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Dependence  on  stellar  mass�
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and for βwe chose a range that encompasses the value measured
by FV05.

5. RESULTS

The best-fitting parameters and their 68.2% (1σ) confidence
intervals are listed in columns (2)–(3)of Table 1. We estimated
the confidence intervals by measuring the 15.9 and 84.1 percen-
tile levels in the cumulative distributions (CDF) calculated from
the marginal pdf of each parameter (e.g., eq. [6]).

The marginal joint parameter pdfs are shown in Figure 3. The
comparisons between the best-fitting relationship (eq. [1]) and
the data are shown in Figures 4 and 5. In both figures, the his-
tograms show the “bulk” planet frequency, with bin widths of
0:15 M⊙ and 0.1 dex, respectively. The filled circles denote the
median planet fraction predicted by equation (1) based on the
masses and metallicities of the stars in each bin. The diamonds

show the best-fitting metallicity and mass relationships, given
by fðM;F ¼ 0Þ and fðM ¼ 1; F Þ.

Our Bayesian inference analysis provides two additional
assurances that stellar mass and metallicity correlate separately
with planet fraction. The first is the lack of covariance between
α and β in Figure 3. This also demonstrates that our stellar sam-
ple adequately spans the mass-metallicity plane despite the
artificial correlation between stellar parameters in part of our
sample. The second check on our initial assumptions is seen
in Figure 4. While some of the increase in planet fraction as

TABLE 1

MODEL PARAMETERS

Parameter
Name

Uniform
Priora

(2)

Median
Value
(3)

68.2% Confidence
Interval
(4)

α . . . . . . . . . . . . . (0.0, 3.0) 1.0 (0.70, 1.30)
β . . . . . . . . . . . . . (0.0, 3.0) 1.2 (1.0, 1.4)
C . . . . . . . . . . . . . (0.01, 0.15) 0.07 (0.060, 0.08)

aWe used uniform priors on our parameters between the two limits listed in
this column.
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FIG. 3.—Marginal posterior pdfs for the model parameters conditioned on
the data.
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FIG. 4.—Planet fraction (f ¼ Nplanets=Nstars) as a function of mass for our
stellar sample (gray histogram). The red filled circles show the planet fraction
predicted by eq. (1) for the masses and metallicities of the stars in each histogram
bin. Note that we use a histogram only for visualization purposes; the data were
fitted directly without binning. The open diamonds show the best-fitting rela-
tionship between planet fraction and stellar mass for ½Fe=H% ¼ 0. The dashed
line shows the stellar-mass relationship predicted by Kennedy & Kenyon
(2008) for Solar metallicity.
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FIG. 5.—Planet fraction (f ¼ Nplanets=Nstars) as a function of metallicity for
our stellar sample (gray histogram). The red filled circles show the planet frac-
tion predicted by eq. (1) for the masses and metallicities of the stars in each bin.
Note that we use a histogram only for visualization purposes; the data were fitted
directly without binning. The blue open diamonds show the best-fitting relation-
ship between planet fraction and stellar metallicity forM⋆ ¼ 1 M⊙. None of the
52 stars with ½Fe=H% < &0:5 harbor a giant planet.
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East-Asian Planet Search Network �
p   Okayama  planet  search  program�

p   @Okayama  Astrophysical  Observatory,  OAO,  Japan�

p   Chinese-‐‑‒Japanese  planet  search�
p   Xinglong  Station  &  OAO�

p   Korean-‐‑‒Japanese  planet  search�
p   Bohyunsan  Optical  Astronomy  Observatory  &  OAO�

p   Turkish-‐‑‒Japanese  collaboration�
p   TÜBITAK  -‐‑‒  Turkish  National  Observatory  &  OAO�

p   EAPS-‐‑‒Net  with  the  Subaru  telescope�
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Dependence  of  Planetary  systems�

•  Occurrence  rate  of  
giant  planets�
–  Theory：Peak  at  3MSun�
–  Obs.：Peak  at  2MSun�

•  Type-‐‑‒II  migration  
and  stellar  mass�
–  Theory  :  inward�
–  Obs.  :  further  �
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Stellar  &  Planetary  mass�
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Brown  dwarf  desert  ?    �

Planet  desert  ?�
or  �

Observation  bias?    �

Omiya et al. 2009 �



Precise  Radial  Velocity  Survey�

• Precise RV Survey of 3~4 MSun giant stars 
– Okayama Astronomical Observatory, OAO 
– Check planets with < 3 AU and > 3~5 MJupiter 

•  Scientific Goals 
– To estimate an occurrence rate of planets 
– To verify the Planet Desert with >3MSun stars 

