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惑星系はどのように誕生したのか？

系外惑星の分布
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原始惑星系円盤 ~ 160 au ~ 1.2”
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惑星は原始惑星系円盤でできる！

2014年頃に書かれた想像図
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原始惑星系円盤について問い 

•ガスやダストの総量（惑星の材料の総量）
•ガスやダストの進化（惑星形成時期・場所・環境）
•ガスやダストの組成（惑星の組成）



Near-IR Millimeter wavelength

Avenhaus et al. 2018, Andrews et al. 2018, Ginski et al. 2023

原始惑星系円盤の多波長観測の重要性
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原始惑星系円盤の多波長観測の重要性



原始惑星系円盤におけるダストの沈殿

ダスト層の厚み：重力による沈殿　～　沈殿を妨げる効果（e.g., 乱流拡散）

D = αcsHge.g., Dubrulle et al. 1995, Dullemond & Dominik (2004)

ダストの乱流拡散係数
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• 表層部のダストサイズ（赤外線観測） 

• ミリ波放射の幾何学的厚み
乱流強度の観測的指標
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ダストの沈殿：ミリ波放射層（ペブル層）の厚み

ALMA Partnership et al. 2015, 
Pinte et al. 2016

hpebble/r ~ 0.01 at 100 au

HL Tau Oph 163131

hpebble/r < 0.005 at 100 au

Villenave et al. 2022

• ペブル層の厚み（観測）：h/r ~ 0.5%—10% (at r=100 au) 
• 降着率や円盤ペブル質量とは相関がない（Villenave et al. 2025） Villenave et al. 2025

本講演ではALMAでみえるダスト放射を担うダストをペブル（~100 µm—1 cm）と呼ぶ



エッジオン原始惑星系円盤
…原始惑星系円盤をほぼ真横から見込む天体

Future projects

Characterizing the initial planet assembly with JWST

Background Planetary systems were born in protoplanetary disks composed of solid grains and gas.
Planet formation is a process such that (sub)micron-sized dust grains evolve into planetary-sized bodies
within several million years. Initially, the grains are only (sub)micron-sized and are uniformly suspended in
the gas disk, which is extended both in the vertical and radial directions of the disk. However, as grains grow
by coagulation, they start to drift through the gas disk both vertically and radially. The vertical settling
and radial drift eventually trigger the streaming instability (Youdin & Goodman 2005, Johansen et al.
2007), which results in forming planetesimals, or the ancestors of small bodies in the solar system (asteroids
and comets). However, the onset of the instability strongly depends on the e�ciency of vertical/radial
drift (Johansen et al. 2009, Bai & Stone 2010, Li & Youdin 2021), which remains largely unconstrained.
Furthermore, the dynamical evolution of grains helps to form gas giant planets as it facilitates a rapid
core formation (so-called the pebble accretion scenario; Lambrechts and Johansen 2012). Therefore, the
evolution of dust is crucial for essentially all stages of planet formation.

Disk observations in the last decade have revolutionized our understanding of dust evolution. By changing
the observational wavelength, we can access di↵erent sizes of grains in the disk. Figure 4 shows observations
of four edge-on protoplanetary disks at optical/near-IR and millimeter wavelengths (Villenave et al. 2020).
The HST images trace scattered light by micron-sized dust, revealing a vertically pu↵ed-up and radially
extended disk structure. On the other hand, the ALMA images trace thermal emission from (sub)mm-
sized dust, revealing a vertically thin (settled) and often radially compact structure. These observations
unambiguously show that significant dust evolution has already been taking place in these
disks.

However, these observations are insu�cient to draw a robust scenario on how micron-sized dust grow,
settle, drift radially, and then end up as the mm-sized dust seen in the ALMA images. The dust particles
seen in the HST images are too small so that we are likely observing a state before the dynamical evolution
sets in. A longer wavelength than HST is crucial to elucidate the dynamical process. ALMA observations
have revealed the presence of compact (sub)mm-sized aggregates (Tazaki et al. 2019). However, there is no
consensus on how such compact aggregates form in the disks, which is due to the mismatch of the results

Figure 4: Large four edge-on disks observed with HST (top rows) and ALMA (bottom rows). The HST observations
trace scattered light by micron-sized dust particles, while the ALMA observations trace thermal emission from mm-
sized dust particles. The four disks will be targeted in the approved JWST observations (PI: François Ménard).
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円盤内の鉛直構造（e.g., ダストの沈殿）を多波長で調べる上で最適の天体

表層に巻き上がっているダストの大きさ？

近赤外線（λ=0.8 µm） ミリ波（λ=1.3 mm）



円盤表層のダストのサイズをどう測るか？
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惑星サイズ
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Proof of concept: 輻射輸送計算

Visible (HST)

モデル予測
Mid-IR

小さなダストが支配的（Rayleigh散乱的） 
(dominated by sub-µm grains) Near-IR

エッジオン円盤を可視光から近・中間赤外線にかけて 
空間分解した観測ができれば，円盤表層のダストサイズが求まりそう！

大きなダストが支配的（幾何光学的） 
(dominated by micron-sized grains)



Credit: NASA’s Goddard Space Flight Center

James Webb Space Telescope (JWST) Hubble Space Telescope (HST)
Launched in 2021 Launched in 1990

Wavelength: UV, Optical, Near-IRWavelength: Near-IR to Mid-IR



• 口径6.5 mの赤外線宇宙望遠鏡（史上最大！） 
• 六角形セグメント鏡18枚で構成 
• 高空間分解能・高感度を実現 

• 0.6 µm—28.5 µmをカバーする撮像・分光装置を搭載 
• （～近）中間赤外線は大気の吸収が強く，地上観測は限界あり

James Webb Space Telescope (JWST)
λ

Integral Field Unit (IFU)の仕組み

https://sci.esa.int/web/jwst/-/nirspec-ifu-image-slicer



JWST Cycle 1 & 2: Broadband imaging survey

Proposed observations and immediate science goals

EODs are faint due to extinction caused by their orientation. As a consequence, they are
usually not detected by large scale surveys and the full sample of confirmed EODs amounts
to only ⇠30 members (e.g., Stapelfeldt 2014). As of writing, there is not enough JWST
broadband data sets to draw any significant, let alone definitive, conclusions about dust
settling and radial drift in disks. Our goal is therefore a JWST programme whose

legacy will be to provide a complete set of deep, broadband images of the scat-

tered light at near- and mid-IR of all EODs with resolvable vertical scales using

JWST. Specifically, we focus the proposal on new EODs that are large enough to be resolved
at 8µm (MIRI F770W). This is necessary to study dust dynamics (i.e., resolve settling and
drift). We also limit the target list to EODs whose central star is completely occulted by
the highly inclined disk at JWST wavelengths. We therefore can directly observe the disks
without coronagraphs, which allows to accurately probe the distribution of dust across the
whole disk midplane, seen as an increasingly thinner dark lane with increasing wavelength.
We explicitely avoid repeating planned broadband observations of EODs by ERS, Cy1 GO,
and GTO programmes. However, we note that IFU data are severely impaired by undersam-
pling and request the corresponding broadband filter imaging whenever needed. The list of
targets and proposed observations is given in Table 1. A mosaic of HST optical/near-infrared
scattered light images of all requested targets is shown in Fig. 3. Once completed, the

sample will include data for 17 EODs, the remaining ones being too small in angular
size to be resolved in high resolution mid-infrared imaging. This legacy dataset will be more
than 4 times larger than what will be available after JWST Cy1 is completed.

Figure 3: Optical/near-infrared images of the 13 targets selected for this program. Images are not
all on the same scale. Disk sizes are given in Table 1.

