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ALMA関連論文の出版数推移
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今日の内容

• ALMAについて 

• 多重ダストリング/ギャップ構造 

• TW Hya高分解能多周波観測 [Tsukagoshi+2016] 

• ダスト穴あき円盤 (遷移円盤) 

• Sz 91 [Tsukagoshi+ in prep.]



Atacama Large Millimeter/submillimeter Array



Atacama Large Millimeter/submillimeter Array

• アンテナ間距離 = 0.3~16km 

• ∆θmax ~ 18mas 
• ~1.0 au at d=54pc 
• ~2.5 au at d=140pc 

• 連続波 + 分子/原子輝線 

• ダストの熱放射 (+電離領域の自由自由放射) 

• ガスの線スペクトル 

• 周波数 ~ 80-950 GHz 

• dvmax ~ 30-50 m/s



サブミリ波観測で見える円盤構造：連続波観測

光学的に薄く円盤全域の密
度分布をトレース

Testi+2014(改編)
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optical/NIR: 表層散乱光

mm/submm: 全域, 赤道面, cold region

MIR: 内側表層, hot region

円盤断面図

星放射
円盤放射



サブミリ波観測で見える円盤構造：ガス輝線観測
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Table 1
SMA Target Spectral Lines

Chunk Frequency Range Channels Resolution Lines Frequency Tup
(GHz) (km s−1) (GHz) (K)

USB:S08 345.75–345.85 256 0.36 CO 3–2 345.7960 33
USB:S08 372.37–372.48 128 0.66 H2D+ 11,0–11,1 372.4213 104
USB:S11 372.63–372.73 128 0.66 N2H+ 4–3 372.6725 45
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Figure 1. Schematic of the expected disk ion distribution as a function of disk
layer temperature. The solid lines represent the CO photodissociation front, the
dashed lines the CO snowline, and the dotted lines the transition region where
the last heavy molecules freeze out.
(A color version of this figure is available in the online journal.)

Submillimeter Array (SMA) to observe this H2D+ line toward
DM Tau with improved sensitivity. We analyze these results,
together with observations of other molecular ions, to provide
new constraints on the ionization fraction in different regions of
the disk.

The paper is organized as follows. In Section 2, we de-
scribe the SMA observations and complementary IRAM 30
m telescope observations of molecular ions in the DM Tau
disk. In Section 3, we present upper limits on H2D+ and N2H+

J = 4–3 emission and detections of the CO J = 3–2 and H13CO+

J = 3–2 lines and other resolved observations of molecular ions
from the literature. In Section 4, we use the line intensities to-
gether with an empirically derived disk structure to constrain
the midplane temperature (Section 4.1) and to calculate upper
limits on the o-H2D+ column (Section 4.2), the total H2D+ col-
umn (Section 4.3), the total midplane ion column (Section 4.4),
the midplane ionization fraction (Section 4.5), and the ioniza-
tion fraction in higher disk layers (Section 4.6). In Section 5,
we compare the results with predictions from a generic disk
chemistry model.

2. OBSERVATIONS

2.1. SMA Observations of CO, N2H+, and o-H2D+

DM Tau was observed with SMA on top of Mauna Kea,
Hawaii, on 2010 October 7. Six of the array antennas were
available for these observations, arranged in a compact config-
uration spanning baselines of 16–77 m. Using the dual receiver
mode, we simultaneously targeted the ortho-H2D+ 11,0–11,1 line
at 372.4213 GHz and the N2H+ J = 4–3 at 372.6725 GHz with
the “high-frequency” receiver, and the 345.796 GHz CO J =
3–2 line with the “low-frequency” receiver. Table 1 summarizes
the spectral line setup. At these frequencies, the synthesized
beam sizes were 2.′′2 × 1.′′7 and 2.′′4 × 2.′′0, respectively.

