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Mass distribution of Planet Host Stars�

4� http://exoplanet.eu/�
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Stellar Mass (M¤)�

Planets around 
low-mass stars (<0.6M¤) : 89�1047 planets  

in total�

Targets of 
our work�
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Potentially habitable planets�

l  Mass : ~1-3 Mearth   
l  Size :  ~0.8-2 Rearth�

l  Semi-major axis: 0.7-1.9AU 
l  (density : 5 m s-1?)�
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What is habitable planets ?�
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Search for Habitable planets�

l Doppler survey  
l Ground telescopes 

l Transit survey 
l Kepler satellite 
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Figure 2. Phase-folded RV measurements of the four signals discussed in the text. The 143 HARPS measurements are shown in red circles, 21 PFS measurements are
shown in blue squares, and the green triangles correspond to the 20 HIRES observations. Each preferred Keplerian model is shown as a black line.
(A color version of this figure is available in the online journal.)

in Baraffe et al. (1998) by assuming the aforementioned mass,
metallicity, and an age of 5 Gyr.

4. ORBITAL ANALYSIS

Keplerian orbital fits to the combined RV data were obtained
using the SYSTEMIC interface (Meschiari et al. 2009), which
allows the interactive least-squares adjustment of complex mul-
tiplanetary systems to several data sets. To determine whether
there was a significant periodicity remaining in the data, we
used a custom-made version of a least-squares periodogram
(Cumming 2004) that adjusts a separate zero-point offset to
each instrument (HARPS, PFS, and HIRES).

To quantify the significance of a new signal, we estimated
its false alarm probability (FAP) empirically. We created 105

synthetic sets by randomly permutating the RV measurements
over the same observing epochs (while retaining membership
within each instrument). We then computed the periodogram of
each synthetic set. A false alarm was identified when a synthetic
data set produced a periodogram peak higher than the power of
the signal under inspection. The number of false alarms was
then divided by the number of simulations to derive the FAP,
which was used as a measure of the probability that a spurious
detection arose due to an unfortunate arrangement of the noise.
This method is widely used to assess the likelihood of periodic
signals and a detailed description can be found elsewhere (e.g.,
Cumming 2004). Since a few tens of M dwarfs have been
intensively followed up at 1 m s−1 precision (Bonfils et al. 2011)
and to minimize the chances of detecting a false positive, only
signals with an FAP < 1% were added to the solution (dotted
lines in Figure 1).

The first detected signal was an extremely significant period-
icity at 7.2 days (see Figure 1). No false alarms were found in
any of the 105 synthetic sets indicating an FAP < 0.001%. The
signal corresponds to a planet with a minimum mass (M sin i)
of 5.2 M⊕ (GJ 667Cb) and a slightly eccentric orbit.

After subtracting a Keplerian solution for GJ 667Cb, a secular
trend was the next most significant signal. The magnitude of the
trend (∼1.8 m s−1 yr−1) is compatible with the gravitational pull
from the GJ 667AB pair (maximum value is ∼3.6 m s−1 yr−1)
but could also be caused by an additional unseen long-period
companion. The corresponding FAP of this signal is 0.055%, a
very significant detection. A tentative solution with a period of
7000 days provides a slight improvement to the fit due to some
curvature detected when combining HIRES+PFS measurements
(see Figure 2). We estimate that one more year of observations
is required to determine if the signal is due to an additional
low-mass companion or due to the gravitational pull of the
GJ 667AB binary.

The next signal also has a very low FAP (0.034%), and implies
a planet with a period of 28.15 days and M sin i ∼ 4.5 M⊕
(GJ 677Cc). Although the period is close to the lunar aliasing
frequency (∼ 27.3 days), the orbital phase coverage is complete
thanks to the multi-year time span of the observations. Because
of its small amplitude, eccentric solutions cannot be ruled out
(Shen & Turner 2008; O’Toole et al. 2009). A Monte Carlo
Markov Chain (MCMC) analysis (Ford 2005) indicates that this
eccentricity (with 98% confidence) must be less than 0.27. At a
semimajor axis of 0.123 AU, the stellar flux S reaching the top
of its atmosphere is 90% of the solar flux received by Earth (S0).
Using L and Teff for the host star, the relations given in Kane &
Gelino (2011) provide boundaries of the zone at which liquid
water could exist on an Earth-like planet (also called liquid water
habitable zone, or HZ). In the canonical model presented in
Kasting et al. (1993) and updated in Selsis et al. (2007), the inner
and outer boundaries depend on the fractional cloud coverage
for the putative planet and are displayed as thick gray rectangles
in Figure 3. Even though these limits are uncertain, GJ 667Cc
comfortably falls in this HZ and also satisfies the empirical limits
set by an unhabitable Venus and a possibly habitable early Mars
(Selsis et al. 2007). Let us remark that the ultimate capability
of GJ 667Cc to support liquid water depends on properties that
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We then estimated the frequency of the allowed
blends by taking into account all available ob-
servational constraints from the follow-up obser-
vations discussed in (9). Finally, we compared this
frequency with the expected frequency of true
planets (planet “prior”) to derive the odds ratio
(9). By incorporating these constraints into aMonte
Carlomodel that considered awide range of stellar
and planetary characteristics, we determined es-
timates of the probability of each false positive
that could explain the observations (9).

