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• 惑星大気におけるvertical mixingを考慮して、観測スペクトルがどこまで影響され
るか調べた。逆問題を解き、vertical mixingの効率を制限できる条件を調べた。 

• このとき、quenching modelを入れて、早く計算した。 

• 結果、vertical mixingの影響が強い、狭いパラメータ範囲を見つけた。 

• こういうパラメータ範囲は、transport strengthに強い制限がかけられるし、
vertical mixingを調べるのに良い。 

• 平衡温度1400K以上のとき、NH3のアバンダンスから内部温度がわかる
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P-T図の見方
天文月報川島さん記事

• 可視光域や近赤外線域ではおおよそ圧力で 0.1-1 barが見
れる 

• 大気透過スペクトルでは薄い上層の1mbarあたりが見える 

• 現在の観測の主流である高温な惑星大気では、熱化学反応
時間が短いので、特に下層はLTEでおよそ良い。 

• 炭素について考える。左図、CH4とCOの熱化学平衡での存
在量が同じ線を見ると、線の右上（高温/低圧）のパラメー
タスペースではCはCOになりやすいとわかる 

• 数密度が低くなると、それを打ち消すように反応が進む
から。 

• 同様に窒素について考えると、NH3/N2から、右上では窒
素はN2として存在しやすい 

• もちろん、左下、冷たい惑星はCH4やNH3 が支配的になる

https://www.asj.or.jp/jp/activities/geppou/item/115-5_286.pdf


大気循環による混合の考え方
天文月報川島さん記事

• 渦拡散は，混合率を圧力に 対して一定に
保つように働くため，ある高度より も上
層では，化学種の混合率が一定となる。こ
のような過程はクエンチと呼ばれている。  

• 点線は熱化学平衡状態の存在量の分布、実
線は渦拡散による大気の混合等を考慮した
場合 

• CH4に着目すると、大気下層では重なっ
ている（密度が高いので熱化学平衡状
態）。10^-4 から1 barでは、渦拡散を考
慮したら圧力に対して一定値、つまり、
1barでクエンチしている、という

The haze precursors are all less abundant in the photo-
dissociation region (P∼10−6 bar) because carbon exists in the
form of CO over almost the entire region. HCN also exists even
in the lower atmosphere unlike in the fiducial case, where it is
thermochemically produced due to the high temperatures. The
integrated photodissociation rates of CH4, HCN, and C2H2 are
all smaller compared to those in the fiducial case because of
their decreased abundances (see Table 1).

Figure 20 shows the vertical distribution of the haze particles
for Tirr=1290 K. The total mass density of the haze particles
is found to be slightly smaller, because as seen above, the sum
of the integrated photodissociation rates of haze precursors is
smaller and, thus, the assumed monomer production rate is
smaller than in the fiducial case.

4. Discussions

4.1. Implications for Observations

In this paper, over broad ranges of poorly constrained
parameters, we have explored which combinations of those
parameters result in larger or smaller absorption features in
transmission spectra of warm super-Earth atmospheres with
hydrocarbon haze. We have found that atmospheres with lower
UV irradiation, lower C/O ratio, higher eddy diffusion
coefficient, and higher temperature result in more pronounced
molecular-absorption features compared to the fiducial case.
We have also found that transmission spectra depend on
metallicity in a somewhat complicated way: at relatively
short wavelengths (2–3 μm), moderate metallicities (such as
100 times the solar metallicity) result in strong absorption
features, because the effects of low monomer production rate
and small scale height compete with each other for high
metallicities; at relatively long wavelengths (2–3 μm), where
haze has a small effect on transmission spectra, lower
metallicities result in more pronounced features.

The idea that warm exoplanets have atmospheres covered
with hydrocarbon haze seems to be consistent with an
observationally suggested correlation between transmission
spectra and atmospheric temperatures. In Section 3.6, we have
demonstrated that the higher the temperature, the smaller the
photodissociation rates of the hydrocarbon precursors and thus
the production rates of haze monomers are. That is because CO

rather than CH4 becomes the dominant carbon-bearing species
at high temperatures. Thus, the resultant spectra for higher
atmospheric temperatures show more distinct molecular-
absorption features. This is consistent with the reported
observational trend that stronger absorption features are seen
in transmission spectra of hotter planets, although other
planetary properties may affect such a correlation (Heng 2016;
Stevenson 2016; Crossfield & Kreidberg 2017). However,
recent laboratory experiments implied that CH4 is not
necessarily required for haze formation, and instead, CO and
CO2 can provide an alternative source of carbon (Hörst et al.
2018; He et al. 2019). A brief discussion on this is made in
Section 4.2.
Next, we explore observational strategies for constraining

the composition of hazy atmospheres. In Figure 21, we plot the
calculated differences in band-integrated transit depths between
several photometric bands and the Jband as a function of
metallicity for two different values of the eddy diffusion

Figure 19. Same as Figure 3 but for cases of the irradiation temperature Tirr=1290 K.

Figure 20. Same as Figure 4 but for the case of Tirr=1290 K.
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おおもとの考え方
Guillot et al. 2010

• 外側境界：主星からT_{irr}を受ける。 

• 内側境界：intrinsic heat T_{int}

A&A 520, A27 (2010)
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Fig. 1. Planet receiving a flux σT 4
irr from its parent star and emitting an

intrinsic heat flux σT 4
int. The labeled quantities correspond to radiative

fluxes perpendicular to the atmospheric surface at the location consid-
ered. θ∗ correspond to the angle between the direction of incidence of
the collimated irradiation flux and the local vertical, and µ∗ = cos θ∗.
Fluxes that are mostly characterized by visible wavelengths are drawn
in blue. Fluxes in the infrared are drawn in red.

atmospheric models, from those calculated with a maximal ir-
radiation flux at the substellar point to those calculated with an
irradiation averaged over the entire planet (e.g. Burrows et al.
2003; Baraffe et al. 2003) has left some confusion as to whether
atmospheric properties may account for the discrepancy.

These are strong motivations towards the derivation of a sim-
ple analytical model to capture the important physics of the prob-
lem. This approach was already taken by Hansen (2008) who
focused his analysis on the observational consequences in terms
of emission from the planet. In what follows, I will be mostly in-
terested in understanding how the atmospheric properties impact
the thermal evolution of planets. I first derive the temperature-
optical depth relation valid for an atmosphere which is heated
both from below (intrinsic heat) and above (stellar irradiation)
and compare it to some detailed atmospheric calculations from
the literature. The study takes advantage of the fact that close-
in giant planets should generally possess an extended radiative
zone (Guillot et al. 1996), so that convection may be neglected,
as a first step at least. I then study the consequences of the varia-
tion of irradiation and advection on the mean temperature of the
deep atmosphere. The resulting analytical temperature profile is
used as boundary condition of evolution models, in an attempt
to explain the inflated size of planet HD 209458b. Limitations to
the models are detailed in Sect. 5.