The observing conditions were generally very good, with
atmospheric opacity τ225 GHz ∼ 0.04 measured at the nearby
CSO and stable atmospheric phase. This opacity corresponds to
a zenith transmission of ∼50% at the H2D+ line frequency. Short
observations of the two calibrators 3C120 and J0449+113 were
interleaved with the observations of DM Tau for gain calibration.
The bandpass response was calibrated with observations of
Uranus and the available bright quasars 3C273, 3C454.3,
and 3C84. Observations of Uranus and Callisto provided the
absolute scale for flux densities, via comparison to theoretical
models for their emission. The two calibrators agree within the
expected uncertainties, but all reported data were calibrated with
Callisto. The systematic uncertainty in the absolute flux scale is
∼10%. The data were edited and calibrated with the IDL-based
MIR software package.2 Continuum and spectral line images
were generated and CLEANed using MIRIAD. To check that
the flux calibration is accurate, we compared the continuum
fluxes of 0.22 Jy at 0.87 mm and 0.30 Jy at 0.81 mm with
previously published values (Andrews & Williams 2005, 2007)
and found that they agree within the reported uncertainties.

2.2. IRAM 30 m Observations of H13CO+

The H13CO+ J = 3–2 line at 260.255 GHz was observed
toward DM Tau on 2011 January 25 with the IRAM 30 m
telescope. The observations were carried out with the EMIR
330 GHz receiver, with a beam size of ∼9.′′5 (FWHM). The
receiver was connected to a unit of the autocorrelator with a
spectral resolution of 320 kHz and a bandwidth of 240 MHz,
equivalent to an unsmoothed velocity resolution of ∼0.4 km s−1.
Typical system temperatures were 300–400 K. The observations
were carried out using wobbler switching with a 100′′ throw.
Pointing was checked every ∼2 hr on J0430+052 and J0316+413
with a typical accuracy of < 2′′. The main-beam brightness
temperature was calculated from the antenna temperatures
in pako using reported main beam and forward efficiencies
(Beff and Feff) of 88% and 53%, respectively. The data were
reduced with the CLASS program, part of the GILDAS software
package.3 Linear baselines were determined from velocity
ranges without emission features and then subtracted from the
spectra.

3. RESULTS

We did not detect either the H2D+ 11,0–11,1 line or the
N2H+ J = 4–3 line. Figure 2 shows imaging upper limits for
these lines, along with moment maps for the CO J = 3–2 line and
three lines from other molecular ions, HCO+ J = 3–2, DCO+ J =
3–2, and N2H+ J = 3–2 (Öberg et al. 2010). The velocity gradient
due to disk rotation appears similar in all of the moment maps,
even for the weak N2H+ and DCO+ emission. The apparent disk
sizes are also similar within the uncertainties. To estimate the

2 http://www.cfa.harvard.edu/∼cqi/mircook.html
3 http://www.iram.fr/IRAMFR/GILDAS
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Figure 1. HL Tau in the λ = 1.3 mm continuum. The image is the combined of
CARMA A, B, and C configurations, and the synthesized beam is 0.′′17 × 0.′′13
(P.A. = 85◦) corresponding to 18 AU. The contour levels are 2.5, 4.0, 6.3, 10,
16, 25, and 40 times σ = ±0.8 mJy beam−1.
(A color version of this figure is available in the online journal.)

in the 2.7 mm continuum using the B and C configurations
of CARMA (Woody et al. 2004). The data sets were taken
between 2007 November and 2009 January using the 10.4 m and
6.1 m antennas. To check the gain calibration, particularly for
extended-array data of A and B configurations, a test calibrator
was employed to verify successful calibration. In addition, we
used the CARMA Paired Antenna Calibration System for the
A configuration data (Lamb et al. 2009; Pérez et al. 2010);
the 3.5 m antennas continuously observe a calibrator and their
data are used to correct short atmospheric perturbations. The
improvement of calibration was about 10%–20% in terms of
image noise levels and the size, flux, and peak intensity of the
test calibrator. Telescope pointing during the observations were
monitored using optical pointing and radio pointing (Corder
et al. 2010). To minimize the bias induced by flux calibration
uncertainty, a common flux calibrator (e.g., Uranus) was used
to bootstrap gain calibrator fluxes. In addition, different array-
configuration data for HL Tau were compared at common
uv distances. Millimeter/submillimeter dust emission from T
Tauri disks is not variable over a period of a few years, so
amplitudes at common uv positions should be comparable even
in different configuration arrays. We estimate that the absolute
flux calibration uncertainty is 10% at λ = 1.3 mm and 8% at
λ = 2.7 mm.