Our simulations of each of the candidates in-
dicate that the likelihood of a false-positive ex-
planation is much smaller than the likelihood that
the candidates constitute a planetary system. The
calculated odds ratios that Kepler-62b through
-62f represent planets rather than false positives
are 5400, >5000, 15,000, 14,700, and >5000, re-
spectively (9). There is also a 0.2% chance that
the planets orbit a widely spaced binary composed
of two K2V stars; if so, the planets are larger
in radius than the values shown in Table 1 by a
factor of

ffiffiffi
2

p
(9).

To determine whether a planet is in the HZ,
we calculated the flux of stellar radiation that it
intercepts. It is convenient to express intercepted
flux in units of the average solar flux intercepted
by Earth, denoted by S⊙. The values of the stel-
lar flux intercepted by Kepler-62b to -62f are
70 T 9 S⊙, 25 T 3 S⊙, 15 T 2 S⊙, 1.2 T 0.2 S⊙,
and 0.41 T 0.05 S⊙, respectively. Eccentric planetary
orbits increase the annually averaged irradiation
from the primary star by a factor of 1/(1 – e2)1/2,

where e is the orbital eccentricity (19). Because
the model results for the orbital eccentricities of
Kepler-62b through -62f are small and consistent
with zero, no corrections were made.

The HZ is defined here as the annulus around
a star where a rocky planet with a CO2-H2O-N2

atmosphere and sufficiently large water content
(such as on Earth) can host liquid water on its

solid surface (20). In this model, the locations of
the two edges of the HZ are determined on the
basis of the stellar flux intercepted by the planet
and the assumed composition of the atmosphere.
A conservative estimate of the range of the HZ
(labeled “narrow HZ” in Fig. 3) is derived from
atmospheric models by assuming that the
planets have H2O- and CO2-dominated atmo-
spheres with no cloud feedback (21). The flux
range is defined at the inner edge by thermal
runaway due to saturation of the atmosphere by
water vapor and at the outer edge by the freeze-
out of CO2. In this model, the planets are as-
sumed to be geologically active and climatic
stability is provided by a mechanism in which
atmospheric CO2 concentration varies inversely
with planetary surface temperature.

The “empirical” HZ boundaries are defined
by the solar flux received at the orbits of Venus
and Mars at the epochs when they potentially
had liquid water on their surfaces. Venus and
Mars are believed to have lost their water at
least 1 billion years and 3.8 billion years ago,
respectively, when the Sun was less luminous.
At these epochs, Venus received a flux of 1.78 S⊙
and Mars a flux of 0.32 S⊙ (20). The stellar
spectral energy distributions of stars cooler than
the Sun are expected to slightly increase the ab-
sorbed flux (20). Including this factor changes
the HZ flux limits to 1.66 and 0.27 S⊙ for the em-
pirical HZ, and 0.95 and 0.29 S⊙ for the narrow
HZ (21). Figure 3 shows that Earth and Kepler-
62f are within the flux boundaries of the narrow
HZ, whereas Kepler-22b and Kepler-62e are
within the empirical flux boundaries.

Although RVobservations were not precise
enough to measure masses for Kepler-62e and
-62f, other exoplanets with a measured radius
below 1.6 R⊕ have been found to have densities
indicative of a rocky composition. In particular,
Kepler-10b (22), Kepler-36b (23), and CoRoT-7b
(24) have radii of 1.42 R⊕, 1.49 R⊕, and 1.58 R⊕
and densities of 8.8, 7.5, and 10.4 g/cm3, respec-
tively. Thus, it is possible that both Kepler-62e
and -62f (with radii of 1.61 R⊕ and 1.41 R⊕) are
also rocky planets.

