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• Spitzer でHD189733bを観測（Knutson et al. 2007）

• 公転周期の約半分をカバー

• 惑星の経度ごとの温度構造を推定
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近赤外による掩蔽観測

• 惑星の放射量は温度に依存

• 長波長ほど主星とのコントラストが下がる

• 惑星放射のピーク波長付近での観測が効果的

• ウィーンの変移則：λT~3000

• トランジット惑星の放射平衡温度は、
1000-2000K 程度

→近赤外域での観測が有効

可視 近赤外
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過去研究
• Spitzer でWASP-18bのセカンダリエクリプスを観測（Nymeyer et al. 2011）

• 減光率に黒体モデルをフィットし、惑星の温度を推定（~3150K）

• 惑星の大気モデルに制限を与えるSpitzer Secondary Eclipses of WASP-18b 7

µm channels (Madhusudhan & Seager 2010, 2011). The ob-
served planet-star flux contrast in the 4.5 µm channel should
then be lower than that in the 3.6 µm channel (Charbonneau
et al. 2008; Stevenson et al. 2010); the difference depends on
the temperature gradient and the composition.
Our observations ofWASP-18b show excess flux at 4.5 µm,

compared to the 3.6 µm channel. This could be due to a ther-
mal inversion, but the observational uncertainties also allow
just a gentle temperature gradient and no inversion, such that
the absorption features are not too deep, and a different chem-
ical composition (Madhusudhan & Seager 2010). Two mod-
els, with and without an inversion, appear in Figure 12. Both
explain the data fairly well, the inversion model at the 1σ
level and the non-inversion model within 1.5σ. The molec-
ular abundances of the models are only marginally different
from those of thermochemical equilibrium with solar abun-
dances (TE!). The inversion model has 10 times more CO,
and the non-inversion model has 10 times less H2O and CO,
as compared to TE!. The mixing ratio of CO2 is 10-7 for the
inversionmodel and 10-8 for the non-inversionmodel. Despite
the weak constraints on the temperature structure, the obser-
vations do place a strict constraint on the day-night energy
redistribution in WASP-18b: Both models require a low Bond
albedo (A) and inefficient day-night redistribution (! 0.1 for
A=0) in WASP-18b. Figure 13 shows the contribution func-
tions of the two models in the four IRAC channels, along with
the thermal profiles.
The presence of a thermal inversion in the dayside atmo-

sphere ofWASP-18b is expected based on theoretical grounds
(Hubeny et al. 2003; Fortney et al. 2008). At the high temper-
atures of this planet, TiO and VO can exist in gas phase over
the entire atmosphere, thus contributing to the strong visible
opacities required to form stratospheres. However, questions
of whether the concentrations of TiO/VO alone are adequate
to cause the required thermal inversion, and whether other
sources of visible/UV opacity are possible at these temper-
atures, merit future theoretical investigation (Spiegel et al.
2009; Zahnle et al. 2009a). Furthermore, Knutson et al.
(2010) find that the host star WASP-18 has a low activity level,
indicating that inversion-causing compounds are not likely to
be destroyed by stellar UV radiation, thereby also favoring the
presence of a thermal inversion. Thus, WASP-18b is an apt
candidate for follow-up observations searching for thermal in-
versions. Stronger constraints on the temperature structure of
WASP-18b are possible in the near future if ground-based ob-
servations of thermal emission become available (Madhusud-
han et al. 2011). Also, the low day-night energy redistribution
required by the present observations can be verified by poten-
tial future observations of thermal phase curves (e.g., (Knut-
son et al. 2008)) of WASP-18b.

