertainty
Star A
Mass, MA (M!) 0.6897+0.0035

−0.0034
Radius, RA (R!) 0.6489+0.0013

−0.0013
Mean Density, ρA (g cm−3) 3.563+0.017

−0.016
Surface Gravity, loggA (cgs) 4.6527+0.0017

−0.0016
Effective Temperature, Teff (K) 4450±150
Metallicity, [m/H] −0.3±0.2
Star B
Mass, MB (M!) 0.20255+0.00066

−0.00065
Radius, RB (R!) 0.22623+0.00059

−0.00053
Mean Density, ρB (g cm−3) 24.69+0.13

−0.15
Surface Gravity, loggB (cgs) 5.0358+0.0014

−0.0017
Planet b
Mass, Mb (MJupiter) 0.333+0.016

−0.016
Radius, Rb (RJupiter) 0.7538+0.0026

−0.0023
Mean Density, ρb (g cm−3) 0.964+0.047

−0.046
Surface Gravity, gb (m s−2) 14.52+0.70

−0.69
Binary star orbit
Period, P1 (day) 41.079220+0.000078

−0.000077
Semi-major axis length, a1 (AU) 0.22431+0.00035

−0.00034
Eccentricity, e1 0.15944+0.00061

−0.00062
Argument of Periapse, ω1 (deg) 263.464+0.026

−0.027
Mean Longitude, λ1 (deg) 92.3520+0.0011

−0.0011
Inclination, i1 (deg) 90.3401+0.0016

−0.0019
Longitude of Nodes, Ω1 (deg) ≡ 0 (by definition)
Circumbinary planet orbit
Period, P2 (day) 228.776+0.020

−0.037
Semi-major axis length, a2 (AU) 0.7048+0.0011

−0.0011
Eccentricity, e2 0.0069+0.0010

−0.0015
Argument of Periapse, ω2 (deg) 318.+10.

−22.
Mean Longitude, λ2 (deg) 106.51+0.32

−0.16
Inclination, i2 (deg) 90.0322+0.0022

−0.0023
Longitude of Nodes, Ω2 (deg) 0.003+0.013

−0.013
Other parameters
Flux ratio of stars in Kepler bandpass, FB/FA 0.01555+0.00010

−0.00006
Upper limit on third light (95% conf.), FX/(FA+FB) < 0.013
Radial Velocity Parameter of Barycenter, γ (km s−1) −32.769+0.035

−0.035
Photometric Noise Parameter, σphot 0.0002403+0.0000062

−0.0000060

Table 1: Characteristics of the Kepler-16 system. For all parameters except
Teff and [m/H] (which are described in the SOM) the results are based on the
photometric-dynamical model. The quoted values and uncertainty intervals are
based on the 15.85%, 50%, and 84.15% levels of the cumulative distributions of
the marginalized posteriors for each parameter, making them analogous to “one-
sigma” intervals for Gaussian statistics. The quoted orbital parameters are osculat-
ing Jacobian parameters at BJD 2,455,212.12316. The distance from Kepler-16 to
Earth has not been measured, but is probably about 200 light years, judging from
the apparent brightness of star A and theoretical models of stellar structure that
give a crude estimate of its intrinsic luminosity.
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Parameter Value and Uncertainty
Star A
Mass, MA (M!) 0.6897+0.0035

−0.0034
Radius, RA (R!) 0.6489+0.0013

−0.0013
Mean Density, ρA (g cm−3) 3.563+0.017

−0.016
Surface Gravity, loggA (cgs) 4.6527+0.0017

−0.0016
Effective Temperature, Teff (K) 4450±150
Metallicity, [m/H] −0.3±0.2
Star B
Mass, MB (M!) 0.20255+0.00066

−0.00065
Radius, RB (R!) 0.22623+0.00059

−0.00053
Mean Density, ρB (g cm−3) 24.69+0.13

−0.15
Surface Gravity, loggB (cgs) 5.0358+0.0014

−0.0017
Planet b
Mass, Mb (MJupiter) 0.333+0.016

−0.016
Radius, Rb (RJupiter) 0.7538+0.0026

−0.0023
Mean Density, ρb (g cm−3) 0.964+0.047

−0.046
Surface Gravity, gb (m s−2) 14.52+0.70

−0.69
Binary star orbit
Period, P1 (day) 41.079220+0.000078

−0.000077
Semi-major axis length, a1 (AU) 0.22431+0.00035

−0.00034
Eccentricity, e1 0.15944+0.00061

−0.00062
Argument of Periapse, ω1 (deg) 263.464+0.026

−0.027
Mean Longitude, λ1 (deg) 92.3520+0.0011

−0.0011
Inclination, i1 (deg) 90.3401+0.0016

−0.0019
Longitude of Nodes, Ω1 (deg) ≡ 0 (by definition)
Circumbinary planet orbit
Period, P2 (day) 228.776+0.020

−0.037
Semi-major axis length, a2 (AU) 0.7048+0.0011

−0.0011
Eccentricity, e2 0.0069+0.0010

−0.0015
Argument of Periapse, ω2 (deg) 318.+10.

−22.
Mean Longitude, λ2 (deg) 106.51+0.32

−0.16
Inclination, i2 (deg) 90.0322+0.0022

−0.0023
Longitude of Nodes, Ω2 (deg) 0.003+0.013

−0.013
Other parameters
Flux ratio of stars in Kepler bandpass, FB/FA 0.01555+0.00010

−0.00006
Upper limit on third light (95% conf.), FX/(FA+FB) < 0.013
Radial Velocity Parameter of Barycenter, γ (km s−1) −32.769+0.035

−0.035
Photometric Noise Parameter, σphot 0.0002403+0.0000062

−0.0000060

Table 1: Characteristics of the Kepler-16 system. For all parameters except
Teff and [m/H] (which are described in the SOM) the results are based on the
photometric-dynamical model. The quoted values and uncertainty intervals are
based on the 15.85%, 50%, and 84.15% levels of the cumulative distributions of
the marginalized posteriors for each parameter, making them analogous to “one-
sigma” intervals for Gaussian statistics. The quoted orbital parameters are osculat-
ing Jacobian parameters at BJD 2,455,212.12316. The distance from Kepler-16 to
Earth has not been measured, but is probably about 200 light years, judging from
the apparent brightness of star A and theoretical models of stellar structure that
give a crude estimate of its intrinsic luminosity.
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Winn et al. (2011)

sin i  = (v sin i) / (2πR/Prot) = 0.994 
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