PRVS �
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Sample  stars  of  PRVS�
•  Number:    70  GK  giants�
–  0.6  <  B-‐‑‒V  <  1.0�
–  -‐‑‒1.5  <  MV  <  -‐‑‒0.1�
–  6  <  V  mag.  <  7.1�
–  δ  >  -‐‑‒25�
–  Exclude  followings�

•  Binaries�
•  Variable  stars�

Effective temperature (log Teff.) �
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●  Our  sample�
●  Sample  at  EAPS-‐‑‒Net�

3MSun�

4MSun�



Observation  @  OAO�
• HIDES/OAO188cm 
– HIgh Dispersion Echelle Spectrograph 

• Period: 2010.1-2013.1 
– Long term RV monitoring! 
• Observation setting 
– Slit mode or fiber-feed mode 
– R=λ/Δλ~65,000 or 50,000 
– 3750-7500Å 
–  I2 absorption cell 
– SN > 100 /pixel 

2015/6/3 � Occurrent Rate of Giant Planets� 8�
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Properties  of  samples�
• Stellar  metallicity  from  spectra�
–    [Fe/H]=-‐‑‒0.1-‐‑‒0.3  è  NO  trend�
• Stellar  mass  from  evolutionally  tracks�
–    ~∼3-‐‑‒4MSun�
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Completeness  of  our  PRVS�
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828 M. Omiya et al. [Vol. 61,

Fig. 3. Upper panel: radial velocities of HD 119445 observed at
BOAO (filled circles) and OAO (open circles). The Keplerian orbital
curve that we determined is drawn by the solid line. Lower panel:
Residuals to the best Keplerian fit.

Table 2. Radial velocities of HD 119445 at BOAO.

JD Radial velocity Error
(!2450000) (m s!1) (m s!1)

3427.3555 215.5 11.6
3730.3782 !309.5 10.6
3756.3179 !265.1 14.2
3809.2236 96.3 9.9
3831.2419 199.7 11.7
3888.0653 457.1 13.3
4081.3558 !253.9 12.6
4123.2218 !361.9 14.3
4224.1335 94.5 15.2

data has a period of P = 410.2 ˙ 0.6 d, a velocity semi-
amplitude of K1 = 413.5 ˙ 2.6 m s!1, and an eccentricity of
e = 0.082 ˙0.007. The best-fit curve is drawn in figure 3 as
a solid line overlaid on the observed velocities. We applied
an offset of ∆RV , !43.0 ˙5.1 m s!1, estimated concurrently
with the orbital fit, to the BOAO data points by minimizing !2

in fitting a Keplerian model to the combined BOAO and OAO
velocity data. The difference in the velocity scales derived
from the BOES and HIDES stellar templates yielded the offset.
The best-fit parameters and uncertainties are listed in table 4.
The uncertainties were estimated by a Monte Carlo approach.

The rms scatter of the residuals to the best-fit is 13.7 m s!1.
This value is comparable to the typical radial velocity scatter
(10–20 m s!1) of the G-type giants (Sato et al. 2005) within
the typical measurement errors of " 13 m s!1 (BOAO) and
" 9 m s!1 (OAO). Since we did not find any significant peri-
odic variation due to a second companion in the residuals, we
conclude that HD 119445 would have no additional substellar
companion with a period of less than 800 d. Adopting a stellar
mass M = 3.9˙0.4Mˇ for HD 119445, we obtained a semi-
major axis of a = 1.71 ˙ 0.06 AU and a minimum mass of
M2sinip = 37.6 ˙ 2.6 MJ for a companion. The error of the
mass arose mostly from the stellar mass error of the host star.

Table 3. Radial velocities of HD 119445 at OAO.

JD Radial velocity Error
(!2450000) (m s!1) (m s!1)

3412.2214 119.9 10.5
3429.1852 208.0 12.6
3461.2184 334.6 6.3
3519.0496 451.6 11.8
3581.0147 295.5 8.9
3598.9982 184.2 8.0
3607.9722 123.7 6.8
3611.9573 88.0 10.3
3614.9515 87.7 7.1
3644.9092 !123.8 10.6
3695.3348 !366.1 8.0
3709.3600 !373.1 8.9
3730.3545 !377.2 11.7
3743.3350 !330.3 6.8
3805.1203 0.4 10.7
3824.1283 116.4 8.4
3831.1425 138.5 9.7
3931.1190 401.2 12.9
3947.0120 423.0 10.3
4075.2883 !232.4 8.7
4131.2517 !385.6 7.4
4151.2616 !343.3 7.0
4176.2334 !225.9 9.2
4199.2797 !96.4 8.1
4214.1939 !4.2 12.8
4243.0711 166.6 6.6
4261.9704 262.2 8.0

Table 4. Orbital parameters of HD 119445b.