MIRIAD (Sault et al. 1995) was employed to calibrate
and map data. In addition to normal calibration, seeing has
been corrected using the UVCAL task for the B configu-
ration data at λ = 1.3 mm, which were taken under less
favorable weather conditions. Individual configuration data
were calibrated separately and combined to make maps. The
proper motion of HL Tau (vR.A. = 8.0 ± 6.0 mas year−1 and
vdecl. = −21.8 ± 5.8 mas year−1; Zacharias et al. 2003) was
compensated for the data to set the epoch positions to 2009
January. The sensitivity and emphasized size scales in the maps
depend on weighting schemes of visibility data. In order to em-
phasize the small structures, we used Briggs robust weighting
of 0 (Briggs 1995).

Figure 1 shows the A, B, and C configuration-combined
image at λ = 1.3 mm (ν = 229 GHz) with 0.′′17 × 0.′′13
(P.A. = 85.◦0) resolution, 24 AU by 18 AU in linear size at
the distance of HL Tau. The rms noise level in the λ = 1.3 mm
map is 0.8 mJy beam−1. The HL Tau disk is nicely resolved;

the apparent disk size is ∼ 1.′′5 × 1.′′1 at the 4σ contour level,
corresponding to the 210 AU major axis. The peak intensity
at λ = 1.3 mm is 33 mJy beam−1 and the total flux in a 2′′

box centered on the source is 700 ± 10.3 mJy. A Gaussian
fit to the emission yields an emission centroid position of
R.A.(J2000) = 04h31m38.s418, decl.(J2000) = +18◦13′57.′′37.
The position angle of the major axis is 135◦ east-of-north and
the inclination is 43◦, based on the ratio of the major and minor
axes (0◦ corresponds to a face-on disk). The λ = 2.7 mm
(ν = 112 GHz) data yield a continuum map with a resolution
of 1.′′01 × 0.′′67 (P.A. = 72.◦8) and an rms noise level of
1.1 mJy beam−1; the peak intensity is 64 mJy beam−1 and the
integrated flux is 120 ± 3.8 mJy. The given errors in both fluxes
are statistical uncertainties; systematic calibration uncertainties
are estimated to be about 10%.

3. DISK MODELING

The disk around HL Tau shows a high degree of axial
symmetry and a significant extent relative to the beam size at
λ = 1.3 mm wavelength. In order to derive physical parameters
for the disk, we fit the data with a standard viscous accretion
disk model (Pringle 1981). This disk model has a power-law
radial density distribution tapered by an exponential function:
in the case of a thin disk, Σ(R) ∝ (R/Rc)−γ exp[−(R/Rc)2−γ ],
where Rc is a characteristic radius (e.g., Andrews et al. 2009).
For our fits, we assume a disk thickness determined by vertical
hydrostatic equilibrium; the density distribution in cylindrical
coordinates is

ρ(R, z) = ρ0

( R

Rc

)−p

exp
[

−
( R

Rc

)7/2−p−q/2]

× exp
[

−
( z

H (R)

)2]
. (1)

Here H (R) is the scale height at a radius R, which is the
sound speed divided by the Keplerian angular velocity: H (R) ≡√

2cs/Ω =
√

2kT (R, 0)R3/GMm̄. The surface density power-
law index can be expressed as γ = −3/2 + p + q/2, as
Σ(R) =

√
πρ(R, 0)H (R).

The q is the temperature power-law index of dust grains,
T (R, 0) = T0(R0/R)q . When assuming a power-law opacity
(κν = κ0(ν/ν0)β) and radiative equilibrium with a central
protostar, it is expressed by β: q = 2/(4 + β) in the low optical
depth limit (Spitzer 1978). For calculating scale heights, we
adopted the midplane temperature Tm(R, 0) = T0(R0/R)q and
q = 0.43 (corresponding to β = 0.7). Note that the assumed
power-law index is consistent with self-consistent temperature
distributions (Dullemond & Dominik 2004a). In contrast to the
scale height calculation, we utilized temperature distributions
as a function of z as well as R, which simulates self-consistent
temperatures:

T (R, z) = WTm(R, 0) + (1 − W )Ts(r), (2)

where Tm(R, 0) and Ts(r) indicate midplane and surface temper-
ature distributions, respectively. The two temperature distribu-
tions have functions of the same power-law index of q = 0.43:
Tm(R, 0) = T0(R0/R)q and Ts(r) = Ts0(rs0/r)q . However,
note that the surface temperature depends on r =

√
R2 + z2,

while the midplane temperature is a function of R. We adopt
Ts0 = 400 K at rs0 = 3 AU corresponding to L = 8.3 L⊙ and
W = exp[−(z/3H (R))2], resulting in temperature distributions
close to the self-consistent ones empirically, except that the very
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HL Tau

the AB configuration, F!(AB), within uncertainties, sug-
gesting that all disk emission is successfully detected and
mapped with the !100 beam. In the case of the other three
sources (AA Tau, IQ Tau, and LkCa 15), F!(AB) is only
40%–60% of F!(D). This is due to lower sensitivity to sur-
face brightness and missing more extended components in
the AB configuration. The total flux densities by the D con-
figuration for these three sources are comparable to that for
DM Tau or DN Tau, which shows F!(D) = F!(AB), sug-
gesting that the disks around the three sources have larger
radii, or lower surface brightness. Since our purpose is to
reveal the whole disk structure, it is essential to recover
F!(D) as much as possible even when we try to obtain a
higher resolution image. We therefore add the data with the

C configuration to improve the sensitivity to low brightness
and more extended components of the emission. The resul-
tant flux density for the three sources, F!(AB+C), becomes
greater than 70% of F!(D) (see Table 1 and Fig. 1).
Although the sensitivity of the present observations is still
insufficient to recover all the emission from the circumstellar
disks around IQ Tau and LkCa 15, we use in our analysis
the images constructed from the data with the AB+C con-
figurations for these sources.

4.2. Disk Imaging and Comparison with Previous Results

The high-resolution images of the disks are presented in
Figure 2: these include the images obtained by the AB
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Fig. 2.—Images of 2 mm dust continuum emission toward 13 T Tauri stars obtained with the NMA. The contour lines start at 1:5 " and"1:5 " levels with
intervals of 1:5 ". The 1 " levels are 3.0, 2.8, 2.1, 2.7, 2.0, 1.9, 1.3, 1.8, 1.7, 2.0, 1.6, 2.0, and 2.3 mJy beam"1 for Haro 6-5B, HL Tau, CY Tau, RY Tau, DL
Tau, DM Tau, AA Tau, DO Tau, DR Tau, GM Aur, IQ Tau, DN Tau, and LkCa 15, respectively. The negative levels are indicated by dashed lines. The
hatched ellipse at the bottom left corner of each panel shows the synthesized beam size in FWHM. Both the axes are measured from the peak positions listed in
Table 1 in units of arcseconds.
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Figure 1. HL Tau in the λ = 1.3 mm continuum. The image is the combined of
CARMA A, B, and C configurations, and the synthesized beam is 0.′′17 × 0.′′13
(P.A. = 85◦) corresponding to 18 AU. The contour levels are 2.5, 4.0, 6.3, 10,
16, 25, and 40 times σ = ±0.8 mJy beam−1.
(A color version of this figure is available in the online journal.)

in the 2.7 mm continuum using the B and C configurations
of CARMA (Woody et al. 2004). The data sets were taken
between 2007 November and 2009 January using the 10.4 m and
6.1 m antennas. To check the gain calibration, particularly for
extended-array data of A and B configurations, a test calibrator
was employed to verify successful calibration. In addition, we
used the CARMA Paired Antenna Calibration System for the
A configuration data (Lamb et al. 2009; Pérez et al. 2010);
the 3.5 m antennas continuously observe a calibrator and their
data are used to correct short atmospheric perturbations. The
improvement of calibration was about 10%–20% in terms of
image noise levels and the size, flux, and peak intensity of the
test calibrator. Telescope pointing during the observations were
monitored using optical pointing and radio pointing (Corder
et al. 2010). To minimize the bias induced by flux calibration
uncertainty, a common flux calibrator (e.g., Uranus) was used
to bootstrap gain calibrator fluxes. In addition, different array-
configuration data for HL Tau were compared at common
uv distances. Millimeter/submillimeter dust emission from T
Tauri disks is not variable over a period of a few years, so
amplitudes at common uv positions should be comparable even
in different configuration arrays. We estimate that the absolute
flux calibration uncertainty is 10% at λ = 1.3 mm and 8% at
λ = 2.7 mm.

MIRIAD (Sault et al. 1995) was employed to calibrate
and map data. In addition to normal calibration, seeing has
been corrected using the UVCAL task for the B configu-
ration data at λ = 1.3 mm, which were taken under less
favorable weather conditions. Individual configuration data
were calibrated separately and combined to make maps. The
proper motion of HL Tau (vR.A. = 8.0 ± 6.0 mas year−1 and
vdecl. = −21.8 ± 5.8 mas year−1; Zacharias et al. 2003) was
compensated for the data to set the epoch positions to 2009
January. The sensitivity and emphasized size scales in the maps
depend on weighting schemes of visibility data. In order to em-
phasize the small structures, we used Briggs robust weighting
of 0 (Briggs 1995).

Figure 1 shows the A, B, and C configuration-combined
image at λ = 1.3 mm (ν = 229 GHz) with 0.′′17 × 0.′′13
(P.A. = 85.◦0) resolution, 24 AU by 18 AU in linear size at
the distance of HL Tau. The rms noise level in the λ = 1.3 mm
map is 0.8 mJy beam−1. The HL Tau disk is nicely resolved;

the apparent disk size is ∼ 1.′′5 × 1.′′1 at the 4σ contour level,
corresponding to the 210 AU major axis. The peak intensity
at λ = 1.3 mm is 33 mJy beam−1 and the total flux in a 2′′

box centered on the source is 700 ± 10.3 mJy. A Gaussian
fit to the emission yields an emission centroid position of
R.A.(J2000) = 04h31m38.s418, decl.(J2000) = +18◦13′57.′′37.
The position angle of the major axis is 135◦ east-of-north and
the inclination is 43◦, based on the ratio of the major and minor
axes (0◦ corresponds to a face-on disk). The λ = 2.7 mm
(ν = 112 GHz) data yield a continuum map with a resolution
of 1.′′01 × 0.′′67 (P.A. = 72.◦8) and an rms noise level of
1.1 mJy beam−1; the peak intensity is 64 mJy beam−1 and the
integrated flux is 120 ± 3.8 mJy. The given errors in both fluxes
are statistical uncertainties; systematic calibration uncertainties
are estimated to be about 10%.