The albedo and the atmospheric character-
istics of these planets are unknown, and there-
fore the range of equilibrium temperatures (Teq)
at which the thermal radiation from each plan-
et balances the insolation is large and depends
strongly on the composition and circulation of
the planets’ atmospheres, their cloud charac-
teristics and coverage, and the planets’ rota-
tion rates (25, 26). However, for completeness,
values of Teq were computed from Teq = Teff
[b(1 – AB)(R*/2a)

2]1/4, where Teff is the effec-
tive temperature of the star (4925 K), R* is the
radius of the star relative to the Sun (0.64), AB is
the planet Bond albedo, a is the planet semimajor
axis, and b is a proxy for day-night redistribution
(1 = full redistribution, 2 = no redistribution). For
the Markov chain Monte Carlo calculations, it was
assumed that b = 1 and that AB is a random num-
ber from 0 to 0.5 (Table 1).
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Fig. 1. Kepler-62 light curves after the data
were detrended to remove the stellar varia-
bility. Composite of phase-folded transit light
curves (dots), data binned in ½ hour intervals
(blue error bars), and model fits (colored curves)
for Kepler-62b through -62f. Model parameters
are provided in Table 1. The error bars get larger
as the period becomes larger because there are
fewer points to bin together. For the shortest pe-
riods, the bars are too small to see.
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The InfraRed Doppler Survey �

l Search for planets around low-mass stars 
l Detect earth-mass planets in habitable zone  
l Show statistical properties of planets 

l An Radial Velocity Survey in Near InfraRed 
l New instrument : IRD/Subaru 8.2m 
l Firstlight of IRD : 2014 => Start survey in 2015 
l Expected High RV precision: ~1 m/s 

2013/11/28-30 @ ISAS� International Astrobiology Workshop 
2013�
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1�

Target : planets @ low-mass stars�
Habitable Zone &  

RV Amplitude�

l  Habitable zone  < ~0.3 AU 
l  Amplitude of RV = 1-2m/s�

Flux of stellar light �

l  Flux peak in Near Infrared 
l  High-efficiency observation�

M6V star GJ406 (Pavlenko et al. 2006)�
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M☆=0.2Msun�

K=5m/s 
K=3m/s 
 
K=1m/s 
K=0.5m/s�

Pop. synthesis 
Hori, Y et al. �
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P<60d 
0.5~5Mearth 
49 planets/100 stars 

P<60d 
5~300Mearth 
43 planets /100 stars�

振幅1m/sの惑星を検出できると 
氷・岩石惑星に迫れる！ 

●：Gas-rich 
●：Ice-rich 
●：Rocky�

Simulation: Planets @ low-mass stars�

2013/11/28-30 @ ISAS� International Astrobiology Workshop 
2013�

To understand planet formation mechanisms around low-mass stars, 
we must uncover the distribution of super-Earths and Earth-mass planets.�

This document is provided by JAXA.



Spec summary of IRD�

l  Wavelength:    �0.97-1.75 µm 
l  Important region:  0.97-1.1, 1.4-1.8 µm for M stars 

l  Spectral resolution:   70,000（3pixel sampling）�
l  Pixel scale:   0.09 arcsec/pixel 
l  Fiber-fed:    star + reference + sky + comb 
l  Dispersive optics:  Echelle & VPH-Grating 
l  Detector:   Hawaii 4096x4096  
l  Detector temperature: 60K, Optics temperature: 200K 
l  Cooler:    Pulse-tube cooler 
l  Tip-Tilt:    Rlimit=18 & 0.27arcsec slit usable 
l  Expected RV precision: 1 m/s w/laser frequency comb 

2013/11/28-30 @ ISAS� International Astrobiology Workshop 
2013�
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Sample of our survey�
l  Nearby stable dwarf stars：200-500 stars 

l  An All-sky catalog of Bright M Dwarfs (Lepine+2011） 
l  A Spectroscopic Catalog of the Brightest (J<9) M Dwarfs 

in the Northern Sky (Lepine+2012) 

0.1� 0.2�

D<15pc, J<10 
: 213 stars 

Red：No X-ray&UV�
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Strategy for the IRD Survey�

l Quicklook observation 
l Monitoring observation 

l More massive planets in habitable zone 

l Intensive observation 
l Toward rocky (Earth-mass) planets 

l Follow-up observation by Transit 
l At Japanese facilities (See N. Narita’s talk)�
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2013�
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Summary�
l  IRD/Subaru 8.2m 

l  Infra-Red Doppler instrument with frequency comb 
l First light in 2014  

l  Search for planets around low-mass stars 
l Detection of habitable planets  
l Statistical properties of more massive planets  

l  Simulations for the IRD survey 
l Strategy: Quicklook => Intensive and Uniform obs. 
l Detectability for 3 year observations 

l Quicklook : To find plaent candidate 
l Uniform : planets more massive than 20 Mearth @ ∼100 d 
l  Intensive : We can reach to habitable rocky planets 
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