Parameter Value

K1 (m s!1) 413.5˙2.6
P (days) 410.2˙0.6

e 0.082˙0.007
! (deg) 160.5˙4.3
T (JD) 2452873.9˙5.6

∆RV # (m s!1) !43.0˙5.1
rms (m s!1) 13.7

Reduced
p

!2 1.7
Nobs 36

a1sinip (10!3 AU) 15.54˙0.10
f1(m) (10!7 Mˇ) 29.75˙0.58

M2sinip (MJ) 37.6˙2.6
a (AU) 1.71˙0.06

# Offset between BOAO and OAO velocities.

5. Line Shape Analyses and an Upper Limit of a Mass

Spectral-line shape analyses were performed by using tech-
niques described in Sato et al. (2007) to investigate other causes
of the apparent radial velocity variation, such as the rotational

Discovery of a brown dwarf 
Omiya+09 �

No. 6] Substellar Companions to Seven Evolved Intermediate-Mass Stars 135-7

Fig. 4. Top: Radial velocities of 75 Cet observed at OAO. The
Keplerian orbit is shown by the solid line. The error bar for each
point includes the stellar jitter estimated in subsection 5.2. Bottom:
Residuals to the Keplerian fit. The rms to the fit is 10.8 m s!1.

Fig. 5. Periodogram of the residuals to the Keplerian fit for 75 Cet.
Possible peaks (FAP " 0.003) are seen at periods of about 200 and
1880 days.

correlation profiles did not show any significant variability, and
the BVD value agreed with the velocity difference between
the two templates, which are consistent with the planetary
hypothesis, as the cause of the observed RV variations.

5.2. 75 Cet (HD 15779, HIP 11791)

We collected a total of 74 RV data of 75 Cet between 2002
February and 2011 December. The observed RVs are shown
in figure 4, and are listed in table 3 together with their esti-
mated uncertainties. The Lomb-Scargle periodogram of the
data exhibits a dominant peak at a period of 698 d with
a FAP < 1 # 10!5.

A single Keplerian model for the star yielded orbital
parameters for the companion of P = 691.9 ˙ 3.6 d,
K1 = 38.3 ˙ 2.0 m s!1, and e = 0.117 ˙ 0.048. Adopting
a stellar mass of 2.49 Mˇ, we obtained m2sin i = 3.0 MJ and
a = 2.1 AU for the companion. The rms scatter of the resid-
uals to the Keplerian fit is 10.8 m s!1, and the reduced

p
!2

was 2.7 when we adopted the measurement errors as weight of

Fig. 6. Top: Radial velocities of o UMa observed at OAO. The
Keplerian orbit is shown by the solid line. The error bar for each
point includes the stellar jitter estimated in subsection 5.3. Bottom:
Residuals to the Keplerian fit. The rms to the fit is 7.6 m s!1.

Table 4. Radial velocities of o UMa.

JD Radial velocity Uncertainty
(!2450000) (m s!1) (m s!1)

3000.21377 12.9 4.6
3081.12751 33.2 4.8
3311.25752 28.0 4.4
3427.12651 22.6 5.1
3500.01480 !9.6 5.5
3660.31478 !17.7 4.5
3729.21876 !29.6 4.7
3812.09846 !20.4 4.6
3886.96433 !17.7 6.5
4022.32303 !47.9 6.2
4123.15218 !19.6 5.2
4186.04763 !14.6 4.6
4216.06204 !17.5 5.0
4461.33804 16.6 4.1
4525.12025 14.7 4.6
4587.94612 28.3 6.3
4796.33191 37.5 4.6
4887.99762 26.9 5.4
4925.03379 43.4 4.8
5166.10163 0.1 5.1
5205.19728 !7.5 4.5
5233.13003 !7.5 5.1
5346.97821 !26.8 5.0
5502.24894 !39.8 6.2
5558.23852 !27.5 4.7
5625.05259 !31.8 4.5

the least-squared fitting.
We performed periodogram analysis to the residuals, and

found possible peaks at around 200 d and 1880 d (figure 5).
Although these periodicity values are not significant at this
stage (FAP " 3 # 10!3), a Keplerian fitting yielded velocity
semiamplitudes of " 7 m s!1 and " 10 m s!1 for the period-
icity, respectively, which corresponds to m2sin i " 0.4 MJ and
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Discovery of a planet  
Sato+12 �• Sample:  89  stars  in  total  �

–  This  survey  :  41  stars�
–  Okayama  project  :  42  stars�

•  Planet:  3.1  MSun  @  3.9AU  (Sato+12)�
•  Brawn  dwarf:  3.0  MSun  (Sato+12)�
•  Planet  candidates:  3.1-‐‑‒3.3  MSun�

–  Korean-‐‑‒Japanese  planet  search  
program  :  6  stars�
•  Brown  dwarf:  3.9  MSun  (Omiya+09)�



Completeness  of  our  PRVS�
• Sample:  89  in  total  �
–  This  survey  :  41  stars�
–  Okayama  project  :  42  stars�

•  Planet:  3.1  MSun  @  3.9AU  (Sato+12)�
•  BD:  3.0  MSun  (Sato+12)�
•  Planet  candidates:  3.1-‐‑‒3.3  MSun�

–  Korean-‐‑‒Japanese  planet  search  
program  :  6  stars�
•  BD:  3.9  MSun  (Omiya+09)�
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Occurrence  rates  of  giant  planets�

•  Occurrence rates of giant planets with semimajor axis <3AU decrease with 
increasing stellar mass in >2.0MSun stars. 

–  Our result is consistent with results of Reffert et al. 2015. 

–  Long period planets may be fruitful around massive stars. 

–  NOTICE: less massive giant planets with < 3MJupiter cannot be detected around massive stars.  

2015/6/3 � Occurrent Rate of Giant Planets� 12�

and for βwe chose a range that encompasses the value measured
by FV05.

5. RESULTS

The best-fitting parameters and their 68.2% (1σ) confidence
intervals are listed in columns (2)–(3)of Table 1. We estimated
the confidence intervals by measuring the 15.9 and 84.1 percen-
tile levels in the cumulative distributions (CDF) calculated from
the marginal pdf of each parameter (e.g., eq. [6]).

The marginal joint parameter pdfs are shown in Figure 3. The
comparisons between the best-fitting relationship (eq. [1]) and
the data are shown in Figures 4 and 5. In both figures, the his-
tograms show the “bulk” planet frequency, with bin widths of
0:15 M⊙ and 0.1 dex, respectively. The filled circles denote the
median planet fraction predicted by equation (1) based on the
masses and metallicities of the stars in each bin. The diamonds

show the best-fitting metallicity and mass relationships, given
by fðM;F ¼ 0Þ and fðM ¼ 1; F Þ.

Our Bayesian inference analysis provides two additional
assurances that stellar mass and metallicity correlate separately
with planet fraction. The first is the lack of covariance between
α and β in Figure 3. This also demonstrates that our stellar sam-
ple adequately spans the mass-metallicity plane despite the
artificial correlation between stellar parameters in part of our
sample. The second check on our initial assumptions is seen
in Figure 4. While some of the increase in planet fraction as

TABLE 1

MODEL PARAMETERS

Parameter
Name

Uniform
Priora

(2)

Median
Value
(3)

68.2% Confidence
Interval
(4)

α . . . . . . . . . . . . . (0.0, 3.0) 1.0 (0.70, 1.30)
β . . . . . . . . . . . . . (0.0, 3.0) 1.2 (1.0, 1.4)
C . . . . . . . . . . . . . (0.01, 0.15) 0.07 (0.060, 0.08)

aWe used uniform priors on our parameters between the two limits listed in
this column.
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FIG. 3.—Marginal posterior pdfs for the model parameters conditioned on
the data.
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FIG. 4.—Planet fraction (f ¼ Nplanets=Nstars) as a function of mass for our
stellar sample (gray histogram). The red filled circles show the planet fraction
predicted by eq. (1) for the masses and metallicities of the stars in each histogram
bin. Note that we use a histogram only for visualization purposes; the data were
fitted directly without binning. The open diamonds show the best-fitting rela-
tionship between planet fraction and stellar mass for ½Fe=H% ¼ 0. The dashed
line shows the stellar-mass relationship predicted by Kennedy & Kenyon
(2008) for Solar metallicity.
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FIG. 5.—Planet fraction (f ¼ Nplanets=Nstars) as a function of metallicity for
our stellar sample (gray histogram). The red filled circles show the planet frac-
tion predicted by eq. (1) for the masses and metallicities of the stars in each bin.
Note that we use a histogram only for visualization purposes; the data were fitted
directly without binning. The blue open diamonds show the best-fitting relation-
ship between planet fraction and stellar metallicity forM⋆ ¼ 1 M⊙. None of the
52 stars with ½Fe=H% < &0:5 harbor a giant planet.
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Summary�
• Radial Velocity Survey of 3-4 MSun stars 
– Check planets with < 3 AU and > 3-5 MJupiter 
– >10 RV observations for 4 years 
– Many stars with a long term RV variation 

è Long period planets are fruitful ? 

• Occurrence rate of giant planets 
around massive stars   
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NO  GIANT  PLANETS?  �
                                with    >3MJupiter  and  <3AU  �


