
1．INTRODUCTION:ドップラー法での地球型惑星探し 

2．Subaru  IRD-‐‑‒Doppler  survey 

3．3.8m⽤用ドップラー探索索での2つのアプローチ 

 　 　IRD惑星候補の⾼高頻度度フォローアップ 

 　 　若若い晩期型星における巨⼤大惑星探索索 

4．SUMMARY 
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近⾚赤外ドップラー装置による 
 　 　 　晩期型星周りの惑星サーベイ�
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地球質量量惑星検出への動向�
¤  太陽型星周りのドップラー探索索 

¤  California、HARPSサーベイ  ~2011 
¤  HARPS-S,Nでの地球型惑星探し  2009~ 

¤  1.16MEarth, α Centauri B b の発⾒見見 
¤  Rocky Planet Finder @Lick obs.  2006~ 
¤  ESPRESSO（~10cm/s）@VLT  2016~  

¤  M型矮星のドップラー探索索 
¤  California サーベイ (Marcy+) 
¤  HARPS サーベイ (Bonfils+) 

¤  1.86MEarth, GJ581 e の発⾒見見 
¤  McDonald サーベイ (Endl+) 
¤  M2K サーベイ (Fischer+) 
¤  NIRSPEC (Blake+ etc.) 
¤  CRIRES & IRCS (Seifahrt+) 

 

Fig. 2. The size (A) and mass (B) distributions of planets orbiting close to G and K-type stars.  
The distributions rise substantially with decreasing size and mass, indicating that small planets 
are more common than large ones.  Planets smaller than 2.8 RE or less massive than 30 ME are 
found within 0.25 AU of 30-50% of Sun-like stars. (A) The size distribution from transiting 
planets shows occurrence versus planet radius and is drawn from two studies of Kepler data: (16) 
for planets smaller than four times Earth size and (17-18) for larger planets. The inset images of 
Jupiter, Neptune, and Earth show their relative sizes.  The mass (Msini) distributions (B) show 
the fraction of stars having at least one planet with an orbital period shorter than 50 days 
(orbiting inside of ~0.25 AU) are from the Doppler surveys from (14, white points) and (Error! 
Reference source not found., yellow points), whereas the histogram shows their average values.  
Inset images of Earth, Neptune, and Jupiter are shown on the top horizontal axis at their 
respective masses.  Both distributions are corrected for survey incompleteness for small/low-
mass planets to show the true occurrence of planets in nature.
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Subaru  IRD-‐‑‒Doppler  survey�
Searching  for  Earths  around  Late-‐‑‒M  dwarfs  �

¤  IRD：  InfraRed Doppler instrument  
¤  望遠鏡： 　すばる望遠鏡（⼝口径8.2m） 
¤  観測波⻑⾧長域： 　0.97-1.75um （Y, J, H–band） 
¤  波⻑⾧長分解能： 　70,000 （3ピクセルサンプリング） 
¤  波⻑⾧長校正： 　アストロ・コム（レーザー周波数コム） 
 　➡1m/sの精度度で視線速度度測定を可能にする 

 　ドップラー法で地球型惑星を狙える観測装置！ 

¤  Subaru  IRD-‐‑‒Doppler  survey  
¤  1m/sのRV精度度 & 100星の⼤大規模サンプル 
¤  戦略略1:  観測ターゲットの厳選 
¤  戦略略2:  視線速度度＆表⾯面活動同時観測 
¤  戦略略3:  ⾼高頻度度多回数観測 

➡ 世界で初めて地球型惑星の統計的理理解に迫れる！ 

NAOJ �

＋フォローアップ体制＋理理論論研究との協⼒力力＋フレキシブルで豊富な観測時間 

➡ 　地球型惑星の特徴と形成とハビタビリティに迫る�



IRDのサイエンス・ターゲット�

K=5m/s 
K=3m/s 
 
 

K=1m/s @ 0.2MSun 
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理理論論Simulation 
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●：岩⽯石惑星 
Pop. synthesis 
by Hori, Y et al. �
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ライン�

ハビタブル地球型惑星探索索 
周期 P<100d 
振幅 K>1m/s 
質量量 MPsini~0.5~300MEarth 
検出率率率 ~100惑星/100恒星 

IRD-RVサーベイの⽬目的 
  1. HZに存在する地球型惑星の発⾒見見�
  2. HZの地球型惑星存在頻度度の理理解 
  3. 地球型惑星の統計的理理解 
 　 　（他の観測では狙えない！）�



M型矮星周りのドップラー惑星探索索�
  分光器� 望遠鏡  (⼝口径)� 波⻑⾧長分解能� 波⻑⾧長校正� RV精度度� サンプル	


星数	

観測開始
(夜数)�

HIRES 
(M2K) Keck (10m) 70,000  I2Cell 1-5m/s 

K7-M4 
~600 2009 

CRIRES VLT (8.2m) 100,000  
telluric (CO2), 

NH3 cell 5-10m/s 
M5-L1 
~36 2009 

IRCS Subaru (8.2m) 20,000  NH3 cell ~30m/s 
M4-L0 
~60 2010 

CARMENES
可視&近⾚赤 

Calar Alto 
(3.5m) 82,000  Uranium-Neon 

lamp 1m/s M0-M6 
~300 

2014 
(~750) 

HZPF 
（近⾚赤） HET (9.2m) 50,000  Uranium-Neon 

lamp / LFC 1-3m/s M4-M9 
~300 

2015 
(~200) 

SPIRou 
（近⾚赤） CFHT (3.6m) 75,000  

U/N lamp / LFC 
Fabry-Perot 1-3m/s 

M4-M7? 
400-600 

2017 
(300-600) 

ESPRESSO 
（可視） VLT (8.2m) 134,000  ThAr / LFC 40cm/s -M5?� 2016? 

IRD 
（近⾚赤） Subaru (8.2m) 70,000  LFC 1m/s M4-M9 

~100? 
2015 

(200?) 

LFC: laser frequency comb 



ドップラー法での⼆二つのアプローチ�
¤  ⻑⾧長期⾼高頻度度ドップラーサーベイ 
 　＃観測時間が必要であるため、他の惑星探しでも観測可能天体数が限られる 
¤  IRD惑星候補の⾼高頻度度フォローアップ 

¤  IRDでの観測回数は最⼤大で100程度度  è 低質量量星なら地球質量量惑星検出可能 
¤  IRDで発⾒見見した惑星候補の超⾼高頻度度観測により、晩期M型矮星で地球質量量の惑
星を検出を⽬目指す 

¤  天体数を絞って観測を⾏行行い、振幅K=0.5m/sのハビタブル惑星を検出する 
¤  晩期型星周りの地球質量量惑星の探索索 

¤  観測があまり進んでいない晩期K-早期M型星における地球型惑星の検出 
¤  観測天体を絞って、⻑⾧長期間のモニター観測を⾏行行う 

¤  可視＆近⾚赤外同時ドップラー観測 
 　＃OAO1.88m/HIDESとの同時観測が有効 
¤  若若い晩期型星における巨⼤大惑星の探索索 

¤  惑星系の年年齢依存を明らかにする（1000万年年~1億年年程度度の若若い星） 
¤  惑星形成において、惑星系が1000万年年（円盤ガス消失）~1億年年（巨⼤大惑
星の⼒力力学的移動）の間にどのように変わるかは重要 

¤  可視&⾚赤外観測で⿊黒点の視線速度度への影響を評価することができる�



IRD惑星候補の⾼高頻度度フォローアップ�
¤  IRDの惑星候補から、有望そう
な天体をフォローアップする 
¤  500回観測/各星  è 5~10?星 

¤  特にJ<9~10等程度度の星を対象 
¤  主に、0.2~0.3Msun 

¤  HZにある地球型惑星の振幅  
0.5~0.8 m/s 
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3.8m+IRDのサイエンスターゲット�
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地球型惑星 
+⻑⾧長周期スーパーアース探索索 
周期 P<1000d 
振幅 K>1m/s 
質量量 MPsini~0.5~300MEarth 

3.8m+IRD-RVサーベイの⽬目的 
  1. 晩期M型矮星の地球質量量惑星の理理解�
  2. 晩期M型矮星のHZの地球型惑星の発⾒見見 
  3. ⻑⾧長周期のスーパーアースの分布の理理解 



若若い晩期型星における巨⼤大惑星探索索�
¤  若若い星は表⾯面活動が強い（=⿊黒点が多い）
ので、惑星の変化が⾒見見られたとしても、惑
星と結論論するのが難しい 
¤  若若い星でのホットジュピターの発⾒見見の報告
はあったが、⿊黒点の影響と否定されている 
¤  Setiawan+08, Huélamo+08 

¤  近⾚赤外＆可視の同時観測 
¤  ⿊黒点の影響を⾒見見積もる 

¤  可視に⽐比べて近⾚赤外だと⿊黒点と光球のコ
ントラストが⼩小 

¤  ⿊黒点によるRV変化なら、波⻑⾧長によって
かわる  è 惑星なら変わらない 

¤  可視＋近⾚赤外で観測しないと惑星と認めら
れない！ 

¤  観測提案 
¤  HIDES/OAO1.88mで可視RVサーベイ+3.8m
近⾚赤外フォローアップ 

 　もしくは、可視近⾚赤外同時⾼高分散分光観測 
¤  若若い太陽型星 ~ 50 星 

N. Huélamo et al.: TW Hydrae: evidence of stellar spots instead of a Hot Jupiter L11

Fig. 2. Top left: phase-folded radial-velocity measurements of TW Hya
with the Keplerian fit obtained with the HARPS (squares), CORALIE
(filled circles), and FEROS (open circles) data. The best Keplerian fit to
the three groups of points is shown. The semi-amplitude of this fit is K =
238 m s−1. Top right: original data from SHL08. The best Keplerian fit
is shown (K = 196 m s−1). Mid and lower left panels: CORALIE phase-
folded radial-velocities derived using three different CCF masks (see
text for details). The same Keplerian function as found using SHL08 is
shown for comparison. Lower right: RV amplitude of the best Keplerian
fit to the CORALIE data derived using 4 different masks.

Table 1. Elements of the fitted Keplerian function.

P 3.5683 ± 0.0002 [d]
T 2 454 530.1 ± 0.3 [d]
e 0.07 ± 0.04
Vr (HARPS) 12.498 ± 0.016 [km s−1]
Vr (FEROS) 12.4204 ± 0.011 [km s−1]
Vr (CORALIE) 12.518 ± 0.008 [km s−1]
ω 55 ± 29 [deg]
K1 238 ± 9 [m s−1]
σ(O−C) 49 [m s−1]

to K = 274 ± 29 m s−1, K = 252 ± 20 m s−1, and K = 169 ±
21 m s−1, using the K0, K5, and M4 masks, respectively1. This
is in line with the presence of a spot instead of a planet to explain
the observed RV variations.

If the signal is caused by a stellar spot, a color effect can also
be expected. If we correlate the spectra with a given mask using
only the blue or the red sides, we can expect to obtain slightly
different values for the RV amplitude. This difference comes
from the different contrasts (flux ratio) coming from the spot
and the surrounding photosphere as a function of wavelength. In
a simple blackbody approximation, the contrast between a spot
and the surrounding disk is stronger at bluer wavelengths, thus
implying a stronger RV signal.

To test this, we derived CORALIE RVs using the K5
mask but correlating only a red portion of the spectrum

1 To derive these values we fixed the eccentricity to zero. No major
differences were found if the eccentricity is set as a free parameter.

Fig. 3. BIS vs. radial-velocity (derived with the K5 mask) for the
CORALIE data of TW Hya. For clarity, the vertical and horizontal
scales were set to be the same. The best fit to the data is also shown.

(4150−4850 Å) and a blue portion of the spectrum
(6000−6700 Å). In the former case, we obtained a semi-
amplitude of K = 228 ± 25 m s−1, while in the latter we derived
K = 210 ± 20 m s−1. These values are marginally compatible
with a small variation. Indeed, a simple comparison of the
effect due to the different flux ratios in the different bands used
(considering a spot with a temperature around 3000 K and the
TW Hya temperature of 4000 K – SHL08) shows that a variation
of about 10% can be expected. Following this rationale, the
RV amplitude in the infrared (IR) regime is expected to be much
smaller (∼5 times smaller) if the RV signal is indeed caused by
a spot. We test this hypothesis in Sect. 3.2.

As explained in Sect. 2, the absence of any clear correla-
tion between the RV variation and the bisector of the cross-
correlation function was considered by the SHL08 as evidence
of a planet orbiting TW Hya. However, the errors in their data
(around 100 m s−1) may have hidden any low amplitude signal.
To test this, we computed the BIS values for our CORALIE
measurements (for the definition see Queloz et al. 2001). As
can be seen in Fig. 3, the BIS and RV are slightly correlated
(slope = −0.3 ± 0.1), though not at a very significant level (cor-
relation coefficient, r = 0.82). This result is compatible with the
output from the simple model described in Sect. 2.

Finally, we searched for phase variations in the RV signal be-
tween the FEROS (SHL08) and CORALIE data, obtained with a
time span of about one year. The results show that no measurable
phase shift was found over more than 300 days to a precision
of 1%.

3.2. High resolution near-IR spectroscopy

A planet orbiting TW Hya should be detectable with a similar
RV amplitude and orbital period at all wavelength ranges. As
mentioned above, if the RV signal reported by SHL08 is caused
by a cool spot, the RV amplitude is expected to be smaller in
the IR regime. To test these two scenarios, we observed TW Hya
with CRIRES, the CRyogenic high-resolution InfraRed Echelle
Spectrograph mounted on the VLT (Käufl et al. 2006). To ob-
tain the most accurate RV measurements, we selected a spe-
cific setting in the H band defined as 36/1/n (λc = 1.5884 µm;
∆λ ∼ 26 µm) in the CRIRES manual. This setting is populated
by deep and sharp CO2 lines that can be used as a simulta-
neous wavelength reference. The observations were done with
a slit width of 0.2′′, using a typical ABBA nodding sequence,

L12 N. Huélamo et al.: TW Hydrae: evidence of stellar spots instead of a Hot Jupiter
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and a seeing >0.8′′ in the optical – the objective was to reduce
photocenter-induced RV errors while observing at the highest
resolution available, estimated as 100 000.

To derive the RV from the spectra we used a cross-
correlation method (Baranne et al. 1996). The spectra were
correlated simultaneously with a telluric mask, built with the
HITRAN database (Rothman et al. 1998), and a stellar mask,
built from PHOENIX models (Barman et al. 2005). The atmo-
spheric lines allow us to establish the zeropoint of the wave-
length calibration. By subtracting the RV of the atmospheric
lines from the target RV, we can correct from instrumental
changes following the same principle of the simultaneous ThAr,
(e.g. Pepe et al. 2007). The whole procedure will be described in
detail in a forthcoming paper (Figueira et al., in prep.).

TW Hya was observed five times between Feb. 22
and 28, 2008. An RV standard (HD108309) was observed im-
mediately after the target each night. We calculated the mean
RV per night and assigned a 1σ error bar corresponding to the
standard deviation of the RV in the nodding cycle. We verified
that the measured scatter per night, between 20 and 50 m s−1,
matched the expected uncertainties as estimated by Bouchy et al.
(2001). However, the scatter of the 5 datapoints obtained on dif-
ferent nights is higher (∼90 m s−1), testifying the presence of sys-
tematic errors. Among others, all the observations in the first
night were done with the guiding camera saturated. To remove
these effects, and assuming that they affect both TW Hya and the
RV standard in the same way, we calculated the relative velocity
between TW Hya and the standard for each night. The rms of the
five relative RV is 35 m s−1, and 22 m s−1 if we only consider the
4 last points. The results are plotted in Fig. 4 and compared with
the fitted orbit (Table 1).

To estimate the match between the IR observations and
the fitted orbit (Table 1), we performed a Monte Carlo sim-
ulation. For each JD, we built an RV point by adding to the
corresponding orbit value an observational error represented by
a zero-centered Gaussian distribution with a fixed dispersion. We
calculated the probability of obtaining the observed RV disper-
sion, hence the probability that our five points indeed belong to
the fitted orbit. For the observed scatter of 35 m s−1 (the mea-
sured one) and 70 m s−1 (twice the observed one), the probabil-
ity that our RV dispersion is drawn from the fitted orbit is always
below 10−6.

Finally, we note that, as an important by-product of this
work, we have obtained the most accurate RV measurements

Fig. 5. Upper panel: R-band lightcurve obtained for TW Hya (filled
symbols) and for the main reference star (open symbols). The fluxes
are normalized. Lower panel: TW Hya photometric flux as a function
of the surface of the CORALIE CCF. The best linear fit to the data is
shown.

in the near-IR to date, showing the capabilities of CRIRES in
this domain.

3.3. Photometric observations

TW Hya was monitored photometrically with the Euler tele-
scope (La Silla, Chile) during 15 nights from 2008 February 2
to March 13 under photometric conditions (except for March 8).
Each night, a sequence of six exposures was observed at approxi-
matively the same airmass to minimize any second-order extinc-
tion effect. Observations were performed in the R-band and were
defocused to ∼5′′ to (1) minimize any systematics due to the
intra/inter-pixels variations and (2) to allow exposure times of
∼50 s in order to minimize the scintillation noise. The pointing
was chosen to include TYC 7208-1066-1 and 3 other fainter iso-
lated comparison stars in the EulerCAM field of view. Aperture
photometry was used to extract the fluxes. Figure 5 shows the
resulting lightcurve.

TW Hya exhibited ∼20% (peak to peak) flux variations
during the run. The analysis of the lightcurve using both the
Lomb-Scargle periodogram (Scargle 1982) and the string-length
method (Dworetsky 1983) provides tentative periods of 6.1 and
6.5 days, respectively. The origin of this period is not clear and
the small time coverage does not allow us to draw further con-
clusions about this result. The comparison of this value with pre-
vious estimates does not help in interpreting our data, since the
rotation period of TW Hya is not well-established and very dif-
ferent values (from 1.6 to 4.4 days) have been reported in the
literature (e.g. Mekkaden 1998; Batalha et al. 2002; Lawson &
Crause 2005; Setiawan et al. 2008).

Interestingly, the photometric variations seem to be corre-
lated with the surface of the CORALIE CCF (the CORALIE
data and the photometric measurements were obtained on the
same nights) – Fig. 5, lower panel. Since the CORALIE CCF is a

Huélamo et al. 2008 

惑星の存在が否定された 
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まとめ�
¤  近い将来、IRD等の近⾚赤外ドップラー装置による地球型惑星探索索へ 

¤  IRDが狙うのは、低質量量M型矮星の地球型惑星 

¤  近⾚赤外ドップラー装置の使い⽅方 
¤  IRD惑星候補の⾼高頻度度フォローアップ（IRのみでの観測） 

¤  明るい星に絞って観測を⾏行行い振幅K=0.5m/sのハビタブル惑星を検出する 

¤  晩期型星周りの地球質量量惑星の探索索（IRのみでの観測） 

¤  観測があまり進んでいない晩期K型星における地球型惑星の検出 

¤  若若い晩期型星（太陽型星）における巨⼤大惑星探索索（IR+可視での観測） 
¤  惑星系の年年齢依存を明らかにする（1000万年年~1億年年程度度の若若い星） 

¤  装置要求 
¤  地球質量量惑星を狙うのなら : 　 RV決定精度度~1m/sが必要 

¤  若若い星の惑星探索索なら： 　 　   RV決定精度度~5m/sが必要 

¤  可視近⾚赤同時⾼高分散分光器＋3.8m望遠鏡で観測 

¤  HIDES/OAO1.88m＋近⾚赤外⾼高分散分光器/3.8m望遠鏡 