The first immediate science goal is to trace the evolution of the dust dark

lane thickness with wavelength as a probe of vertical disk structure and dust

opacity. We have selected all EODs for which high-resolution (0.001) images already exist
in scattered light with HST. Many of them also have high resolution ALMA 850 microns
0.001 images (Villenave et al., 2020). The sources are all severely under-luminous compared
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Gemini observations

Future projects

Characterizing the initial planet assembly with JWST

Background Planetary systems were born in protoplanetary disks composed of solid grains and gas.
Planet formation is a process such that (sub)micron-sized dust grains evolve into planetary-sized bodies
within several million years. Initially, the grains are only (sub)micron-sized and are uniformly suspended in
the gas disk, which is extended both in the vertical and radial directions of the disk. However, as grains grow
by coagulation, they start to drift through the gas disk both vertically and radially. The vertical settling
and radial drift eventually trigger the streaming instability (Youdin & Goodman 2005, Johansen et al.
2007), which results in forming planetesimals, or the ancestors of small bodies in the solar system (asteroids
and comets). However, the onset of the instability strongly depends on the e�ciency of vertical/radial
drift (Johansen et al. 2009, Bai & Stone 2010, Li & Youdin 2021), which remains largely unconstrained.
Furthermore, the dynamical evolution of grains helps to form gas giant planets as it facilitates a rapid
core formation (so-called the pebble accretion scenario; Lambrechts and Johansen 2012). Therefore, the
evolution of dust is crucial for essentially all stages of planet formation.

Disk observations in the last decade have revolutionized our understanding of dust evolution. By changing
the observational wavelength, we can access di↵erent sizes of grains in the disk. Figure 4 shows observations
of four edge-on protoplanetary disks at optical/near-IR and millimeter wavelengths (Villenave et al. 2020).
The HST images trace scattered light by micron-sized dust, revealing a vertically pu↵ed-up and radially
extended disk structure. On the other hand, the ALMA images trace thermal emission from (sub)mm-
sized dust, revealing a vertically thin (settled) and often radially compact structure. These observations
unambiguously show that significant dust evolution has already been taking place in these
disks.

However, these observations are insu�cient to draw a robust scenario on how micron-sized dust grow,
settle, drift radially, and then end up as the mm-sized dust seen in the ALMA images. The dust particles
seen in the HST images are too small so that we are likely observing a state before the dynamical evolution
sets in. A longer wavelength than HST is crucial to elucidate the dynamical process. ALMA observations
have revealed the presence of compact (sub)mm-sized aggregates (Tazaki et al. 2019). However, there is no
consensus on how such compact aggregates form in the disks, which is due to the mismatch of the results

Figure 4: Large four edge-on disks observed with HST (top rows) and ALMA (bottom rows). The HST observations
trace scattered light by micron-sized dust particles, while the ALMA observations trace thermal emission from mm-
sized dust particles. The four disks will be targeted in the approved JWST observations (PI: François Ménard).
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Stapelfeldt et al. 2014Wolf et al. 2003

Tau 042021IRAS 04302

PIs: F. Ménard & K. Stapelfeldt (incl RT as Co-I)
Cycle 1 (4 targets) Cycle 2 (13 targets)

• 5—7 broadband filters from NIRCam and MIRI imager for each target
• λ=1 µm (or 2 µm) — 7.7 µm (or 21 µm).

• Cover 17 EoDs in total, which is  more than a half of the full sample of  
confirmed EoDs to date (~30; Stapelfeldt 2014).



300 au~2”



300 au~2”

NIRCam/F200W 2.0 µm

NIRCam/F444W 4.4 µm

MIRI/F770W       7.7 µm


  MIRI/F1280W     12.8 µm

Image credit: ESA/Webb, NASA & CSA, Tazaki et al.

Nature Astronomy

Article https://doi.org/10.1038/s41550-024-02385-7

occur at Rgeo < 0.1" (Table 2; 14 au at the average distance of Taurus), 
well inside the disk outer radii of ~150–350 au. If these cones trace MHD 
winds, the decreasing wind opening angle with height due to magnetic 
recollimation (for example, ref. 40) implies that each Rgeo defines an 
upper boundary for the actual wind-launching radius.

Discussion and conclusions
Different types of disk winds, with distinct kinematic and morphologi-
cal features, have been discussed in the literature review. X-winds have 
been invoked to spin down the accreting star7, whereas photoevapo-
rative winds might drive disk dispersal8. Only radially extended MHD 

winds could solve the long-standing puzzle of how protoplanetary 
disks accrete (see refs. 2,16, for recent reviews).

The edge-on orientations of our systems provide a unique advan-
tage when mapping out the structure of their disk winds, as the bright 
flux of the central star is effectively masked by the disk. The NIRSpec 
IFU spectral imaging has revealed the morphology of the atomic and 
molecular disk wind components in striking detail for several class II 
systems, on spatial scales reaching down to 30 au from the disk plane. 
In all cases, a collimated jet traced by [Fe II] is encased within the 
wider-angle emission from H2, and in one case, also CO (v = 1 → 0). The 
near-infrared molecular emission extends well above 100 au from the 
disk plane with a characteristic conical shape previously noted in a few 
other systems (for example, refs. 17–19). The consistent detection of a 
pronounced central cavity, marked by a notable absence of emission at 
the H2 axial position, is an important finding. Moreover, the molecular 
wind emission appears to be anchored at radial distances <15 au, well 
inside the disk radii. High-resolution ground-based spectroscopy of 
class I and II sources has found low-velocity H2 2.12 µm flows reaching 
blueshifted speeds of up to ~20 km s−1 (for example, ref. 15). Although 
H2 velocities were not measured for our edge-on sources (‘Results’), 
similarly low velocities probably characterize the molecular structures 
that we have imaged.

For HH 30, we also compared the brightest component of the 
wind traced with NIRSpec in H2 and CO (v = 1 → 0) with that probed with 
ALMA in the CO (J = 2 → 1) line, as shown in the left panel of Fig. 4. The 
CO millimetre emission traces gas flowing at ~10 km s−1 and has a hollow 
cone shape but with a semi-opening angle of ~35° (ref. 38), consider-
ably wider than the ~13° and ~18° semi-opening angles of the warmer 
H2 and CO (v = 1 → 0) cones (Table 2 and caption of Fig. 4). The latter 
nestle inside the millimetre cavity and, as expected, the average Rgeo 
derived from H2 (~6 ± 2 au) falls below the ~ 10 au deduced from the CO 
(J = 2 → 1) emission38. These distinctive nested hollow structures might 
be less discernible at lower disk inclinations. However, observations at 
lower inclinations provide complementary information, especially for 
the flow velocity, when performed with high-resolution spectroscopy.

Three of our systems appear to have dispersed most of their 
primordial envelopes (‘Results’), as indicated by the similarity of the 
single-dish continuum millimetre fluxes and the ALMA disk fluxes. The 
absence of an envelope disfavours scenarios in which the observed 
wide-angle lower-velocity molecular flows trace infalling envelope 
material swept up and entrained by an X-wind or the jet itself41,42. 
Additionally, our Rgeo values are more than an order of magnitude 
smaller than the disk radii, which are the base of the X-wind swept-up 
shell43. The alternative of lower-velocity material entrained at the disk 
surface by a wide-angle X-wind11 can also be excluded given the verti-
cal extent and semi-opening angle ≤50° of the H2 emission detected 
with NIRSpec. Thus, although jet production by the X-wind cannot be 
ruled out, its role in generating the observed molecular flows seems 
very unlikely.

Photoevaporative winds produce molecular flows only beyond 
several astronomical units and with velocities of just a few km s−1 and 
opening angles of around 45° (for example, ref. 44). Photoevaporative 
winds struggle to account for H2 flows exceeding 5 km s−1 and cannot 
match the 100 au vertical extent seen in our NIRSpec data (see ref. 45 for 
the predicted H2 2.12 µm-emitting region). Moreover, the near-infrared 
H2 and CO cones observed in HH 30 are narrower (Fig. 4) than those 
predicted by photoevaporative winds, and the mass flux derived from 
CO ALMA data exceeds typical photoevaporative mass-loss rates13,38,45. 
Importantly, photoevaporative winds do not recollimate to produce 
fast axial jets. Hence, they would need to be coupled with an MHD wind 
to reproduce the narrow [Fe II] emission seen in our sample. These inner 
winds might shield high-energy photons from the central star, dimin-
ishing their capacity to reach the outer disk and drive photoevapora-
tive flows (Fig. 8 in ref. 16). The absence of [Ne II] 12.8 µm low-velocity 
flows from stars with accretion rates ≳10−8 M⊙ yr−1, akin to those of our 

1.5

1.0

0.5

FS Tau B

HH30

IRAS 04302

Tau 042021

[Fe II]

Cont. CO 
(1 → 0)

Cont.
CO 
(1 → 0)

Cont. CO 
(1 → 0)

Cont. CO 
(1 → 0)

H2 (S9)

[Fe II] H2 (S9)

[Fe II] H2 (S9)

[Fe II] H2 (S9)

E N

E N

N

E
N

E

O
ffs

et
 ("

)
O

ffs
et

 ("
)

0

–0.5

–1.0

–1.5
–1

0

1

–1

0

1

–1.5 −1.0 –0.5 0 0.5 1.0 1.5 –1 0 1 –1 0 1

–1

0

1

–1

0

1

–1−1.0 0 11.00.50–0.5 –1 0 1

1.0

0.5

0

–0.5

–1.0

1.5

1.0

0.5

O
ffs

et
 ("

)

0

–0.5

–1.0

–1.5
–1

0

1

–1

0

1

–1.5 −1.0 –0.5 0 0.5 1.0 1.5 –1 0 1 –1 0 1

O
ffs

et
 ("

)

Offset (")

–1

0

1

–1

0

1

–1−1.0 0 11.00.50–0.5 –1 0 1

1.0

0.5

0

–0.5

–1.0

Fig. 2 | Composite NIRSpec images. [Fe II] emission at 1.644 µm in blue, H2 0 → 0 
S(9) emission at 4.695 µm in green and the continuum emission (Cont.) at the H2 
line in red. CO emission from ~4.7–4.9 µm is shown in the right bottom panels of 
each row in grey. The 50% of the peak emission contour (and for HH 30 also the 
30%) is shown in grey in each composite image. In every instance, the collimated 
jet traced by [Fe II] is nestled inside the wider H2 emission and, for HH 30, also the 
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occur at Rgeo < 0.1" (Table 2; 14 au at the average distance of Taurus), 
well inside the disk outer radii of ~150–350 au. If these cones trace MHD 
winds, the decreasing wind opening angle with height due to magnetic 
recollimation (for example, ref. 40) implies that each Rgeo defines an 
upper boundary for the actual wind-launching radius.

Discussion and conclusions
Different types of disk winds, with distinct kinematic and morphologi-
cal features, have been discussed in the literature review. X-winds have 
been invoked to spin down the accreting star7, whereas photoevapo-
rative winds might drive disk dispersal8. Only radially extended MHD 

winds could solve the long-standing puzzle of how protoplanetary 
disks accrete (see refs. 2,16, for recent reviews).

The edge-on orientations of our systems provide a unique advan-
tage when mapping out the structure of their disk winds, as the bright 
flux of the central star is effectively masked by the disk. The NIRSpec 
IFU spectral imaging has revealed the morphology of the atomic and 
molecular disk wind components in striking detail for several class II 
systems, on spatial scales reaching down to 30 au from the disk plane. 
In all cases, a collimated jet traced by [Fe II] is encased within the 
wider-angle emission from H2, and in one case, also CO (v = 1 → 0). The 
near-infrared molecular emission extends well above 100 au from the 
disk plane with a characteristic conical shape previously noted in a few 
other systems (for example, refs. 17–19). The consistent detection of a 
pronounced central cavity, marked by a notable absence of emission at 
the H2 axial position, is an important finding. Moreover, the molecular 
wind emission appears to be anchored at radial distances <15 au, well 
inside the disk radii. High-resolution ground-based spectroscopy of 
class I and II sources has found low-velocity H2 2.12 µm flows reaching 
blueshifted speeds of up to ~20 km s−1 (for example, ref. 15). Although 
H2 velocities were not measured for our edge-on sources (‘Results’), 
similarly low velocities probably characterize the molecular structures 
that we have imaged.

For HH 30, we also compared the brightest component of the 
wind traced with NIRSpec in H2 and CO (v = 1 → 0) with that probed with 
ALMA in the CO (J = 2 → 1) line, as shown in the left panel of Fig. 4. The 
CO millimetre emission traces gas flowing at ~10 km s−1 and has a hollow 
cone shape but with a semi-opening angle of ~35° (ref. 38), consider-
ably wider than the ~13° and ~18° semi-opening angles of the warmer 
H2 and CO (v = 1 → 0) cones (Table 2 and caption of Fig. 4). The latter 
nestle inside the millimetre cavity and, as expected, the average Rgeo 
derived from H2 (~6 ± 2 au) falls below the ~ 10 au deduced from the CO 
(J = 2 → 1) emission38. These distinctive nested hollow structures might 
be less discernible at lower disk inclinations. However, observations at 
lower inclinations provide complementary information, especially for 
the flow velocity, when performed with high-resolution spectroscopy.

Three of our systems appear to have dispersed most of their 
primordial envelopes (‘Results’), as indicated by the similarity of the 
single-dish continuum millimetre fluxes and the ALMA disk fluxes. The 
absence of an envelope disfavours scenarios in which the observed 
wide-angle lower-velocity molecular flows trace infalling envelope 
material swept up and entrained by an X-wind or the jet itself41,42. 
Additionally, our Rgeo values are more than an order of magnitude 
smaller than the disk radii, which are the base of the X-wind swept-up 
shell43. The alternative of lower-velocity material entrained at the disk 
surface by a wide-angle X-wind11 can also be excluded given the verti-
cal extent and semi-opening angle ≤50° of the H2 emission detected 
with NIRSpec. Thus, although jet production by the X-wind cannot be 
ruled out, its role in generating the observed molecular flows seems 
very unlikely.

Photoevaporative winds produce molecular flows only beyond 
several astronomical units and with velocities of just a few km s−1 and 
opening angles of around 45° (for example, ref. 44). Photoevaporative 
winds struggle to account for H2 flows exceeding 5 km s−1 and cannot 
match the 100 au vertical extent seen in our NIRSpec data (see ref. 45 for 
the predicted H2 2.12 µm-emitting region). Moreover, the near-infrared 
H2 and CO cones observed in HH 30 are narrower (Fig. 4) than those 
predicted by photoevaporative winds, and the mass flux derived from 
CO ALMA data exceeds typical photoevaporative mass-loss rates13,38,45. 
Importantly, photoevaporative winds do not recollimate to produce 
fast axial jets. Hence, they would need to be coupled with an MHD wind 
to reproduce the narrow [Fe II] emission seen in our sample. These inner 
winds might shield high-energy photons from the central star, dimin-
ishing their capacity to reach the outer disk and drive photoevapora-
tive flows (Fig. 8 in ref. 16). The absence of [Ne II] 12.8 µm low-velocity 
flows from stars with accretion rates ≳10−8 M⊙ yr−1, akin to those of our 
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30%) is shown in grey in each composite image. In every instance, the collimated 
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CO (v = 1 → 0) emission.
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occur at Rgeo < 0.1" (Table 2; 14 au at the average distance of Taurus), 
well inside the disk outer radii of ~150–350 au. If these cones trace MHD 
winds, the decreasing wind opening angle with height due to magnetic 
recollimation (for example, ref. 40) implies that each Rgeo defines an 
upper boundary for the actual wind-launching radius.

Discussion and conclusions
Different types of disk winds, with distinct kinematic and morphologi-
cal features, have been discussed in the literature review. X-winds have 
been invoked to spin down the accreting star7, whereas photoevapo-
rative winds might drive disk dispersal8. Only radially extended MHD 

winds could solve the long-standing puzzle of how protoplanetary 
disks accrete (see refs. 2,16, for recent reviews).

The edge-on orientations of our systems provide a unique advan-
tage when mapping out the structure of their disk winds, as the bright 
flux of the central star is effectively masked by the disk. The NIRSpec 
IFU spectral imaging has revealed the morphology of the atomic and 
molecular disk wind components in striking detail for several class II 
systems, on spatial scales reaching down to 30 au from the disk plane. 
In all cases, a collimated jet traced by [Fe II] is encased within the 
wider-angle emission from H2, and in one case, also CO (v = 1 → 0). The 
near-infrared molecular emission extends well above 100 au from the 
disk plane with a characteristic conical shape previously noted in a few 
other systems (for example, refs. 17–19). The consistent detection of a 
pronounced central cavity, marked by a notable absence of emission at 
the H2 axial position, is an important finding. Moreover, the molecular 
wind emission appears to be anchored at radial distances <15 au, well 
inside the disk radii. High-resolution ground-based spectroscopy of 
class I and II sources has found low-velocity H2 2.12 µm flows reaching 
blueshifted speeds of up to ~20 km s−1 (for example, ref. 15). Although 
H2 velocities were not measured for our edge-on sources (‘Results’), 
similarly low velocities probably characterize the molecular structures 
that we have imaged.

For HH 30, we also compared the brightest component of the 
wind traced with NIRSpec in H2 and CO (v = 1 → 0) with that probed with 
ALMA in the CO (J = 2 → 1) line, as shown in the left panel of Fig. 4. The 
CO millimetre emission traces gas flowing at ~10 km s−1 and has a hollow 
cone shape but with a semi-opening angle of ~35° (ref. 38), consider-
ably wider than the ~13° and ~18° semi-opening angles of the warmer 
H2 and CO (v = 1 → 0) cones (Table 2 and caption of Fig. 4). The latter 
nestle inside the millimetre cavity and, as expected, the average Rgeo 
derived from H2 (~6 ± 2 au) falls below the ~ 10 au deduced from the CO 
(J = 2 → 1) emission38. These distinctive nested hollow structures might 
be less discernible at lower disk inclinations. However, observations at 
lower inclinations provide complementary information, especially for 
the flow velocity, when performed with high-resolution spectroscopy.

Three of our systems appear to have dispersed most of their 
primordial envelopes (‘Results’), as indicated by the similarity of the 
single-dish continuum millimetre fluxes and the ALMA disk fluxes. The 
absence of an envelope disfavours scenarios in which the observed 
wide-angle lower-velocity molecular flows trace infalling envelope 
material swept up and entrained by an X-wind or the jet itself41,42. 
Additionally, our Rgeo values are more than an order of magnitude 
smaller than the disk radii, which are the base of the X-wind swept-up 
shell43. The alternative of lower-velocity material entrained at the disk 
surface by a wide-angle X-wind11 can also be excluded given the verti-
cal extent and semi-opening angle ≤50° of the H2 emission detected 
with NIRSpec. Thus, although jet production by the X-wind cannot be 
ruled out, its role in generating the observed molecular flows seems 
very unlikely.

Photoevaporative winds produce molecular flows only beyond 
several astronomical units and with velocities of just a few km s−1 and 
opening angles of around 45° (for example, ref. 44). Photoevaporative 
winds struggle to account for H2 flows exceeding 5 km s−1 and cannot 
match the 100 au vertical extent seen in our NIRSpec data (see ref. 45 for 
the predicted H2 2.12 µm-emitting region). Moreover, the near-infrared 
H2 and CO cones observed in HH 30 are narrower (Fig. 4) than those 
predicted by photoevaporative winds, and the mass flux derived from 
CO ALMA data exceeds typical photoevaporative mass-loss rates13,38,45. 
Importantly, photoevaporative winds do not recollimate to produce 
fast axial jets. Hence, they would need to be coupled with an MHD wind 
to reproduce the narrow [Fe II] emission seen in our sample. These inner 
winds might shield high-energy photons from the central star, dimin-
ishing their capacity to reach the outer disk and drive photoevapora-
tive flows (Fig. 8 in ref. 16). The absence of [Ne II] 12.8 µm low-velocity 
flows from stars with accretion rates ≳10−8 M⊙ yr−1, akin to those of our 
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CO (v = 1 → 0) emission.
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occur at Rgeo < 0.1" (Table 2; 14 au at the average distance of Taurus), 
well inside the disk outer radii of ~150–350 au. If these cones trace MHD 
winds, the decreasing wind opening angle with height due to magnetic 
recollimation (for example, ref. 40) implies that each Rgeo defines an 
upper boundary for the actual wind-launching radius.

Discussion and conclusions
Different types of disk winds, with distinct kinematic and morphologi-
cal features, have been discussed in the literature review. X-winds have 
been invoked to spin down the accreting star7, whereas photoevapo-
rative winds might drive disk dispersal8. Only radially extended MHD 

winds could solve the long-standing puzzle of how protoplanetary 
disks accrete (see refs. 2,16, for recent reviews).

The edge-on orientations of our systems provide a unique advan-
tage when mapping out the structure of their disk winds, as the bright 
flux of the central star is effectively masked by the disk. The NIRSpec 
IFU spectral imaging has revealed the morphology of the atomic and 
molecular disk wind components in striking detail for several class II 
systems, on spatial scales reaching down to 30 au from the disk plane. 
In all cases, a collimated jet traced by [Fe II] is encased within the 
wider-angle emission from H2, and in one case, also CO (v = 1 → 0). The 
near-infrared molecular emission extends well above 100 au from the 
disk plane with a characteristic conical shape previously noted in a few 
other systems (for example, refs. 17–19). The consistent detection of a 
pronounced central cavity, marked by a notable absence of emission at 
the H2 axial position, is an important finding. Moreover, the molecular 
wind emission appears to be anchored at radial distances <15 au, well 
inside the disk radii. High-resolution ground-based spectroscopy of 
class I and II sources has found low-velocity H2 2.12 µm flows reaching 
blueshifted speeds of up to ~20 km s−1 (for example, ref. 15). Although 
H2 velocities were not measured for our edge-on sources (‘Results’), 
similarly low velocities probably characterize the molecular structures 
that we have imaged.

For HH 30, we also compared the brightest component of the 
wind traced with NIRSpec in H2 and CO (v = 1 → 0) with that probed with 
ALMA in the CO (J = 2 → 1) line, as shown in the left panel of Fig. 4. The 
CO millimetre emission traces gas flowing at ~10 km s−1 and has a hollow 
cone shape but with a semi-opening angle of ~35° (ref. 38), consider-
ably wider than the ~13° and ~18° semi-opening angles of the warmer 
H2 and CO (v = 1 → 0) cones (Table 2 and caption of Fig. 4). The latter 
nestle inside the millimetre cavity and, as expected, the average Rgeo 
derived from H2 (~6 ± 2 au) falls below the ~ 10 au deduced from the CO 
(J = 2 → 1) emission38. These distinctive nested hollow structures might 
be less discernible at lower disk inclinations. However, observations at 
lower inclinations provide complementary information, especially for 
the flow velocity, when performed with high-resolution spectroscopy.

Three of our systems appear to have dispersed most of their 
primordial envelopes (‘Results’), as indicated by the similarity of the 
single-dish continuum millimetre fluxes and the ALMA disk fluxes. The 
absence of an envelope disfavours scenarios in which the observed 
wide-angle lower-velocity molecular flows trace infalling envelope 
material swept up and entrained by an X-wind or the jet itself41,42. 
Additionally, our Rgeo values are more than an order of magnitude 
smaller than the disk radii, which are the base of the X-wind swept-up 
shell43. The alternative of lower-velocity material entrained at the disk 
surface by a wide-angle X-wind11 can also be excluded given the verti-
cal extent and semi-opening angle ≤50° of the H2 emission detected 
with NIRSpec. Thus, although jet production by the X-wind cannot be 
ruled out, its role in generating the observed molecular flows seems 
very unlikely.

Photoevaporative winds produce molecular flows only beyond 
several astronomical units and with velocities of just a few km s−1 and 
opening angles of around 45° (for example, ref. 44). Photoevaporative 
winds struggle to account for H2 flows exceeding 5 km s−1 and cannot 
match the 100 au vertical extent seen in our NIRSpec data (see ref. 45 for 
the predicted H2 2.12 µm-emitting region). Moreover, the near-infrared 
H2 and CO cones observed in HH 30 are narrower (Fig. 4) than those 
predicted by photoevaporative winds, and the mass flux derived from 
CO ALMA data exceeds typical photoevaporative mass-loss rates13,38,45. 
Importantly, photoevaporative winds do not recollimate to produce 
fast axial jets. Hence, they would need to be coupled with an MHD wind 
to reproduce the narrow [Fe II] emission seen in our sample. These inner 
winds might shield high-energy photons from the central star, dimin-
ishing their capacity to reach the outer disk and drive photoevapora-
tive flows (Fig. 8 in ref. 16). The absence of [Ne II] 12.8 µm low-velocity 
flows from stars with accretion rates ≳10−8 M⊙ yr−1, akin to those of our 
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Disk thickness SED

~10 µmサイズのダスト（@表層） 

が円盤の厚みやSEDをよく再現

Dust scattered light of the HH 30 disk Tazaki et al. 2025

λ=0.6 µm 0.8 µm 2 µm 4 µm 7.7 µm 12.8 µm 21 µm 1.3 mm
JWSTHST ALMA



the case of Tau 042021

• ~10 µmサイズのダスト（＠表層）と整合的 

• 中間赤外線でX字状の構造を発見

• H2 and PAH emission  
(Arulanantham et al. 2024, Pascucci et al. 2024,  Dartois et al. 2025)
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Figure 2. Image gallery with the disk oriented horizontally. All images are shown on same angular scale and a log stretch for
all panels except at 21 and 890µm (for which square root and linear stretches are used, respectively). The corresponding beam
is shown in the bottom left of each panel. A faint star is detected from 0.8 to 12.8µm to the SW of the disk. The bright spike
indicated by a � symbol in the 0.6µm image is an uncorrected bad pixel “enhanced” due to Fourier shifting of the image.

Figure 3. SED of Tau 042021. Closed and open circles rep-
resent the adopted and additional photometric datapoints,
respectively (see AppendixA). Red diamonds indicate the
fluxes measured in the JWST images presented here. Small
gray circles represent the Spitzer/IRS spectrum rebinned to a
��/� = 10% sampling. The observed scatter observed from
the optical to the mid-infrared is most likely due to intrinsic
variability and/or changes in disk illumination. The dashed
blue and red segments are power law fits to the UV/blue and
(sub)mm parts of the SED, respectively.

the symmetry axis and noticed that it presents a shoul-
der characteristic of two distinct components separated

by a distance comparable to the projected beam size.
We interpret this as an indication that the disk is still
optically thick at 890µm, but with the two disk surfaces
not fully separated. We thus fitted a double Gaussian
model to this profile and estimated a distance between
the two surfaces of 0.0011±0.0002, roughly ten times thinner
than is observed in the optical through the mid-infrared.

In the HST images, the disk presents a significant
lateral asymmetry in its outer regions (away from the
axis of symmetry), with the top and bottom nebulae ex-
tending further in opposite directions from one another.
In contrast, in the JWST images, such an asymmetry
is strongly suppressed across all wavelengths.There is
therefore temporal variability in the illumination from
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the case of Oph 163131

• Oph 163131は強く沈殿したペブル円盤をもつ (Villenave et al. 2022)

• 赤外線観測は表層ダストサイズ<0.5 µmを示唆

• 中間赤外線で空間的に広がった構造を発見

1.3 mm

ALMA
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Future projects

Characterizing the initial planet assembly with JWST

Background Planetary systems were born in protoplanetary disks composed of solid grains and gas.
Planet formation is a process such that (sub)micron-sized dust grains evolve into planetary-sized bodies
within several million years. Initially, the grains are only (sub)micron-sized and are uniformly suspended in
the gas disk, which is extended both in the vertical and radial directions of the disk. However, as grains grow
by coagulation, they start to drift through the gas disk both vertically and radially. The vertical settling
and radial drift eventually trigger the streaming instability (Youdin & Goodman 2005, Johansen et al.
2007), which results in forming planetesimals, or the ancestors of small bodies in the solar system (asteroids
and comets). However, the onset of the instability strongly depends on the e�ciency of vertical/radial
drift (Johansen et al. 2009, Bai & Stone 2010, Li & Youdin 2021), which remains largely unconstrained.
Furthermore, the dynamical evolution of grains helps to form gas giant planets as it facilitates a rapid
core formation (so-called the pebble accretion scenario; Lambrechts and Johansen 2012). Therefore, the
evolution of dust is crucial for essentially all stages of planet formation.

Disk observations in the last decade have revolutionized our understanding of dust evolution. By changing
the observational wavelength, we can access di↵erent sizes of grains in the disk. Figure 4 shows observations
of four edge-on protoplanetary disks at optical/near-IR and millimeter wavelengths (Villenave et al. 2020).
The HST images trace scattered light by micron-sized dust, revealing a vertically pu↵ed-up and radially
extended disk structure. On the other hand, the ALMA images trace thermal emission from (sub)mm-
sized dust, revealing a vertically thin (settled) and often radially compact structure. These observations
unambiguously show that significant dust evolution has already been taking place in these
disks.

However, these observations are insu�cient to draw a robust scenario on how micron-sized dust grow,
settle, drift radially, and then end up as the mm-sized dust seen in the ALMA images. The dust particles
seen in the HST images are too small so that we are likely observing a state before the dynamical evolution
sets in. A longer wavelength than HST is crucial to elucidate the dynamical process. ALMA observations
have revealed the presence of compact (sub)mm-sized aggregates (Tazaki et al. 2019). However, there is no
consensus on how such compact aggregates form in the disks, which is due to the mismatch of the results

Figure 4: Large four edge-on disks observed with HST (top rows) and ALMA (bottom rows). The HST observations
trace scattered light by micron-sized dust particles, while the ALMA observations trace thermal emission from mm-
sized dust particles. The four disks will be targeted in the approved JWST observations (PI: François Ménard).
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Dust settling: IR vs millimeter 

Tazaki et al. 2025, Villenave et al. 2025, Duchêne et al. 2024, Dartois et al. 2025
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Possible correlation between IR and millimeter dust settling?



Diverse morphology of edge-on disks at IR

•  MHD wind (Pascucci et al. 2025)? Photoevaporation (Nakatani et al. 2025)?

•  Constraint on dust and PAH entrainment ?
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Disk ice

(Burke and Brown 2009)



原始惑星系円盤の氷観測
Face-on disks (多色撮像観測・偏光スリット分光)

Honda et al. 2009

No. 2, 2009 WATER ICE GRAINS IN THE HD 142527 DISK L111

Figure 1. PSF-subtracted 3.08 µm image of the disk around HD 142527. The
unit of intensity is mJy arcsec−2. North is up; east is to the left. The occulting
mask is 0.′′6. The spatial resolution is 0.′′10. The three enclosed regions (regions
A, B, and C from inner to outer regions) on the southwest structure are the
positions from which the spectra shown in Figure 3 are extracted.

metallicity) to match the flux density in the K and L′ bands
(Henden 2002; Tokunaga & Vacca 2005). The calculated flux
density was 11.0 Jy at 3.08 µm.

The images obtained in the H2O ice filter were first processed
using the IRAF packages for dark subtraction, flat-fielding with
sky flats, bad pixel correction, and sky subtraction. Since the
stellar halo was very bright, PSF subtraction was required to
investigate the structure near the central star. The reference PSF
was chosen to match the PSF of HD 142527 for each frame
with careful visual inspection to determine whether the circular
bright halo of the central point source was well suppressed
after PSF subtraction. During this analysis, each reference PSF
frame was rotated to match the direction of the spider pattern
of the object, then shifted and scaled to minimize the residual
of the stellar halo after PSF subtraction. In order to estimate the
systematic uncertainty of the surface brightness due to the PSF
subtraction process, we changed the scaling of the PSF before
subtraction, and measured the acceptable range of the scaling
factor. The systematic uncertainty of the surface brightness
was measured to be 17–25% depending on the position. This
systematic uncertainty was typically larger than the statistical
error derived from the standard deviation of the best PSF-
subtracted object frames.