5. ORBITAL DYNAMICS
Our secondary eclipse times further constrain the planet’s

already-precise orbital parameters. Triaud et al. (2010) de-
tect an eccentricity for WASP-18b of e = 0.0085± 0.0008,
the lowest fully-determined value for any transiting planet
measured with such precision. A joint photometric fit to all
four Spitzer observations yields a midpoint phase of 0.4990±
0.0004 for the Hellier et al. (2009) ephemeris, and a duration
of Ds = 0.0927±0.0007 days, which is longer than the transit
duration of Hellier et al. (2009) by 4.8 σ. By itself, after a
20-second light-time correction, the eclipse midpoint tells us
that ecosω = !0.0016± 0.0007, where ω is the longitude of

FIG. 12.— Dayside spectrum of WASP-18b. The black circles with error
bars show our observations of WASP-18b in the four Spitzer IRAC channels.
The red curve shows the inversion model spectrum and the green curve shows
the non-inversion model spectrum discussed in the text. The red and green
circles are the respective spectra integrated over the Spitzer bandpasses (in-
dicated with arbitrary scale at the bottom). The black dashed line shows a
blackbody at 3150 K, and the blue dashed lines show blackbody spectra cor-
responding to the minimum and maximum temperatures in the atmosphere
(see Figure 13).

FIG. 13.— Pressure-temperature profile (left) and contribution functions
(middle and right). The middle and right panels show the normalized contri-
bution functions for the non-inversion and inversion models, respectively, in
the indicated Spitzer filters, with wavelengths in µm. The left panel overlays
the profiles for both models.

periastron. We combine the eclipse phase and duration with
known transit parameters from Hellier et al. (2009) to deter-
mine that esinω = 0.0198±0.0072. To do this, we use Eq. 18
from Ragozzine & Wolf (2009) as derived by Kopal (1959):

esinω =
(

DS !DP
DS +DP

)(

α2 ! cos2i
α2 !2cos2 i

)

. (8)

DP is the transit duration andDS is the secondary eclipse dura-
tion. We define α = R∗

a (1+
Rp
R∗

) 1√
1!e2

and cos i = bP R∗
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π
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2!b2p

, where Rp and R∗ are the planetary

and stellar radii, respectively, a is the orbit’s semi-major axis,
P is the orbital period, and bP is the impact parameter in units
of the stellar radius. We solved the equation numerically for
esinω, and the uncertainties come from sampling Gaussian
distributions generated from the uncertainties of the input pa-
rameters.
We jointly fit an MCMC orbit model (Campo et al. 2011)

to the BJD time for 2 eclipses, 37 radial velocity (RV) data
points from Triaud et al. (2010), and 6 transit midpoints ex-
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Figure 2. Raw (left), binned (center), and systematics-corrected (right) secondary-eclipse light curves of WASP-18b in the four IRAC channels, normalized to the
mean system flux within the fitted data. Colored lines are the best-fit models; black curves omit their eclipse model elements. A few initial points in all channels are
not fit, as indicated, to allow the telescope and instrument to stabilize.
(A color version of this figure is available in the online journal.)

Figure 3. Channel 1. SDNR and ∆BIC vs. aperture size. A lower value indicates
a better model fit.
(A color version of this figure is available in the online journal.)

exponential, logarithmic-plus-quadratic, and logarithmic-plus-
linear ramps, and a variety of polynomial intrapixel models,
before choosing the final models. Most of the possibilities
produce obvious bad fits. For this paper we select the best two
models in each channel and fit them for all apertures.

For each channel, photometry using the various aperture sizes
produces slightly different data sets. We must select first the
best data set and then the best model, but χ2 and related fitting
criteria only compare different models to a single data set; they
are inappropriate for deciding between models fit to different
data sets. For data sets from different apertures, we choose the
one with the smallest standard deviation of normalized residuals
(SDNR) with respect to the system flux for a given model and
repeat for each of several models. This generally results in
a consistent choice of the best aperture size among different
models.