2. An analytic radiative equilibrium model
for irradiated atmospheres

2.1. Setting

The geometry of the problem is shown in Fig. 1. The planet is re-
ceiving an irradiation flux σT 4

irr, σ being the Stefan-Boltzmann
constant and Tirr an effective temperature characterizing the ir-
radiation intensity. In the cases to be considered, the incoming
stellar irradiation can be considered as coming from a well-
defined direction, with an angle θ∗ to the perpendicular of the
atmosphere. (The angular diameter of the irradiating star as seen
from the atmosphere is α = arctan(2 ∗ R∗/D), R∗ being the stel-
lar radius and D the star-planet distance. For an extremely close
exoplanet D ∼ 5 R∗ so that α ∼ 22◦, but in most cases of in-
terest α < 10◦). To first order, the irradiation temperature is a

function of the stellar effective temperature T∗, its radius R∗ and
the star-planet distance D:

Tirr = T∗
(R∗

D

)1/2

· (1)

At the substellar point on the planet, the flux received by the at-
mosphere is σT 4

irr. On the day side of the planet, the flux perpen-
dicular to the atmosphere is µ∗σT 4

irr, where µ∗ ≡ cos θ∗. (Note
that Eq. (1) neglects the fact that the equator of the planet is
slightly closer to the star than its poles, as this affects the irra-
diation temperature by a factor ∼Rp/2D, Rp being the planetary
radius, i.e. generally by 1% or less). It is useful to consider the
irradiation flux averaged over the entire planetary surface, that I
note σT 4

eq, following Saumon et al. (1996), and define the equi-
librium temperature as:

Teq = T∗
( R∗
2D

)1/2

· (2)

The maximal irradiation on the planet is σT 4
irr at the substellar

point, the planet receives no flux on the night side, and the aver-
age irradiation is σT 4

eq, 1/4th of the substellar point value.
As indicated in Fig. 1, at a given location in the atmo-

sphere, a fraction Aµ∗σT 4
irr of the incoming flux is reflected,

whereas (1 − A)µ∗σT 4
irr is absorbed in the atmosphere and even-

tually reemitted back to space. A is the albedo, i.e. the fraction
of the flux that is directly reflected. In general, this is a com-
plex function of the properties of the atmosphere at the con-
sidered location, wavelength and direction. While the incoming
flux is relatively highly collimated, this is not the case of the
reflected, reemitted and intrinsic radiation fields. Furthermore,
both the intrinsic and reemitted fluxes are mostly characterized
by long wavelengths (in the infrared), with characteristic equiva-
lent blackbody temperatures that are generally less than 2500 K.
On the other hand, the irradiation and reflected fluxes are mostly
characterized by short (optical) wavelengths, with equivalent
blackbody temperatures equal to the effective temperature of the
parent star, ∼5700 K for a solar-type star. As we seek an approx-
imate solution to the radiative transfer problem, this will be im-
portant because it shows that the thermal and visible radiations
are mostly decoupled.

I now consider a given location in the atmosphere and a
ray of intensity Iνµ, ν being its frequency and θ its angle (or
µ = cos θ) with respect to the (local) vertical. Following Mihalas
(1978) (see also Hubeny et al. 2003), I define three moments of
the specific intensity as:

(Jν,Hν,Kν) ≡
1
2

∫ 1

−1
Iνµ(1, µ, µ2)dµ · (3)

Jν is equivalent to the energy of the beam, 4πHν is the radia-
tion flux and 4π/cKν the radiation pressure. Given the parame-
ters of the problem, 4πHirr =

∫
4πHνdν = µ∗σT 4

irr on the day
side (µ∗ > 0).

The moments of the radiative transfer equation in a static,
plane-parallel atmosphere in local thermodynamic equilibrium
and assuming isotropic scattering can be written (Chandrasekhar
1960; Mihalas 1978):

dHν
dm
= κν(Jν − Bν) (4)

dKν
dm
= χνHν· (5)
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• 紹介論文で主に扱うvertical mixing 

• τ_mix = L^2/K_{zz} = (ηH)^2/K_{zz} 



petitRADTRANS
Molliere et al. 2019

• 1Dの大気の輻射輸送を早く解いてスペクトルを出す
コード 

• line opacities (H2O, O3, OH, CO, CO2, CH4, 
C2H2, NH3, HCN, H2S, PH3, TiO, VO, SiO, FeH, 
H2, Na, K ) 

• For the low-resolution mode, the range of line 
opacity is 0.3 - 28 μm  

• Rayleigh scattering (for H2, He, H2O, CO2, CO, 
O2, CH4, and N2)  

• cloud opacity (for Al2O3, H2O, Fe, KCl, 
MgAl2O4, MgSiO3, Mg2SiO4, and Na2S 
clouds) 
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Figure 2. Block diagram of the quench level retrieval (QLR). The model calculates the output spectrum
for an input planet spectrum and its parameters. The parameter estimation method (PyMultiNest) is used
to find the parameter distribution and calculate the best-fit parameters for the input spectrum. The blue
boxes are the steps that are done by petitRADTRANS, and the green boxes are the steps carried out by
our disequilibrium model function.

The block diagram of the QLR is shown in Figure 2. The QLR requires an input spectrum and
a list of free parameters with their prior values. The parameters can also be fixed at a certain
value. The QLR uses the initial retrieval run by a number of initializers and finds the best-fit model
using PyMultiNest, which uses the nested sampling method to find the best-fit parameters in good
agreement. We have discussed the benchmarking of the model in Appendix.

3. VERTICAL MIXING IN THE EXOPLANET ATMOSPHERE
Vertical mixing causes the mixing of the chemical species from one pressure region to another.

As a result, in the reference frame of the species, its local temperature and pressure change. In
these new pressure and temperature conditions, the thermochemical equilibrium abundance of the
species can be di�erent. Thus, the abundance of the transported species starts to change towards
its new thermochemical equilibrium abundance. In this conversion, the elements of the species are
transferred to other stable species. The steady-state mixing ratio of the chemical species depends
upon the strength of vertical mixing, the chemical conversion timescale and the thermal profile of the
atmosphere. The shape and location of the thermal profile in the temperature-pressure space largely
a�ect the extent of the e�ect of vertical mixing in the atmospheric composition of the atmosphere,
as the thermal profile decides what will be the thermochemical equilibrium abundance in di�erent

• 青：petitRADTRANSでやること,  

• 緑；この論文で新しくやったこと



テスト計算で理解する

• A1はvertical mixingなし、A2はあり。 

• Aは温度高め。CH4とNH3が影響受ける 

• Bは温度低め。多くの分子が影響受ける

20 Soni & Acharyya

APPENDIX

A. BENCHMARKING
To benchmark the quench level retrieval (QLR), we generated two test case thermal profiles, A

and B, using petitRADTRANS (based on Guillot 2010). The parameters for these cases, provided
in Table 2, were selected such that vertical mixing primarily a�ects CH4 and NH3 abundance in case
A, while in case B, the abundances of all major chemical species are influenced. For case A (Figure
8), the thermal profile remains within the CO-dominant region throughout the atmosphere, making
CO the primary carbon-bearing species in the thermochemical equilibrium composition. The CO
abundance remains una�ected by vertical mixing, as the quench level of CO lies within the CO-
dominated region. This also ensures that CO2 maintains its thermochemical equilibrium abundance
throughout the atmosphere (see Section 2). However, vertical mixing significantly increases the
abundances of CH4 and NH3 by 4–5 orders of magnitude in the infrared photosphere (at pressures
around 1 mbar). The quenching of NH3 also a�ects the HCN abundance, increasing it by 3–4 orders
of magnitude.

Table 2. Parameters used to calculate the atmospheric composition of the test cases A and B.

Parameter A1 A2 B1 B2

Equilibrium temperature Tequi (K) 1200 1200 1000 1000

Internal temperature Tint (K) 300 300 200 200

Surface gravity g (cm s≠2) 103 103 103 103

Atmospheric metallicity [M/H] 1 1 0 0

Radius of the planet (RJ) 1 1 1 1

Reference pressure (bar) 0.1 0.1 0.1 0.1

Eddy di�usion coe�cient Kzz (cm2 s≠1) 0 109 0 109

The lower equilibrium and internal temperatures in case B (Figure 8) result in a more pronounced
variation of atmospheric abundances from their thermochemical equilibrium values. The thermal
profile in case B lies in the CH4-dominant region at pressures greater than 1 bar, while at pressures
less than 1 bar, it transitions to a CO-dominant region. Under thermochemical equilibrium, CO would
dominate the infrared photosphere. However, strong vertical mixing (Kzz = 109 cm2 s≠1) significantly
alters the atmosphere, making CH4 the dominant species over CO by 3 orders of magnitude in the
infrared photosphere. The vertical mixing impacts several major HCNO-bearing species, including
CO (by approximately 102), CO2 (by approximately 102), H2O (by a factor of about 2), CH4 (by
approximately 101), NH3 (by approximately 103), and HCN (by approximately 101).

We compute the thermochemical equilibrium and disequilibrium mixing ratios using our 1D chem-
ical kinetics model described in Soni & Acharyya (2023a) for each case. Figure 8 shows the equilib-
rium and disequilibrium atmospheric compositions for cases A and B, along with their corresponding

Vertical mixing in exoplanet atmospheres 21

Figure 8. Left column: The top panel shows the vertical volume mixing ratio (VMR) for A1 (thermochem-
ical equilibrium abundance) and A2 (disequilibrium abundance) in solid and dashed lines, respectively. The
bottom panel shows the transmission spectra for A1 and A2 in solid blue and red lines, respectively. Right
column: similar to the left column but for B1 and B2.

transit spectra. As seen in the figures, the transit spectra of A1 (equilibrium abundance) and B1
(equilibrium abundance) di�er from those of A2 (disequilibrium abundance) and B2 (disequilibrium
abundance). This spectral di�erence arises from variations in atmospheric composition. The di�er-
ence is more pronounced for case B than for case A, which directly reflects the stronger influence of
vertical mixing on atmospheric composition in case B.

A.1. Synthetic Observation

We have generated the synthetic JWST transit spectrum from 0.8≠14µm for the two test exoplan-
ets. For this, we used PandExo (Batalha et al. 2017), an open-source Python package, to calculate the
instrumental noise for JWST and HST while observing the exoplanet transit. PandExo uses certain
Pandeia (Pontoppidan et al. 2016) functionality to calculate the exposure time in the observation.
Pandeia includes the updated background noise, PSF (point spread function) of the instruments and
their optical path, ramp noise, saturation noise, correlated read noise, and flat field error for the
JWST instruments. PandExo uses two methods to simulate the noise in the transit spectrum. The
first method subtracts the last readout from the first readout frame (in each observation, before the
saturation of the instrument, several readouts are made), which is called the LMF method. The
second method separately fits each readout frame ( up-the-ramp readout) and calculates the corre-
lated noise. The PandExo parameters used for generating the synthetic JWST observation are given
in Table 3, and the synthetic spectra for the test cases A1, A2, B1 and B2 are shown in Figure
9. We include three JWST instruments (to generate synthetic observation): single object slitless
spectroscopy (SOSS) of Near Infrared Imager and Slitless Spectrograph (NIRISS), NIRSpec G395M,
and MIRI LRS.

• AはCH4とかNH3が10barでクエンチしている。よって
1mbarくらいではvertical mixingありなしでぜんぜん違う。
一方でCOとかCO2は変わらん(vertical mixingの影響を受け
ない)。全領域でCOが支配的。 

• Bは、mixingないと(実線)、1barより下層ではCH4が支配的
だが、それより上層はCOが支配的になっている。mixingあ
ると（破線）、CH4が支配的になる。

A（温度高い） B（温度低い）



22 Soni & Acharyya

Table 3. Parameters used to generate the synthetic JWST observation.

Stellar temperature 5700 K

Stellar radius 1 solar radius

Apparent magnitude 10.33

Stellar metallicity solar metallicity

Stellar gravity 104 cm s≠2

Transit duration 3 hours and 40 minutes

fbase 1

Number of transit observations 2

Saturation level 80%

Noise floor 20, 75, 40 ppm

Figure 9. The solid blue line shows the re-binned transit spectrum of A1 (top left panel), A2 (top right
panel), B1 (bottom left panel) and B2 (bottom right panel). The solid red dots show the simulated JWST
observed spectrum, and the black vertical lines are the associated errors. The three solid horizontal colored
lines (yellow, brown, and green) show the wavelength coverage of the labeled JWST instrument.
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• メインの結果 

• 上からCH4, CO, NH3 

• 一番左のパネルが、中心温度T_{intが150Kのとき。真
ん中がT_{int}=450K。 

• 左のパネル、黒実線が、外側境界温度T_{equi}をパラ
メータとして振ったときの温度。 

• 緑と青がクエンチレベル。 

• 赤線が分子種の熱化学平衡のアバンダンス。 

• 見方 

• あるパネルで、適当に温度T_{equi}を決めて、黒い
実線を辿っていく。緑や青の線とぶつかったら、そ
こから上層はクエンチしていて、その分子種は
vertical mixingによりその上で分子量が一定とな
る。

8 Soni & Acharyya

Figure 3. Panels (i.c), (ii.c), and (iii.c) show the mixing ratio of CH4, CO, and NH3, respectively, at 1 mbar
pressure level and solar metallicity, for a range of equilibrium temperatures. The dashed, dotted-dashed and
dotted lines are the mixing ratio for log10(Kzz) = 8, 10, and 12, respectively for Tint = 150 K (green colored
lines) and Tint = 450 K (blue colored lines). The solid lines are the thermochemical equilibrium mixing
ratio. In panel (i.a), the solid black lines are the thermal profile for a range of equilibrium temperatures
and Tint = 150 K, while the solid red lines are the contours of the thermochemical equilibrium abundance of
CH4. The dashed, dotted-dashed and dotted lines are the quenched curves for log10(Kzz) = 8, 10, and 12,
respectively (see Figure 9 of Soni & Acharyya 2023a for quenched curves). Panel (i.b): same as panel (i.a)
but for Tint = 450 K. Panels (ii.a) and (ii.b): same as panels (i.a) and (i.b), respectively, but for CO. Panels
(iii.a) and (iii.b): same as panels (i.a) and (i.b), respectively, but for NH3.



• 右のパネルだけ別物なので抜き出す。上からCH4, CO, NH3の定
常状態で1 mbar（の高さ、つまりちょっと上層における）混合
率。 

• 緑がT_int=150K, 青が450K。実線は熱化学平衡状態。 

• 横軸はT_equiで、パラメータ。（たぶん外側のT_{irr}のこと） 

• 線種はK_{zz}を変えた。この値が大きいとたくさん拡散する。 

• 例えば、CH4は、K_{zz}が大きいと、下の方から上に拡散され
て、上空1mbarにおける混合率（アバンダンス）が大きくなる。 

• 例えばCOの場合はT_intの違いが顕著に見える。T_{equi}
>1000Kなら基本的には熱化学平衡状態だと思って良い。
vertical mixing は効かない

8 Soni & Acharyya

Figure 3. Panels (i.c), (ii.c), and (iii.c) show the mixing ratio of CH4, CO, and NH3, respectively, at 1 mbar
pressure level and solar metallicity, for a range of equilibrium temperatures. The dashed, dotted-dashed and
dotted lines are the mixing ratio for log10(Kzz) = 8, 10, and 12, respectively for Tint = 150 K (green colored
lines) and Tint = 450 K (blue colored lines). The solid lines are the thermochemical equilibrium mixing
ratio. In panel (i.a), the solid black lines are the thermal profile for a range of equilibrium temperatures
and Tint = 150 K, while the solid red lines are the contours of the thermochemical equilibrium abundance of
CH4. The dashed, dotted-dashed and dotted lines are the quenched curves for log10(Kzz) = 8, 10, and 12,
respectively (see Figure 9 of Soni & Acharyya 2023a for quenched curves). Panel (i.b): same as panel (i.a)
but for Tint = 450 K. Panels (ii.a) and (ii.b): same as panels (i.a) and (i.b), respectively, but for CO. Panels
(iii.a) and (iii.b): same as panels (i.a) and (i.b), respectively, but for NH3.



• COにだけ着目してみる。左は内側境界
がT_int=150K, 外側境界がT_{equi}＝
600, 800, … 1800Kでの結果。赤い線
を見ると温度が高いと全然コントアが
ない＝温度が高いときはCOが支配的。 

• このまま(a)の緑の線がそれぞれ
quenchする場所。 

• つまり、高温ではquenchする場所は
CO支配領域に入っている。 

• 1000K以下だと、ちょっとCH4支配の
領域が出てくる（CH4の図を見ないと
わからない)
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Figure 3. Panels (i.c), (ii.c), and (iii.c) show the mixing ratio of CH4, CO, and NH3, respectively, at 1 mbar
pressure level and solar metallicity, for a range of equilibrium temperatures. The dashed, dotted-dashed and
dotted lines are the mixing ratio for log10(Kzz) = 8, 10, and 12, respectively for Tint = 150 K (green colored
lines) and Tint = 450 K (blue colored lines). The solid lines are the thermochemical equilibrium mixing
ratio. In panel (i.a), the solid black lines are the thermal profile for a range of equilibrium temperatures
and Tint = 150 K, while the solid red lines are the contours of the thermochemical equilibrium abundance of
CH4. The dashed, dotted-dashed and dotted lines are the quenched curves for log10(Kzz) = 8, 10, and 12,
respectively (see Figure 9 of Soni & Acharyya 2023a for quenched curves). Panel (i.b): same as panel (i.a)
but for Tint = 450 K. Panels (ii.a) and (ii.b): same as panels (i.a) and (i.b), respectively, but for CO. Panels
(iii.a) and (iii.b): same as panels (i.a) and (i.b), respectively, but for NH3.
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Figure 3. Panels (i.c), (ii.c), and (iii.c) show the mixing ratio of CH4, CO, and NH3, respectively, at 1 mbar
pressure level and solar metallicity, for a range of equilibrium temperatures. The dashed, dotted-dashed and
dotted lines are the mixing ratio for log10(Kzz) = 8, 10, and 12, respectively for Tint = 150 K (green colored
lines) and Tint = 450 K (blue colored lines). The solid lines are the thermochemical equilibrium mixing
ratio. In panel (i.a), the solid black lines are the thermal profile for a range of equilibrium temperatures
and Tint = 150 K, while the solid red lines are the contours of the thermochemical equilibrium abundance of
CH4. The dashed, dotted-dashed and dotted lines are the quenched curves for log10(Kzz) = 8, 10, and 12,
respectively (see Figure 9 of Soni & Acharyya 2023a for quenched curves). Panel (i.b): same as panel (i.a)
but for Tint = 450 K. Panels (ii.a) and (ii.b): same as panels (i.a) and (i.b), respectively, but for CO. Panels
(iii.a) and (iii.b): same as panels (i.a) and (i.b), respectively, but for NH3.



• vertical mixingを入れたこと
によるtransitのexcessの図。 

• T_equiが低すぎても高すぎて
も兆候が見えないことが確認
できる。 

• CH4よりNH3のほうがよく兆
候が確認できる

Vertical mixing in exoplanet atmospheres 11

Figure 4. The transit depth excess due to vertical mixing in the exoplanet atmosphere from our 1D
chemical kinetics model run (Tequi = 500 ≠ 2000 K; Tint = 150, 250, 350, 450 and 550 K; log10(Kzz) = 9;
surface gravity = 1000 cm s≠2). The color contours from blue to red in panels (a) - (e) represent the transit
depth excess due to CH4 and panels (f) - (j) due to NH3. The white to black colormesh plot in all the panels
represent the total transit depth excess.



• 疑似観測から金属量、
K_{zz}、T_intを
retrieveした結果。 

• K_{zz}は温度が1100K
くらいでのみよく決ま
っていることがわかる 

• T_intはNH3アバンダン
スできまっている

Vertical mixing in exoplanet atmospheres 13

Figure 5. The retrieved values of [M/H], Kzz and Tint for di�erent values of metallicity and equilibrium
temperature with log10(Kzz) = 9, Tint = 200 K and g = 1000 cm s≠2. The rows from top to bottom
correspond to metallicity values of -1, -0.4, 0.2, 0.8, and 2. The blue horizontal lines show the true values of
the parameters.

model runs, the true value of log
10

(Kzz) = 9, and in Figure 3, for log
10

(Kzz) = 8 and 10, the NH3

abundance starts to decrease after 1100 K and the mixing ratio reaches below the detectable level at
1400 K. For high equilibrium temperature, the NH3 quench pressure does not change with the internal
temperature, as the quench level lies in the part of the thermal profile (pressure < 1 bar) where the
thermal profile becomes independent of the internal temperature. As a result, the quenched NH3

abundance does not change with the internal temperature (see Figure B1 in Soni & Acharyya 2023b).
The retrieved internal temperature is tightly constrained for an equilibrium temperature below 1400
K and loosely constrained for a higher equilibrium temperature. Increasing the metallicity also helps
to put a tighter constraint on the internal temperature. Increasing the metallicity increases the NH3

abundance, and the CH4/CO boundary moves deep in the atmosphere. This deep CH4/CO boundary
makes the CH4 abundance more sensitive to vertical mixing in the high-pressure region.

The constraints on the transport strength (Kzz) highly depend upon the equilibrium temperature;
for lower equilibrium temperature (< 900 K), the Kzz values are loosely constrained even if the transit



結果のまとめ

• 平衡温度が<900Kだと、K_{zz}を変えても結果は変わらない。(vertical mixing
は結果のスペクトルにあまり影響しない) 

• 900K < T_{equi} < 1400K だと、K_{zz}をNH3とCH4の観測から結構制限でき
るとわかった 

• T_{equi}>1400Kだと、NH3とCH4が観測できなくなり、COはvertical mixing
にあまり依らないので、K_{zz}は制限できない。 

• 基本的には、mixingが化学反応起こるちょうどいい温度で激しいかどうかで
決まる



• MWC758の原始惑星系円盤の2017
年のALMA観測データと2021年の
データを比較した。 

• ２つのダストクランプがそれぞれ22 
mas, 24 mas動いていることを確認
した。 

• それぞれの実速度は内側クランプは
サブケプラー、外側クランプはスー
パーケプラーだった。これは、RWI
の渦の予測とは異なる。 

• もしかしたら、スパイラルとの相互
作用で密度分布が変わったのを見た
のかもしれない。

ALMA Observations of Proper Motions of the Dust Clumps in the Protoplanetary Disk MWC 758 

Kuo, I-Hsuan Genevieve,1, 2 Yen, Hsi-Wei,1 and Gu, Pin-Gao1 
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Figure 1. ALMA 1.3 mm continuum maps of the MWC 758 disk from the 2017 (left) and (right) 2021 data. The two maps have
the same beam size of 0.00071, shown as white ellipses at the bottom left corners, and are generated with similar uv coverages.
The contour levels are 5�, 20�, 30�, 50�, and 100�.

total fluxes measured in the two epochs are consistent
within 4%. This flux di↵erence is smaller than the 5%
absolute flux accuracy of ALMA observations in Band
6. The noise levels of the two images of 10.5 µJy and
9.4 µJy are also consistent within 10%.
In both images, the eccentric dust ring is clearly de-

tected, and the two known, prominent dust clumps are
observed to the northwest and southeast of the disk at
high signal-to-noise ratios (S/N) of > 100 at the peaks.
The north (outer) clump is brighter and more radially
extended than the south (inner) clump. The overall
shapes and intensity distributions of the two clumps in
the two epochs are similar by comparing the contours
of the 2017 and 2021 images. Below, we measure the
positions of these prominent structures and investigate
their relative o↵sets between two epochs.

3.2. Proper Motion of Eccentric Dust Ring

The inner edge of the dust cavity is known to be eccen-
tric with an eccentricity of e = 0.10± 0.01 and a phase
angle of its semi major axis of 275� ± 10� (Dong et al.

2018). We fitted an eccentric ring model r = a(1�e2)
1�e cos f to

the 5� contours delineating the inner edge of the dust
cavity in the deprojected 2017 and 2021 images, where
r is the radial polar coordinate centered at one focus, a
is the semi-major axis of the ellipse, and f is the polar
angle from the pericenter. We measured the phase an-
gle (✓) and a of the elliptical dust cavity at 5� in both
epochs to be (✓2017 = 285� ± 11�, a2017 = 0.0024 ± 0.0006)

and (✓2021 = 277� ± 15�, a2021 = 0.0023 ± 0.0006), respec-
tively. The di↵erence in the semi major axis and its
phase angle is within the 1� uncertainty, so no proper
motion of the eccentric dust ring is observed.

3.3. Proper Motion of Dust Clumps

3.3.1. Displacement of Peak Position in Image

We measured the peak positions of the two dust
clumps in the 2017 and 2021 images on the plane of
sky by fitting a parabola to 3 by 3 pixels centered at
the maximum pixel in the clumps, since their intensity
distributions are curved and are not Gaussian-like. The
right ascension (RA) and declination (Dec) o↵sets of the
peak of the northern clump with respect to the image
center are measured to be (�225.0 mas, 461.8 mas) in
2017 and (�247.1 mas, 452.5 mas) in 2021, and those
of the southern clump are measured to be (�122.6 mas,
�266.0 mas) in 2017 and (�104.5 mas, �278.6 mas) in
2021. The accuracy in determining peak positions is
approximately the angular resolution divided by S/N.
With our high angular resolution of 71 mas and S/N
> 100, the position accuracy is better than 1 mas, so
the uncertainty in the relative o↵sets between the peak
positions measured in 2017 and 2021 is limited by the
accuracy in aligning the two images and is 2 mas.
Our results reveal the proper motions of the two dense

clumps over a time span of four years. The proper mo-
tions along RA and Dec of the northern clump are (�22
mas, �9 mas), and those of the southern clump are (18
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Figure 1. ALMA 1.3 mm continuum maps of the MWC 758 disk from the 2017 (left) and (right) 2021 data. The two maps have
the same beam size of 0.00071, shown as white ellipses at the bottom left corners, and are generated with similar uv coverages.
The contour levels are 5�, 20�, 30�, 50�, and 100�.
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the maximum pixel in the clumps, since their intensity
distributions are curved and are not Gaussian-like. The
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2017 and (�247.1 mas, 452.5 mas) in 2021, and those
of the southern clump are measured to be (�122.6 mas,
�266.0 mas) in 2017 and (�104.5 mas, �278.6 mas) in
2021. The accuracy in determining peak positions is
approximately the angular resolution divided by S/N.
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Figure 2. Azimuthal Intensity Distribution and Displacement. (upper panel) ALMA 1.3 mm continuum maps deprojected in
the polar coordinates. The azimuthal angle is defined counter-clockwise from the minor axis of the disk. The color scale and
contours present the 2021 and 2017 data, respectively. The contour levels are 5�, 20�, 30�, 50�, and 100�. (middle panel)
Intensity residuals (color) after subtracting the 2021 from 2017 maps presented in the upper panel. The contours present the
2021 continuum map with the contour levels the same as those in the upper panel. (lower panel) Azimuthal intensity profiles of
the inner and outer clumps passing through the continuum peaks of the clumps extracted from the 2017 (blue) and 2021 (red)
continuum maps. The inner clump is centered around 322�, and the outer clump at 95�.

mas, �13 mas) at a high significance of 5–10�. Assum-
ing an inclination angle of 16� and PA of the disk major

axis of 240� (Kuo et al. 2022), the proper motions in the
radial and azimuthal directions of the northern clump at

色が2021, 白コントアが2017

2017データから2021データを引いた差分

それぞれのクランプ位置
での方位角プロファイル
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Figure 3. Measured azimuthal velocity of the proper motions of the inner and outer clumps (green and blue data points,
respectively,) in comparison with the Keplerian rotational profile of MWC 758, a 2 M� star (cyan dots) with uncertainty of
±0.5 M� (shading). The error bars show the 1� uncertainties of the measured azimuthal velocities. The inner clump peaks at
a radius of 0.0032 and azimuthal angle of 320�, while the outer clump peaks at a radius of 0.0053 and azimuthal angle of 90�.

these radial intensity profiles between the two epochs
and determined the radial displacements that can mini-
mize the residuals after subtracting one from the other.
Although there are o↵sets of 2–4 mas between the peak
positions of the 2017 and 2021 radial intensity profiles,
we did not find any radial displacement that further
minimize the residuals, suggesting that there is no de-
tectable proper motion along the radial direction of the
dust clumps as a whole.
The radial gradients of the residuals in the dust

clumps are due to the minor variations at a level of 0.1–
0.2 mJy in the intensity distributions along the radial
direction instead of proper motions. This variation cor-
responds to 10–20�, and thus it is unlikely caused by the
di↵erence in the uv coverages between the two data sets
(Appendix C). In both dust clumps, their radial inten-
sity profiles of the inner and outer parts of the clumps
become fainter and brighter in 2021, respectively (Ap-
pendix B). As the two dust clumps are located at dif-
ferent position angles, this intensity variation along the
radial direction is unlikely due to any error in aligning
the two images.

4. DISCUSSION

By analyzing the 1.3 mm continuum images obtained
with ALMA in 2017 and 2021, we detect proper mo-
tion of 24 mas and 22 mas in the northern and southern
dust clumps in the MWC 758 disk on the plane of the

sky, and our position accuracy is 2 mas. We do not
detect any proper motion of its eccentric dust ring (or
cavity). The non-detection of proper motion of the ec-
centric dust ring is consistent with the expectation that
the precession timescale of the eccentric ring excited by
a putative planet is substantially longer than the obser-
vational timescale of four years (Hsieh & Gu 2012).
Assuming that the two dust clumps are located in the

disk midplane having the same position angle and in-
clination as the outer disk, we converted the measured
azimuthal proper motions into azimuthal velocities (Sec-
tion 3.3.2), and found that the inner and outer clumps
move at sub-Keplerian and super-Keplerian speeds by
50% and 33% at a significance of the 3� level, re-
spectively (Figure 3 upper panel). These two dust
clumps have been suggested to be dust-trapping vor-
tices (Marino et al. 2015b; Baruteau et al. 2019; Casas-
sus et al. 2019), while our measured proper motions are
not consistent with the expected Keplerian motion from
the conventional vortex theory (Ono et al. 2016).
We note that the MWC 758 inner and outer disks are

misaligned by 50� (Francis & van der Marel 2020), which
may hint that the outer disk itself can be also warped.
By assuming that the motion of the dust clumps follows
the circular Keplerian rotation in a warped disk, we have
found no solution for a combination of disk inclination
and position angle that could reproduce the measured
proper motion (Appendix D), and thus a warped outer
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Table 1. AB Aurigae Observing Log

UT Date Instrument coronagraph Seeing (00) Passband � (µm)e texp Nexp �PA (o) Observing

Strategy

20201004 SCExAO/CHARIS Lyot 0.6-0.8 JHK 1.16–2.39 60.49 73 80.0 PDI

Figure 1. SCExAO/CHARIS AB Aur broadband Q� images (wavelength-collapsed) from 04 October 2020 obtained from
PDI processing. The reduction described in Methods was used for both the linearly-scaled (left) and radius-squared-
scaled(right) images shown. The image color map intensity scaling goes from the 10th to 99.7th percentile of count values
(i.e. np.nanpercentile(image, (10, 99.7)) in the Python NumPy package).

Lawson et al. 2021) (see Table 1). The Wollaston prism
at the entrance of CHARIS splits the incoming light
into two 1.000 by 2.000 exposures with orthogonal polariza-
tion states that simultaneously illuminate the detector.
CHARIS’s broadband mode covering the JHK pass-
bands (1.1 - 2.4 µm) was used to acquire 73 exposures
of 60.49 seconds each, with a total exposure time of ⇡
74 minutes. The observations covered a total parallactic
angle rotation of 80.0o. Seeing ranged from ✓V ⇠ 0.006 to
0.008.
Preprocessing steps largely followed those in Currie

et al. (2022) and are briefly described here. We ex-
tracted data cubes from the raw CHARIS data using
the standard CHARIS cube extraction pipeline (Brandt
et al. 2017), and then used the CHARIS Data Process-
ing Pipeline to carry out sky subtraction, cube registra-
tion, and spectrophotometric calibration (Currie et al.
2020). To remove the sky background, the sky frames
were scaled, weighting them by the relative median of
the reddest channel. In order to spectrophotometrically
calibrate the data, we used the empirical spectrum of

AB Aur taken with the SpeX spectrograph on UT 2007
December 10 and presented in Currie et al. (2022).
After preprocessing, remaining reduction steps fol-

lowed the PDI module of the CHARIS DPP (Lawson
et al. 2021). We used the double di↵erence technique to
subtract the stellar PSF from the observations (Hinkley
et al. 2009; Quanz et al. 2011). We matched the corre-
sponding half-wave plate (HWP) positions to the obser-
vations and grouped them into cycles such that for each
set of four HWP positions (0o, 45o, 22.5o, and 67.5o)
the parallactic angle rotation between the exposures was
minimized. For each HWP cycle, double di↵erencing al-
lowed us to calculate the Stokes Q and U images, follow-
ing the method and notation described by Lawson et al.
(2021) and van Holstein et al. (2020) and briefly sum-
marized here. We first calculated the single sums and
di↵erences using the left and right sides of each exposure
(corresponding to the vertical and horizontal polariza-
tion states for a given HWP angle).

X± = Idet,L � Idet,R (1)

• AB Aurをすばる
SCExAO/CHARISで観
測。 

• 波長J,H,K 

• AB Aur bは1.3mmより
長波長では偏光では受か
らない 

• ダストは小さいほうがよ
く合う
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on the Hubble Space Telescope (HST) in visible light in early 2021 
and reanalysed newly reprocessed archival HST data for the star 
from STIS (1999) and the Near Infrared Camera and Multi-Object 
Spectrometer (NICMOS, 2007).

Detection of AB Aur b. SCExAO/CHARIS data identify a bright 
concentrated emission source at an angular separation of ρ ≈ 0.59″ 
(~93 au) nearly due south of the star in nine different datasets span-
ning four years (Table 1 and Supplementary Table 1). This source, 
hereafter referred to as AB Aur b, lies exterior to and is easily dis-
tinguishable from disk features detected at ρ ≈ 0.1–0.4″ and spiral 
structure at much wider separations (Fig. 1). It is located interior 
to AB Aur’s millimetre-resolved dust ring. Its position matches the 
predicted location of a protoplanet that could explain the AB Aur 
disk’s CO gas spirals13,14. The CHARIS image bears a striking resem-
blance to gas surface density maps from simulations of Jovian planet 
formation on wide separations by disk instability7,15 (Fig. 1).

Furthermore, we recover AB Aur b in archival NICMOS total 
intensity data in the near-infrared (1.1 μm) from 2007 and in STIS 
data acquired in early 2021 in visible light (0.58 μm) (Fig. 2). Visual 
inspection of the CHARIS, NICMOS and STIS data clearly shows 
that AB Aur b’s position angle is changing, consistent with anti-
clockwise orbital motion. We easily rule out a stationary source at 
greater than a 5σ confidence level; a simple model of linear motion 
for the position of AB Aur b with time yields a reduced chi-squared 
close to 1.

AB Aur b’s morphology, location and brightness compared to 
surrounding disk material cannot be due to processing artefacts. 
Point-spread function (PSF) subtraction using different approaches, 
that is, algorithms in combination with either angular differential 
imaging (ADI) or reference star differential imaging (RDI), recover 
AB Aur b with minimal evidence of photometric and astrometric 
biasing. Forward modelling demonstrates that subtracting a syn-
thetic source with properties such as those we measure for AB Aur b 
entirely nulls the observed signal. See Methods and Supplementary 
Fig. 9 for more details.

Orbits. We constrained AB Aur b’s orbit from its NICMOS and 
CHARIS astrometry using a well-tested Markov chain Monte Carlo 
(MCMC) code16 (Fig. 3). This modelling suggests that the orbit 

of AB Aur b is viewed ~27–58° from face-on with an eccentricity 
of e ≈ 0.19–0.60 and a semimajor axis of ~45–143 au. Nearly all of 
these orbits do not cross the millimetre-resolved dust ring; a subset 
of them imply that AB Aur b is coplanar with the disk.

Morphologies. AB Aur b has a clearly defined centre, but the 
highest-quality data show it to be spatially resolved compared to a 
true point source. We estimate AB Aur b’s size from multiple con-
servative reductions of the best datasets from CHARIS (January 
2018 and October 2020) and from HST/STIS and NICMOS, which 
use simple reference star subtraction that is largely immune from 
biasing. From CHARIS data, AB Aur b has an apparent radius of 
θ ≈ 0.065″, or θ ≈ 0.045″ (7 au) after deconvolving with CHARIS’s 
intrinsic PSF; this is comparable to the Hill radius of a 4 Jupiter-mass 
(MJ) planet at 90 au. AB Aur b has a similar intrinsic radius in the 
range of θ ≈ 0.053−0.073″ in the more poorly sampled STIS data.