The L′ band images were obtained on 2005 June 30 with
CIAO. The AO36 was not available at the time, but our imaging
was conducted under decent seeing conditions (better than 0.′′5
at optical). Since the star was unsaturated, a coronagraphic mask
was not used. For HD 142527, 50 exposures of 0.1 s were
co-added into one data frame, and 58 frames were taken in
total. HD 142695 was also observed as a PSF reference star
just before the imaging of HD 142527. We obtained 26 frames
each with the same exposure times as HD 142527. Nodding at
10′′ was performed for both stars, to satisfactorily subtract the
background sky. The FWHM in the L′ band was 0.′′3 on average
for both HD 142527 and HD 142695. We observed HD 161903
as a photometric calibrator (Leggett et al. 2003). The L′ band
images were reduced in the same way as described by Fukagawa

Figure 2. Same as Figure 1 but in the L′ band. No occulting mask was used.
The spatial resolution was 0.′′3. Note that the strong emission in the northeastern
direction in the L′ band is an artifact of the PSF mismatch between HD 142527
and the PSF reference star.

et al. (2006). The seven frames for HD 142527 were removed
due to the large FWHMs, and the remaining 51 images were
combined after subtracting the reference PSF. The inner region
with 0.′′8 radius was affected by the PSF-subtraction residuals
and hence was photometrically unusable.

3. RESULTS

Figures 1 and 2 show the PSF-subtracted images of the
circumstellar disk around HD 142527 in the H2O ice filter
(3.08 µm) with the 0.′′6 mask and in the L′ band (3.77 µm)
without a mask, respectively. Note that the strong emission in
the northeastern direction in the L′ band is an artifact of the PSF
mismatch between HD 142527 and the PSF reference star. The
eastern and western arcs discovered by Fukagawa et al. (2006)
in the H and K bands were also detected in the H2O and L′

bands. The outer spiral arm observed in the H and K bands was
not detected due to the faintness of the scattered light and a
lower sensitivity at the longer wavelengths.

We constructed the spectra of the disk-scattered light us-
ing images of the H, K, H2O, and L′ bands. No variability
in NIR for HD 142527 was assumed, but note that the pos-
sibility of temporal change could not be ruled out. The spec-
tra were extracted from the three regions and are shown in
Figure 3: region A (0.′′96 ! r < 1.′′17, 235 ! P.A. ! 245),
region B (1.′′17 ! r < 1.′′38, 235 ! P.A. ! 245), and region
C (1.′′38 ! r < 1.′′60, 235 ! P.A. ! 245). The spatial res-
olutions in the H, K, and H2O bands were degraded to match
those in the L′ band (FWHM = 0.′′3) by convolving Gaussian.
The spectrum for the total flux densities is also presented for
comparison in the top panel of Figure 3, which shows few or no
features in the H2O band. The contribution from the scattered
light to the total flux density in the H and K bands is estimated to
be 3.1–3.2% (Fukagawa et al. 2006), indicating that most of the
flux density in the total spectrum is attributed to the emission
from the star itself and thermal emission from hot grains in the
vicinity of the star where icy grains cannot survive. Therefore,
the absence of a 3 µm ice feature is a natural consequence. In

HD 142527
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Figure 3. Top panel shows NIR photometry and a spectrum of the entire
HD 142527 system, which is used as the representative of the illuminating
source spectrum. Photometric values are taken from Malfait et al. (1998), and
the solid line is the ISO/SWS spectrum taken from Meeus et al. (2001). The
bottom panel represents the spectra of the scattered light from regions A, B, and
C shown in Figure 1. By comparing the systematic and statistical errors, we used
the larger one for the total error plotted in this figure. The dip in 3 µm, probably
due to H2O ice grains, is present in all the scattered light spectra, while it is not
seen in the total spectrum, which is dominated by thermal emission from hot
dust near the central star.

contrast, the spectra of the scattered light show a clear reduc-
tion in the H2O ice band (3.08 µm), suggesting the presence
of a 3 µm absorption feature. This result can be explained by
the water ice grains in the disk surface where the light scatter-
ing occurs. The presence of water ice grains is consistent with
the detection of emission features at 44 and 62 µm in the FIR
spectrum for HD 142527 (Malfait et al. 1999). Furthermore,
Fujiwara et al. (2006) derived the dust temperature of the west-
ern disk to be around 85 ± 3 K. Since mid-infrared (MIR)
emitting dust should be located in the inner region of the outer
disk, the temperature of the outer surface should be lower and
cold enough for water ice grains to exist. In addition to the water
ice grains, the presence of hydrous silicate (montmorillonite) in

Figure 4. Two-color difference (∆(K − L′) and ∆(K − H2O)) diagram of the
scattered light. Note that the origin (big asterisk) represents the position of the
color of the illuminating source. The circles and diamonds are the theoretical
color difference of the scattered light from the optically thick disk with silicate
and silicate with ice grains, respectively (Inoue et al. 2008). Each line is the
sequence of grain size: 0.1, 0.3, 1, 3, and 10 µm. Two lines of silicate with
ice grains represent two different ice abundances. One is the mass abundance
used by Miyake & Nakagawa (1993), and the other is the same but with a 1/10
ice abundance. The squares represent the observed color difference of regions
A – C. Silicate and ice grains of ∼ 1 µm may explain the observed color
difference of the scattered light, indicating the presence of H2O ice grains on
the surface of the HD 142527 disk.

HD 142527 was claimed by Malfait et al. (1999). The possibil-
ity of hydrous silicate grains contributing to the H2O band flux
reduction cannot be excluded. However, hydrous silicate grains
are not the principal dust components of the HD 142527 disk
(Malfait et al. 1999), and neither are other forms of ice (Whittet
2003; Davis 2007; Encrenaz 2008). Therefore, water ice is most
likely the dominant carrier of the observed absorption feature.

In order to discuss the properties of scattering grains in more
detail, we compared our results with the model predictions by
Inoue et al. (2008) using a color difference diagram (∆(K−H2O)
versus ∆(K − L′)). The color of the scattered light depends on
the color of the illuminating source. Since the fraction of the
scattered light to the total flux is very small (Fukagawa et al.
2006), we assume that the total flux represents the illuminating
source. The mean flux density for the entire HD 142527 system
within the H2O band was calculated by integrating the ISO/SWS
spectrum (Meeus et al. 2001). The color difference due to the
scattering process was derived as

∆(K − H2O) = (K − H2O)sca − (K − H2O)source,

where (K − H2O)sca and (K − H2O)source are the color of the
scattered light and that for the illuminating source, respectively.
∆(K − L′) is also described in the same manner. The derived
color differences (∆(K−H2O) and ∆(K−L′)) are summarized in
Table 1. There is no significant color gradient over the regions
A – C. Figure 4 shows the observed color differences and a
comparison with the model predictions. This figure indicates
that the observed colors cannot be reproduced with silicate
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Honda et al. 2022, Betti et al. 2022, 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Pontoppidan et al. 2005, Terada et al. 2007, Terada et al. 2012, 
 Terada & Tokunaga 2012, 2017,  Aikawa et al. 2012

Terada et al. 2007

Edge-on disks (スリット分光/スリットレス分光)

JWSTの面分光観測によって初めて円盤内の氷の性質・空間分布が解明されることが期待

スペクトル❌ 氷の空間分布の情報✔︎

（スペクトル✔︎ 氷の空間分布の情報✔︎）

スペクトル✔︎ 氷の空間分布の情報 ❌



JWST/NIRSpec/IFUによるエッジオン円盤の面分光観測

Sturm et al. 2023, A&A 679, A138



Ice in disk surface

• In disks, H2O, CO, 12CO2, 13CO2, OCN- ices are detected 
(Sturm et al. 2023, 2024, Ballering et al. 2024, Potapov et al 2025)

- Vertical stratification of ice is less clear, 
and volatile ice also exists at high surfaces 
(Sturm et al. 2024, Dartois et al. 2025)

- 4.6 µm CO-ice feature is consistent 
with CO being trapped in ice 
(Bergner et al. 2024)

• ⚠ Optically thick and edge-on viewing  
geometry complicate the ice abundance  
+ isotope ratio interpretation  
Sturm et al. 2023, Martinien et al. 2025 
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Figure 2. Image gallery with the disk oriented horizontally. All images are shown on same angular scale and a log stretch for
all panels except at 21 and 890µm (for which square root and linear stretches are used, respectively). The corresponding beam
is shown in the bottom left of each panel. A faint star is detected from 0.8 to 12.8µm to the SW of the disk. The bright spike
indicated by a � symbol in the 0.6µm image is an uncorrected bad pixel “enhanced” due to Fourier shifting of the image.

