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Direct Imaging of Exoplanets
other methods: transit, radial velocity, 
microlensing, etc.

・Direct imaging (High-contrast imaging)
- sensitive to young and wide-orbit Jovian planets
-> useful information for planet formation and evolution mechanisms
- smaller number of detections
-> need more explorations and detailed characterizations



Flowchart of Direct Imaging

Characterizations
・Photometry
(Spectroscopy)
・Astrometry

©️C. Marois
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κ And system

The first report of κ And b
(Carson et al., 2013)

One of the first directly-imaged planets 
(Discovered by SEEDS; Tamura2009)
age: ~40-50 Myr
distance: 50 pc
mass: ~13 MJ

Sp type: L0-L1
log (g): ~4.0-4.5?
Teff: 1700-2000

・suggestions about formation 
mechanism
- gravitational instability 
- similar separation to current location

・Little discussion of astrometry in the 
previous studies

references: Carson et al. (2013); Bonnefoy et al. 
(2014); Jones et al. (2016); Currie et al. (2018) 
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Observations and Results

H-band (SNR~130) Y-band (SNR~10)

a: bad H-band photometric 
references in both epochs

・ADI reduction conducted 
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Photometry and Astrometry

a. This work
b. Currie, Brandt, Uyama, 

et al. (2018)
c. Carson et al. (2013)
d. Bonnefoy et al. (2014)

Photometry

Astrometry
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Empirical Comparisons with Spectral Libraries

・Y(HiCIAO) and JHK(CHARIS)-bands are used

・Empirical comparisons with spectral libraries: 
κ And b likely has a low surface-gravity

・Some best-fit objects (field-gravity objects) 
may have lower gravity than previously 
classified
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Atmospheric Modeling

a: Allerd et al. (2001), b: Allard et al. (2012), c: Burrows et al. (2006), d: Write et al. (2011), e: Currie et al. (2014) 

・spectrophotometric results between Y-
M’ bands

・A variety of models used for comparison

・The best-fit 3 models: DRIFT-PHOENIX, 
BT-SETTL, BT-DUSTY
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Comparison with an Evolutionary Model (COND03)

・Gray lines: Isochrones (COND 03; Baraffe et al. 
2003)
・Black Contours: Measured luminosity of κ And 
b (Currie et al. 2018) 

・The best-fit three models are 
compared with isochrones in terms of 
radius and surface gravity.

・These models suggest different age 
and mass for κ And b

・The DTIFT-PHOENIX model (the best-fit 
one) implies a radius and gravity 
consistent with evolutionary model 
predictions of the age (t < 40 Myr)



Orbital Fitting with ExoSOFT
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・ExoSOFT 
A MCMC-based orbital fitting 
code to estimate orbital 
parameters from direct 
imaging and/or radial velocity 
(Mede & Brandt; 2017)



Orbital Parameters of κ And b

・Eccentricity – the first eccentric and wide-orbit planet
- orbital migration via planet-planet scattering?
- previous studies assumed on-site formation

a: unconstrained model

This work

c.f.
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・Assumptions
1) three planets with coplanar and 

circular orbits
2) one of them was ejected previously 
3) the ejected one has smaller mass 

than κ And b 
4) these three objects have similar 

diameters 

Constraints on Planet-Planet Scattering

・Mass limits
- 15 MJ, 12 MJ, 7 MJ at 12.5, 25, and 50 AU
- 15 MJ, 8-10 MJ, 3-5 MJ (converted mass 
limit from Currie et al. 2018)

(assuming COND03 model and 47 Myr)
-> a potential inner planet is located at 25 
AU or less

Ida et al. (2013)

assuming mout=13 MJ, eout=0.77±0.08 

・5σ contrast limits
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How to Detect/Constrain the Potential Inner Planet?

・Radial velocity
- σRV ≧ 1km/s (Hinkley et al., 2013; Becker et al., 2015)
-> κ And is not a suitable target for accurate radial velocity measurement

・Host-star astrometry
- a combination of Gaia and Hipparcos
- κ And is too bright for accurate acceleration estimation

・Future high-contrast imaging
- TMT enables better contrast 
- better orbital fitting with more plots of κ And b over next 10 years

Continuing high-contrast imaging is better to constrain migration scenarios of κ
And b.
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14Summary

This study shows a good example about 
how we characterize a directly-imaged planet

・New Data: 
SCExAO+HiCIAO YH-band and Keck/NIRC2 Ks-band results of κ And b

・Empirical comparisons with spectral libraries
- suggestion of low surface gravity

・Atmospheric modeling
- the DRIFT-PHOENIX matches κ And b’s SED between Y and M’ bands
- the model implies a radius and gravity consistent with predictions of 
the system age (t < 40 Myr)

・Astrometry 
- orbital fitting suggested a large eccentricity
- suggestion of planet-planet scattering?
-> further exploration with TMT!



Auxiliary slides

15



16

Eccentricity Distributions of Reported Exoplanets



Used Relationships in ExoSOFT

Define parameters of A, B, F, and G as follows: 

as well as X(t) and Y(t) 

where E(t) is given by  

Finally relative positions of Δδ and Δα are provided
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