Emission sources. AB Aur b cannot be a pure protoplanetary disk 
feature as its emission cannot be explained purely by scattered star-
light (Fig. 4). At the same wavelengths where AB Aur b is detected 
in total intensity, previous and new polarized intensity imaging 
reveals complex disk structure but does not show concentrated 
emission consistent with AB Aur b17. The upper limit on AB Aur b’s 
fractional polarized intensity in the near-infrared is ~20%, which is 
lower than the 30% of surrounding disk material18. Visible Aperture 
Masking Polarimetric Imager for Resolved Exoplanetary Structures 
(VAMPIRES)19 data reveal Hα emission that may be attributed to 
AB Aur b. Hα emission in excess of continuum emission is usually 
considered to be evidence of shocked, infalling gas onto a central 
object or accretion onto a protoplanet. For AB Aur b, most (per-
haps all) of this Hα signal may identify a scattered light component 
instead (Supplementary Section 5).

AB Aur b’s near-infrared colours best resemble those of mid 
M to early L dwarfs (J–Ks = 1.14 ± 0.28)20, which are much red-
der than that of a bare stellar photosphere. However, note that the 
scattered ‘starlight’ in the AB Aur disk originates not only from 
the 10,000 K stellar photosphere (which dominates in the optical) 
but also from a 1,400 K component. The latter source is caused by 
sub-astronomical-unit-scale gas and some dust emission and domi-
nates in the infrared. Compared to the scaled spectrum of AB Aur 
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Fig. 1 | Detection of a clump-like protoplanet, AB Aur b, around AB Aur at wide separation (~93!au). Left: SCExAO/CHARIS image from 6 January 2018 
combined with ALMA submillimetre imaging13 taken in 2014 at 900!μm showing a ring of pebble-sized dust. AB Aur b lies interior to the dust ring at a 
location predicted from analysing spiral structure seen on smaller separations. The CHARIS component uses ADI/ALOCI for PSF subtraction. The green 
arrow points to the location of AB Aur b and the yellow star indicates the position of the star, AB Aur. Right: radius-scaled (that is, multiplied by r, the 
separation from the star in pixel units) CHARIS image of AB Aur from 2 October 2020 shown to highlight much fainter spiral structure in the disk. The 
green circle identifies AB Aur b. The CHARIS image uses polarimetry-constrained reference star subtraction to remove the stellar PSF. The colour stretch is 
linear in this figure and in all other figures. The x and y axes are in units of arcseconds east (along the x axis) and north (along the y axis). The white circle 
is the region masked by the coronagraph.

NATURE ASTRONOMY | VOL 6 | JUNE 2022 | 751–759 | www.nature.com/natureastronomy752

Currie et al. 2020



ARTICLES NATURE ASTRONOMY

and gravities, and magnetospheric accretion models24. A dusty 
low-gravity atmosphere or smooth ~2,000–2,500 K blackbody 
combined with magnetospheric gas accretion reproduces all pho-
tometry and upper limits and matches most of the CHARIS spec-
trum (Supplementary Fig. 12). In the best-fit composite model 
that includes the planet atmosphere, the planet has a mass of 
9 MJ, a radius of 2.75 Jupiter radii (RJ), an effective temperature of 
Teff = 2,200 K and a surface gravity of log(g) = 3.5, and is accreting at 
a rate of Ṁ ≈ 1.1 × 10−6 MJ yr−1. A bare photosphere does not repro-
duce the STIS photometry; an extended circumplanetary disk model 
predicts a NIRC2 detection instead of an upper limit. We emphasize 
that although AB Aur b’s near-infrared emission is well matched by 
that of a planet atmosphere, a simple blackbody of comparable tem-
perature (for example, from a circumplanetary envelope) likewise 
reproduces this emission. See Supplementary Sections 2 and 8 for a 
detailed discussion.

Detection of additional point-like features at wider separations. 
The HST/STIS and NICMOS data identify two additional but 
much fainter concentrated emission sources at wider separations of 
ρ ≈ 2.75″ and 3.72″ (429 au and 580 au). Over the nearly 22-year time 
interval between the STIS epochs, these sources appear in roughly 
the same location; they are not background objects lying behind and 
partially extincted by the disk. We identify no other similar sources 
in the STIS or NICMOS data. These sources are discussed in depth 
in Supplementary Section 4.

Interpretation. Despite the dissimilarity of AB Aur b’s emis-
sion with scattered starlight, the SCExAO and HST images are 
not directly revealing only thermal emission from a planet atmo-
sphere as is the case for the protoplanets PDS 70 b and c. AB Aur b 
is spatially resolved. A thermally emitting object of its size (0.045″ 
or ~7 au) and temperature (~2,200 K) would have a luminosity far 
exceeding even that of the host star. Similarly, an object with AB Aur 
b’s luminosity and size would have a temperature of ~23 K, which is 
much too low to emit detectable photons in the infrared.

To explain AB Aur b’s morphology and emission, we generated a 
synthetic image of scattered light from the AB Aur protoplanetary 
disk plus emission from an embedded protoplanet at the same loca-
tion as AB Aur b. The protoplanet’s emission is modelled as a simple 
blackbody of ~2,200 K with a luminosity matched to AB Aur b’s 
observed values. The model is agnostic as to whether this emission 

originates from a bare planet atmosphere or from a circumplanetary 
envelope or disk. AB Aur b’s embedded nature may favour the latter 
interpretation, and emission that does not originate from a planet 
atmosphere is needed to explain AB Aur b’s optical detections. Our 
simulated embedded planet appears as a slightly extended object, 
in agreement with our data, because protoplanetary dust located 
nearby scatters light from the embedded planet (Fig. 5, left). The 
model planet photometry (1.4 mJy) roughly matches that measured 
for the protoplanet at H band. The simulated image in polarized 
light shows no clear signal at the location of the planet, in agreement 
with our non-detection of AB Aur b in polarimetry (Supplementary 
Fig. 17).

To explain AB Aur b within the context of planet formation  
models, we consider a disk instability model in which a self- 
gravitating disk produces multiple fragments at separations com-
parable to those of AB Aur b. From the resulting density and tem-
perature profiles of the disk and clump as well as from the disk scale 
height, we produce near-infrared scattered light images of the sys-
tem. In our scattered light image, the disk-instability-formed clump 
produces a bright feature at the location of one clump, consistent 
with AB Aur b (Fig. 5, right).

Discussion
Evidence for at least one protoplanet around AB Aur at wide separa-
tions has important implications for our understanding of where 
planets form. Most studies analyse the demographics of imaged, 
fully formed planets to constrain planet formation25,26, but the cur-
rent location of an exoplanet may differ from where it formed. AB 
Aur b provides direct evidence that planets more massive than 
Jupiter can form at separations approaching 100 au, more than dou-
ble the distance from the Sun to Kuiper Belt objects such as Pluto, 
and in striking contrast to expectations of planet formation by the 
canonical core accretion model.