Figure 3. SED of Tau 042021. Closed and open circles rep-
resent the adopted and additional photometric datapoints,
respectively (see AppendixA). Red diamonds indicate the
fluxes measured in the JWST images presented here. Small
gray circles represent the Spitzer/IRS spectrum rebinned to a
��/� = 10% sampling. The observed scatter observed from
the optical to the mid-infrared is most likely due to intrinsic
variability and/or changes in disk illumination. The dashed
blue and red segments are power law fits to the UV/blue and
(sub)mm parts of the SED, respectively.

the symmetry axis and noticed that it presents a shoul-
der characteristic of two distinct components separated

by a distance comparable to the projected beam size.
We interpret this as an indication that the disk is still
optically thick at 890µm, but with the two disk surfaces
not fully separated. We thus fitted a double Gaussian
model to this profile and estimated a distance between
the two surfaces of 0.0011±0.0002, roughly ten times thinner
than is observed in the optical through the mid-infrared.

In the HST images, the disk presents a significant
lateral asymmetry in its outer regions (away from the
axis of symmetry), with the top and bottom nebulae ex-
tending further in opposite directions from one another.
In contrast, in the JWST images, such an asymmetry
is strongly suppressed across all wavelengths.There is
therefore temporal variability in the illumination from
the central star, in line with the findings from Luh-
man et al. (2009). Unfortunately, there is currently
not enough temporal coverage to determine whether this
variability is periodic.
The brightness ratio between top and bottom nebula

in an EOD is related to the system’s inclination for sym-
metric disk, via the dust scattering phase function and
extinction through the disk (Watson et al. 2007). The
brightness ratio between the two nebulae is ⇡ 0.5 (see
Table 2), suggesting a small deviation from the i = 90�
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H2O, CO2, COの氷吸収フィーチャーに対応して， 
円盤の幾何学的厚み（平均的な光学的厚み）が変化



• （空間的にある程度平均した）氷の存在量の制約で有効なアプローチ


• 前景雲は円盤の幾何学的厚みを変えないため，前景雲によらない氷量推定が可能

Attenuation curves of protoplanetary icy dust
Martinien et al. (incl RT) 2025

5

Figure 2. Image gallery with the disk oriented horizontally. All images are shown on same angular scale and a log stretch for
all panels except at 21 and 890µm (for which square root and linear stretches are used, respectively). The corresponding beam
is shown in the bottom left of each panel. A faint star is detected from 0.8 to 12.8µm to the SW of the disk. The bright spike
indicated by a � symbol in the 0.6µm image is an uncorrected bad pixel “enhanced” due to Fourier shifting of the image.

Figure 3. SED of Tau 042021. Closed and open circles rep-
resent the adopted and additional photometric datapoints,
respectively (see AppendixA). Red diamonds indicate the
fluxes measured in the JWST images presented here. Small
gray circles represent the Spitzer/IRS spectrum rebinned to a
��/� = 10% sampling. The observed scatter observed from
the optical to the mid-infrared is most likely due to intrinsic
variability and/or changes in disk illumination. The dashed
blue and red segments are power law fits to the UV/blue and
(sub)mm parts of the SED, respectively.

the symmetry axis and noticed that it presents a shoul-
der characteristic of two distinct components separated

by a distance comparable to the projected beam size.
We interpret this as an indication that the disk is still
optically thick at 890µm, but with the two disk surfaces
not fully separated. We thus fitted a double Gaussian
model to this profile and estimated a distance between
the two surfaces of 0.0011±0.0002, roughly ten times thinner
than is observed in the optical through the mid-infrared.

In the HST images, the disk presents a significant
lateral asymmetry in its outer regions (away from the
axis of symmetry), with the top and bottom nebulae ex-
tending further in opposite directions from one another.
In contrast, in the JWST images, such an asymmetry
is strongly suppressed across all wavelengths.There is
therefore temporal variability in the illumination from
the central star, in line with the findings from Luh-
man et al. (2009). Unfortunately, there is currently
not enough temporal coverage to determine whether this
variability is periodic.
The brightness ratio between top and bottom nebula

in an EOD is related to the system’s inclination for sym-
metric disk, via the dust scattering phase function and
extinction through the disk (Watson et al. 2007). The
brightness ratio between the two nebulae is ⇡ 0.5 (see
Table 2), suggesting a small deviation from the i = 90�

HH 30 Tau 042021 Oph 163131

D
is

k
th

ic
kn

es
s



Radial distribution of disk ice? 

• 氷の空間分布を知るにはnon-edge-on円盤が最適
- 散乱アルベドに起因する氷の散乱光フィーチャー（Inoue et al. 2008, Tazaki et al. 2021）
- 地上望遠鏡による多色撮像観測で検出（Honda et al. 2009, Honda et al. 2016, Betti et al. 2022）

• JWST/NISpecによる面分光観測に期待！
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Technical Justification (required for GO, DD and Survey only)

Instrument and mode to be used: To achieve the goals, we use two disperser-filter combi-
nations: G235H/F170LP and G395H/F290LP to cover the wavelength range of 1.66–5.27 µm
with a spectral resolution R ⇠ 2700. G395H is needed for capturing H2O, CO2, and CO
ice, and G235H filter is to cover the blue wing of the the 3 µm feature of H2O ice. The
choice of the highest spectral resolution is not to resolve each ice absorption feature but to
minimize the e↵ect of detector saturation around the bright central star and the inner disk.
The central ⇠0.0035 around the primary star will be saturated (based on ETC calculations, see
also Fig. 3). However, we are interested in the extended disk-scattered light which extends
in both cases to the edge of the field of view of the detector. Thus the central saturation is
no problem for our science case. To minimize the saturated area, we selected the smallest
number of groups (2) and the NRSRAPID readout pattern.

Figure 3: Simulated disk scattered light image at � = 3.56 µm (left) and total intensity
spectrum (right) of the disk around AB Aur with and without ice-mantled grains. The
image size and the pixel scale coincide with the FoV and the pixel scale (0.001/pixel) of
NIRSpec/IFU, respectively. The image cube was convolved with WebbPSF and the left
image is the final product obtained after performing the PSF subtraction. The
disk-scattered light spectra were measured at the location indicated by the cross symbol in
the image, which is separated by 0.0067 (⇠ 109 au) away from the central star. The central
dark pixels in the left image represent the expected detector saturation regions. The
albedo features are visible in the disk-scattered light spectrum.

Observing method: Since the target stars are very bright and NIRSpec IFU lacks coron-
agraphic capability, we will conduct PSF reference observations to subtract the stellar halo
and speckle patterns. We first searched the ALLWISE catalog for suitable PSF reference
stars based on W1, W2 magnitudes and W1–W2 colors. The resultant list was further cross-
matched with SIMBAD and GAIA DR3. For HD 142527 (F6III), we selected HD 141687
(G5II/III) as a PSF reference, based on (1) W1-band magnitudes (HD 142527: 4.28 vs. HD
141687: 4.432) and W1-W2 colors (0.937 vs 0.254), (3) proximity (⇠ 3.1�), and (4) a GAIA
RUWE of 1.097, indicating it is unlikely to be a close binary. Similarly, for AB Aur (A0Ve),
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Figure 1. PSF-subtracted 3.08 µm image of the disk around HD 142527. The
unit of intensity is mJy arcsec−2. North is up; east is to the left. The occulting
mask is 0.′′6. The spatial resolution is 0.′′10. The three enclosed regions (regions
A, B, and C from inner to outer regions) on the southwest structure are the
positions from which the spectra shown in Figure 3 are extracted.

metallicity) to match the flux density in the K and L′ bands
(Henden 2002; Tokunaga & Vacca 2005). The calculated flux
density was 11.0 Jy at 3.08 µm.