3. DISK MODELING

The disk around HL Tau shows a high degree of axial
symmetry and a significant extent relative to the beam size at
λ = 1.3 mm wavelength. In order to derive physical parameters
for the disk, we fit the data with a standard viscous accretion
disk model (Pringle 1981). This disk model has a power-law
radial density distribution tapered by an exponential function:
in the case of a thin disk, Σ(R) ∝ (R/Rc)−γ exp[−(R/Rc)2−γ ],
where Rc is a characteristic radius (e.g., Andrews et al. 2009).
For our fits, we assume a disk thickness determined by vertical
hydrostatic equilibrium; the density distribution in cylindrical
coordinates is

ρ(R, z) = ρ0

( R

Rc

)−p

exp
[

−
( R

Rc

)7/2−p−q/2]

× exp
[

−
( z

H (R)

)2]
. (1)

Here H (R) is the scale height at a radius R, which is the
sound speed divided by the Keplerian angular velocity: H (R) ≡√

2cs/Ω =
√

2kT (R, 0)R3/GMm̄. The surface density power-
law index can be expressed as γ = −3/2 + p + q/2, as
Σ(R) =

√
πρ(R, 0)H (R).

The q is the temperature power-law index of dust grains,
T (R, 0) = T0(R0/R)q . When assuming a power-law opacity
(κν = κ0(ν/ν0)β) and radiative equilibrium with a central
protostar, it is expressed by β: q = 2/(4 + β) in the low optical
depth limit (Spitzer 1978). For calculating scale heights, we
adopted the midplane temperature Tm(R, 0) = T0(R0/R)q and
q = 0.43 (corresponding to β = 0.7). Note that the assumed
power-law index is consistent with self-consistent temperature
distributions (Dullemond & Dominik 2004a). In contrast to the
scale height calculation, we utilized temperature distributions
as a function of z as well as R, which simulates self-consistent
temperatures:

T (R, z) = WTm(R, 0) + (1 − W )Ts(r), (2)

where Tm(R, 0) and Ts(r) indicate midplane and surface temper-
ature distributions, respectively. The two temperature distribu-
tions have functions of the same power-law index of q = 0.43:
Tm(R, 0) = T0(R0/R)q and Ts(r) = Ts0(rs0/r)q . However,
note that the surface temperature depends on r =

√
R2 + z2,

while the midplane temperature is a function of R. We adopt
Ts0 = 400 K at rs0 = 3 AU corresponding to L = 8.3 L⊙ and
W = exp[−(z/3H (R))2], resulting in temperature distributions
close to the self-consistent ones empirically, except that the very

2



ALMA前後での円盤構造の認識(仮定)の変化

• 柱密度, 温度のベキ乗分布 
• Filled disk (g2d比=100) 
• 均一なκ(dust) (ß=0~1) 
• 軸対象円盤

• 多重リングやギャップ構造 
• 遷移円盤, ダスト-ガスの分布の違い 
• 動径方向のダストサイズ分布 
• 非軸対象円盤, スパイラルアーム

ALMA以前

ALMAで見えてきた構造



多重ダストリング/ギャップ円盤



HL Tau周りの多重ダストリング/ギャップ

• 7つのリング/ギャップ 

• ~30mas(~4au)で分解 

• 単軸でシャープなギャップ 
=>ダスト沈殿を示唆 

• hd ~ 1au at r=100au 
=>α~10-4 (弱乱流) 

• Spectral index 
• 内側ではリングで~2 

=>光学的に厚い

[ALMA partnership+2015; Pinte+2016]

beam. Then the position of each point was moved to the nearest
local radial maximum (or minimum for dark rings). To avoid
regions where the rings become less distinct, points were
discarded if they moved outside the nominal width of the
individual rings (5 to 8 AU). Eight rings retained 55%> of the
points, to which we subsequently fit an ellipse, including its
center position, using a Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013). The results are listed in Table 2, with the
full range of parameters given for the eight most distinct rings,
and just the semimajor axis for the others. It seems likely that
the “gap,” “enhancement,” and “clump” observed in VLA 1.3
and 0.7 cm images (Greaves et al. 2008; Carrasco-González
et al. 2009) at ∼10, 20, and 55 AU along the major axis of the
disk correspond to the D1, B1, and the combined emission
from the B2 to B4 rings, respectively.