Finally, this discovery has profound consequences for our under-
standing of how planets form. AB Aur b provides a key direct look 
at protoplanets in the embedded stage. Thus, it probes an earlier 
stage of planet formation than the PDS 70 system. AB Aur’s proto-
planetary disk shows multiple spiral arms17,27, and AB Aur b appears 
as a spatially resolved clump located in proximity to these arms. 
These features bear an uncanny resemblance to models of Jovian 
planet formation by disk instability. AB Aur b may then provide 
direct evidence that Jovian planets can form by disk instability.  
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Fig. 4 | SCExAO/CHARIS images of AB Aur at different wavelengths and observing modes. Left: CHARIS total intensity wavelength-collapsed image 
from October 2020 (same reduction as shown in Fig. 1, right), showing a clear detection of AB Aur b. Middle: polarized intensity wavelength-collapsed 
image obtained one day later. A pure scattered-light disk feature would have been detected at the position of AB Aur b (green circle). Instead this region 
shows no concentrated emission, indicating that AB Aur b is not detected. Right: emission at the approximate position of AB Aur b from VAMPIRES Hα 
data using RDI/KLIP for PSF subtraction. From left to right, the intensity scaling is [0,!0.0925]!mJy, [0,!0.055]!mJy and [−0.007,!0.007]!mJy, normalized to 
the source’s apparent FWHM. The x and y axes are in units of arcseconds east (along the x axis) and north (along the y axis).
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Figure 9. Mean polarization fraction vs. angle from the disk minor axis for CHARIS broadband, J , H, and K. The error bars
correspond to the standard deviation of the polarization at each angle. Measurements missing from the right-hand panel (near
90 and 270 degrees) correspond to regions with limited field of view on the CHARIS detector.

disk structure and dust grain composition we therefore
modeled its scattered-light images and spectral energy
distribution (SED) using the MCFOST 3D Monte Carlo
Radiative Transfer code with ray tracing (Pinte et al.
2006, 2009), the same code used in prior investigations
(Perrin et al. 2009; Betti et al. 2022).
MCFOST computes the disk thermal profile from

user-specified power-law fits to the disk density profiles
and scale height, radial extents, overall dust/gas mass,
and dust properties. For the latter, MCFOST nominally
uses Mie theory to calculate the dust’s optical proper-
ties, treating the grains as spheres with di↵erent porosi-
ties, species, and size distributions. The assumption of
simple spheres with Mie-derived optical properties likely
limits the accuracy of synthetic scattered-light images
compared to approaches using the discrete dipole ap-
proximation (DDA; Draine & Flatau 1994) or more re-
cent work that models the dust as (highly-porous) ag-
gregates consisting of nanometer-scale monomers with
fractal dimensions (Tazaki et al. 2019). The aggregate
dust grain models show that both the polarization frac-
tion and azimuthal profile can change substantially de-
pending on the assumed dust structure. Even within the
porous aggregate formalism, the disk polarization frac-
tion varies with the monomer size (Tazaki et al. 2023).
Because the disk scattered light appearance is depen-

dent on the dust structure (which can only be assumed,
not directly measured) and the method for computing

optical constants2 (which vary in sophistication and ease
of implementation), we focused on qualitative compar-
isons between MCFOST models and the CHARIS data
beyond simply computing the �2 statistic comparing the
models to data. Disks comprised of highly-porous dust
grains have higher polarization fractions than more com-
pact dust, less porous dust. With high-fidelity images
in both total and polarized intensity, we can therefore
coarsely investigate the properties of dust grains in AB
Aur’s disk responsible for reflecting starlight.

5.1. Modeling Strategy and Parameters

Our radiative transfer modeling approach leverages
heavily on approaches taken in Perrin et al. (2009), Betti
et al. (2022), and Currie et al. (2022). Table 3 lists the
fixed and varied model parameters, which are detailed
below.
We adopted a composite emitting source to model the

thermal emission from the star and unresolved, sub-au
scale gas. For the star, we adopt a 9800 K Phoenix
NEXT-GEN atmosphere model appropriate for an A0V
spectral type. To simulate the gas emission near the
magnetospheric truncation radius, as found from inter-
ferometric data (Tannirkulam et al. 2008), we added a

2 The AB Aurigae disk is morphologically complex: another rea-
son why a detailed and quantitative comparison with radiative
transfer model predictions for morphologically simple models is
not justified. MCFOST can impute disk models with arbitrary
density profiles (e.g. those driving large-scale spirals as seen in
AB Aur’s disk), but we consider this modeling to be beyond the
scope of our analysis, whose sole focus is to qualitatively investi-
gate the dust properties of the disk.
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Figure 10. Model azimuthal dependent values for total intensity, polarized intensity, and polarization fraction compared to
measured values at 0.0025–0.005 and 0.005–0.0075 for a model of high porosity (p=0.7) and low porosity (p=0.3). All other parameters
for these models are the same (see main text).

Figure 11. Synthetic polarization fraction maps at H band for the high and low porosity models (left, middle) compared to
the measured polarization map (right).

the disk increase in intensity at longer wavelengths (i.e.
the disk has a red apparent color), consistent with unre-
solved sub au-scale gas emission dominating the IR light
incident upon the disk, although the intrinsic scattering
of the outer disk is blue.
At � > 1.3 µm, the polarized light signal near AB Aur

b’s position is featureless, and its spectrum is indistin-
guishable from that of other regions. In contrast, AB
Aur b’s emission seen at 1.1–2.4 µm in total intensity
is concentrated, not featureless, with a spectrum bluer
than those found for from pure disk regions. These two
qualities – low polarized intensity, bluer total intensity
spectrum – favor interpreting AB Aur b as the location
of an embedded protoplanet, as found in previous work
(see Currie et al. 2022; Lawson et al. 2022) and sup-
ported by detailed follow-up analysis (Hashimoto et al.
in prep.; Currie et al. in prep.). At all wavelengths, our
data recover the Boccaletti et al. (2020) spiral/“twist”
“f1” feature near the coronagraphic mask, while a sec-
ond feature at wider separations (“f2”) is not definitively
detected.
Combining our polarized intensity data with prior to-

tal intensity data yields the polarization fraction map
of AB Aur’s disk. The polarization fraction peaks at

⇡ 0.6 along the major axis. It appears wavelength in-
dependent at angular separations of ⇢ = 0.005–0.0075 and
possibly also at smaller separations of 0.0025–0 .005. Radia-
tive transfer modeling of AB Aur’s disk with MCFOST
shows dust grains with high porosities (p = 0.6–0.8)
better reproduce the observed polarization fraction as
a function of position angle than do low porosity mod-
els (p = 0.3).
We can directly compare our results to the recently-

published CHARIS spectropolarimetry analysis of the
HD 34700 A disk (Chen et al. 2024). AB Aur’s disk frac-
tional polarization peaks at slightly slower values than
HD 34700 A’s. Like the more complex AB Aur disk, HD
34700 A’s ring-like disk cannot be simultaneously fit in
total and polarized intensity by any MCFOST model.
While CHARIS’s IFSP mode’s novelty makes direct

comparison to other high-contrast polarimetric observa-
tions di�cult, we can examine general trends. The AB
Aur disk’s K-band fractional polarization is comparable
to or higher than those inferred for nearly all disks stud-
ied in Ren et al. (2023). CHARIS IFSP observations of
these and similar disks may allow us to better identify
trends in the disks’ dust scattering properties. Proto-
planetary disks around K/M stars studied by Avenhaus

J,H,Kの偏光度の確度依存性から
空隙率を制限。
porosity=[0.3,0.5,0.6,0.7,0.8]で
ふると、0.6がいいとのこと。



Metal pollution in Sun-like stars from destruction of ultra-short-period 
planets 
Christopher E. O’Connor1, 2 and Dong Lai2, 3 

• 超短周期惑星(USP)が潮汐進化や潮汐破壊によって中心星に食べられることに
よる観測への影響を調べた。 

• 惑星飲み込みがあったと思われる主系列星をうまく説明できた。 

• USPはmany Gyrくらいでゆっくりmigrationし、惑星の形成から0.1-1Gyrく
らいでの飲み込みを示唆している。