The images obtained in the H2O ice filter were first processed
using the IRAF packages for dark subtraction, flat-fielding with
sky flats, bad pixel correction, and sky subtraction. Since the
stellar halo was very bright, PSF subtraction was required to
investigate the structure near the central star. The reference PSF
was chosen to match the PSF of HD 142527 for each frame
with careful visual inspection to determine whether the circular
bright halo of the central point source was well suppressed
after PSF subtraction. During this analysis, each reference PSF
frame was rotated to match the direction of the spider pattern
of the object, then shifted and scaled to minimize the residual
of the stellar halo after PSF subtraction. In order to estimate the
systematic uncertainty of the surface brightness due to the PSF
subtraction process, we changed the scaling of the PSF before
subtraction, and measured the acceptable range of the scaling
factor. The systematic uncertainty of the surface brightness
was measured to be 17–25% depending on the position. This
systematic uncertainty was typically larger than the statistical
error derived from the standard deviation of the best PSF-
subtracted object frames.

The L′ band images were obtained on 2005 June 30 with
CIAO. The AO36 was not available at the time, but our imaging
was conducted under decent seeing conditions (better than 0.′′5
at optical). Since the star was unsaturated, a coronagraphic mask
was not used. For HD 142527, 50 exposures of 0.1 s were
co-added into one data frame, and 58 frames were taken in
total. HD 142695 was also observed as a PSF reference star
just before the imaging of HD 142527. We obtained 26 frames
each with the same exposure times as HD 142527. Nodding at
10′′ was performed for both stars, to satisfactorily subtract the
background sky. The FWHM in the L′ band was 0.′′3 on average
for both HD 142527 and HD 142695. We observed HD 161903
as a photometric calibrator (Leggett et al. 2003). The L′ band
images were reduced in the same way as described by Fukagawa

Figure 2. Same as Figure 1 but in the L′ band. No occulting mask was used.
The spatial resolution was 0.′′3. Note that the strong emission in the northeastern
direction in the L′ band is an artifact of the PSF mismatch between HD 142527
and the PSF reference star.

et al. (2006). The seven frames for HD 142527 were removed
due to the large FWHMs, and the remaining 51 images were
combined after subtracting the reference PSF. The inner region
with 0.′′8 radius was affected by the PSF-subtraction residuals
and hence was photometrically unusable.

3. RESULTS

Figures 1 and 2 show the PSF-subtracted images of the
circumstellar disk around HD 142527 in the H2O ice filter
(3.08 µm) with the 0.′′6 mask and in the L′ band (3.77 µm)
without a mask, respectively. Note that the strong emission in
the northeastern direction in the L′ band is an artifact of the PSF
mismatch between HD 142527 and the PSF reference star. The
eastern and western arcs discovered by Fukagawa et al. (2006)
in the H and K bands were also detected in the H2O and L′

bands. The outer spiral arm observed in the H and K bands was
not detected due to the faintness of the scattered light and a
lower sensitivity at the longer wavelengths.

We constructed the spectra of the disk-scattered light us-
ing images of the H, K, H2O, and L′ bands. No variability
in NIR for HD 142527 was assumed, but note that the pos-
sibility of temporal change could not be ruled out. The spec-
tra were extracted from the three regions and are shown in
Figure 3: region A (0.′′96 ! r < 1.′′17, 235 ! P.A. ! 245),
region B (1.′′17 ! r < 1.′′38, 235 ! P.A. ! 245), and region
C (1.′′38 ! r < 1.′′60, 235 ! P.A. ! 245). The spatial res-
olutions in the H, K, and H2O bands were degraded to match
those in the L′ band (FWHM = 0.′′3) by convolving Gaussian.
The spectrum for the total flux densities is also presented for
comparison in the top panel of Figure 3, which shows few or no
features in the H2O band. The contribution from the scattered
light to the total flux density in the H and K bands is estimated to
be 3.1–3.2% (Fukagawa et al. 2006), indicating that most of the
flux density in the total spectrum is attributed to the emission
from the star itself and thermal emission from hot grains in the
vicinity of the star where icy grains cannot survive. Therefore,
the absence of a 3 µm ice feature is a natural consequence. In

すばる望遠鏡による水氷の検出 (Honda et al. 2009) Our model prediction for JWST/NIRSpec observations

Tazaki et al. 2021



Crystalline water ice in a debris disk

HD 181327周りのデブリ円盤から結晶化した水氷の吸収を検出

• 太陽系のカイパーベルト天体にも類似のスペクトルを 

示す天体が存在（e.g., Pinilla-Alonso et al. 2025）

• 結晶質氷の起源？

Xie et al. 2025, Nature HST
Stark et al. 2014

JWST/NIRSpec

HD 181327

90-105 au

105-120 au

80-90 au

Scientific Justification (required for all)

Figure 1: Diverse molecular ice spectra
observed in Kuiper Belt Objects and debris
disks (modified from [14]).

Context: The new eyes on the Universe,
JWST, have dramatically advanced our un-
derstanding of the chemical inventory of the
outer Solar System, particularly Kuiper Belt
Objects (KBOs), fossil remnants of icy plan-
etesimals formed in the early Solar Sys-
tem. The JWST–DiSCo-TNO program has
revealed a remarkable diversity in the molec-
ular ice compositions on KBO surfaces [9],
yet the origin of this diversity remains un-
clear. KBO surface ices fall into three major
groups dominated by H2O, CO2, and organic-
rich ices, respectively (Fig. 1). A plausible
interpretation to this is that it reflects a helio-
centric gradient: bodies that formed closer to the Sun are rich in H2O ice, whereas those
formed farther away are enriched in CO, CO2, and organic ices. This leads to a new question:
do the building blocks of icy planetesimals also exhibit a similar diversity? So far, the radial
variations and overall compositions of molecular ices in protoplanetary disks remain largely
unexplored. The goal of this proposal is to test whether the compositional diver-

sity of KBOs originates in their birth environments by revealing the molecular

ice properties in protoplanetary disks.

JWST provides a unique opportunity to reveal the presence and distribution of ices in
protoplanetary disks. Ices can be studied through infrared (IR) absorption and scattering
features imprinted in the scattered-light spectra of icy grains. The depths and profiles of
these features o↵er direct diagnostics of ice composition and abundance. Previous ice stud-
ies have mainly focused on edge-on disks, where the disk acts as a natural coronagraph,
enabling scattered-light spectroscopy with the NIRSpec IFU, which lacks coronagraphic ca-
pability. However, there are two major challenges. First, the radial distribution of ice is
poorly constrained due to the highly projected geometry of edge-on disks. Second, deriving
the absolute ice abundance is di�cult because the IR ice feature depths saturate at high
inclinations, where multiple scattering occurs through the large column density [12]. These
issues can be overcome by observing face-on disks, which provide more direct constraints on
ice abundance and its radial dependence [13]. Yet such observations remain unexplored, as
they require high-contrast NIRSpec IFU observations without coronagraphs.

Recently, a promising technique has emerged: using the unprecedented sensitivity of
JWST and the stability of the spread function (PSF), Xie et al. [14] obtained icy IR spectra
of (non-edge-on) debris disks using referential di↵erential imaging (RDI) (Fig. 1). Building
on this advancement, we propose molecular ice observations for face-on protoplan-
etary disks using NIRSpec IFU to reveal molecular ice abundances and their

spatial (radial) distribution for the first time.
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まとめ
JWSTによって原始惑星系円盤のダストの観測的研究が進展している！

• エッジオン円盤表層部におけるダストサイズの推定が可能に 

• 円盤表層部に大きなダスト（~ 10 µm）の兆候を示す天体の発見


• なぜ沈殿していない？


• ペブル円盤（ALMA観測）の厚みと表層ダストサイズの対応


• 円盤風や空間的に広がった中間赤外線放射の発見 

• 光蒸発やMHD円盤風との関連？


• 原始惑星系円盤やデブリ円盤での揮発性氷の検出 

• 各種氷の存在量の評価やエッジオン天体以外での氷の検出が今後の課題