Once we have the optimal aperture size, we then compare
the models. Since adding additional parameters to a model will

Figure 4. Channel 2. SDNR and ∆BIC vs. aperture size. A lower value indicates
a better model fit.
(A color version of this figure is available in the online journal.)

always produce a better fit, we use fitting criteria that properly
penalize the addition of parameters. As described by Campo
et al. (2011), we apply both the Akaike Information Criterion,

AIC = χ2 + 2k, (6)

where k is the number of free parameters, and the Bayesian
Information Criterion,

BIC = χ2 + k ln N, (7)

where N is the number of data points (Liddle 2007). A lower
information criterion value indicates a better model. Figures 3–6
present SNDR and BIC with the two main candidate models
and aperture sizes for each wavelength. Our final joint model
fit, with 28 free parameters, combines the eclipse durations for
all channels and pairs the simultaneously observed mid-times.
It resulted in an AIC of 4176 and a BIC of 4302.
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本研究の目的

• 近赤外で掩蔽の観測を行う。

減光率の大きさから、トランジット惑星の

→昼側の黒体温度を見積もる

→大気モデルに制限を与える
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観測概要（2011年10月）

• miniTAO + ANIR

• 観測日：2011年10月8日  （WASP-46b）薄曇り

　　　　2011年10月10日（WASP-32b）天候不良のため、観測キャンセル

　　　　2011年10月14日（WASP-18b）快晴、望遠鏡のトラブル

　　　　2011年10月15日（WASP-18b）望遠鏡調査のため、観測キャンセル

• 観測波長：Ks (中心波長：2.149μm)

• 積分時間：30秒（、10秒、4.2秒）

• デフォーカス（FWHM~12”）

• 成田さんのガイドスクリプトを使用
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望遠鏡のトラブルについて
• 観測中に、望遠鏡のトラッキングエラーが頻発

• 大小関わらず、ほとんどのフレームで星像が伸びている

• 星像が特に大きく伸びたフレーム（33枚）を除外

• 星像重心がずれることで、フラットフレームのざらつき
（σ~0.015）による測光精度悪化は免れない

星像重心位置が±2 pix程度に
ばらついている
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解析結果（2011年10月）
• アパーチャ：25 pix、アニュラス：65 pix、ダニュラス：20 pix

• 相対測光に用いた参照星の数：２天体

減光率2mmagの光度曲線
エクリプス予測時刻（既知のパラメー
タから計算）において減光を検出

エクリプス中の観測点の値、ばらつき
から、減光率5.4±3.3 mmagを算出

5mmag程度の測光精度を達成
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ターゲット選出

天体名 HAT-P-23b WASP-46b

座標 20:24:29.72, +16:45:43.79 21:14:56, -55:52:18

主星の実視等級 K=10.79 mag K=11.4 mag

軌道長半径 0.0232 AU 0.02448 AU

放射平衡温度 2033.79 K 1710.41 K

フラックス比 ~0.001 ~0.0009

• 既知のトランジット惑星の放射平衡温度を見積もる（アルベド＝０を仮定）

• 主星の放射平衡温度、惑星の放射平衡温度、主星の半径、惑星の半径から、フ
ラックス比（減光率）を計算

• 減光率が大きいと見積もられるものの中から、観測可能なものを選出
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観測手順
• Ks バンドで相対測光を行う。

• ターゲットと参照星を同時に撮像

• １枚当たりの積分時間は30秒程度。適度にデフォーカスをする。

• 観測前に最適な積分時間、FWHMを計算

• 測光精度向上のために、星像位置を固定して観測する。

• 成田さん（国立天文台）のセルフガイドソフトを使用。

• ディザリングはしない。

• 較正用のダーク（天体と同じ積分時間）とフラットが必要。

• 観測時刻の精度保証のために、観測直前の時刻同期を希望。
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まとめ
• 近赤外でトランジット惑星の掩蔽観測を行い、惑星の表面温度の推定、大気モ
デルへの制限を行う

• 昨年10月にminiTAO／ANIRで、掩蔽観測を行った

• 晴天下でWASP-18bの観測を行ったが、望遠鏡トラブルが発生。5mmag程度
の精度

• ２天体（HAT-P-23b、WASP-46b）に対して、それぞれ２回ずつ、合計4回の
観測を提案（１回の観測時間：５時間程度）

• それぞれ、数mmagの減光が期待され、それらを1mmagの測光精度で検出する
ことを目指す
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