The weighted average of the best-fit inclination and P.A. for
the eight fitted rings yields i 46 .72 0 .05= ±◦ ◦ and P.A.

138 .02 0 .07= ±◦ ◦ , consistent with the constraints found for

the average disk geometry over large scales. However, the best-
fit ellipses have their centers offset with respect to the peak of
the 1.0 mm emission, as can be seen in the equatorial offsets
reported in Table 2. These offsets are statistically significant for
all but the innermost ring (D1). Interestingly, the magnitude of
the position offset increases with orbital distance from the
center.
Using the weighted average inclination and P.A., we have

deprojected the combined 1.0 mm visibility data into a
circularly symmetric, face-on equivalent view (see Figure 3
(a)). We have also extracted cross-cuts at an angle of138° from
both the 1.0 mm continuum image and the spectral index map
shown in Figures 2(e) and (f). These cross-cuts are shown in
Figures 3(b) and (c). The variation in intensity between the
bright and dark rings is readily apparent. Considering only the
fully characterized rings, the largest average intensity contrast
is between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 being

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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HL Tau周りの多重ダストリング/ギャップ

• 7つのリング/ギャップ 

• ~30mas(~4au)で分解 

• 単軸でシャープなギャップ 
=>ダスト沈殿を示唆 

• hd ~ 1au at r=100au 
=>α~10-4 (弱乱流) 

• Spectral index 
• 内側ではリングで~2 

=>光学的に厚い

[ALMA partnership+2015; Pinte+2016]

optically thick and thin regions, driving any derived values of
dust opacity spectral index to be lower than reality.

3.1.4. Compact Spectral Lines

At 1″. 1 resolution, the HCO+(1-0) emission shows a
morphology similar to the 12CO(1-0) shown in Figure 1(a),
albeit somewhat less extended. Interestingly, it also shows a
barely resolved velocity gradient across the HL Tau disk itself,
though it is confused with the surrounding outflow gas,
especially to the NE of the disk. Fortunately, at 0″. 25 resolution

most of the outflow emission is resolved out, making it possible
to spatially resolve the morphology of the HL Tau molecular
gas disk for the first time. The 0″. 25 resolution HCO+(1-0)
channel maps shown in Figure 4 reveal: (1) a notable deficit of
blueshifted versus redshifted emission, (2) HCO+(1-0) absorp-
tion near the systemic velocity 6.5–7.0 km s−1, (3) a roughly
Keplerian velocity distribution with a detectable radial velocity
range of 2.0 to 12.0 km s−1, and (4) comparable gas and
continuum disk sizes (at least at the current sensitivity level).
To further explore points (1) and (2), Figure 5 shows spectra
from the 1″. 1 resolution cubes toward the continuum peak. All
of the lines show absorption at 6.0–7.0 km s−1, indeed CN and
HCN(1-0) are only detected in absorption. Additionally, the
absorption is non-Gaussian in shape, instead showing a gradual
increase in absorption on the blueshifted side compared to a
steeper rise on the redshifted side. As shown in Figure 1(a), the
blueshifted outflow emerges from the NE of HL Tau and, based
on the continuum disk orientation, propagates toward us at
i 47≈ °. Self-absorption by this outflowing gas is likely
responsible for both the non-Gaussian line shape and the
deficit of observable blueshifted disk emission. The deepest
absorption for the CN and HCN transitions occurs at an LSRK
velocity of 7.0± 0.2 km s−1, which we take to be the rest
velocity of the system.
Under the assumption of circular Keplerian motion and

noting that the velocity extrema of HCO+(1-0) emission occurs
at V 5Δ ± km s−1 (see Figure 4) from the systemic velocity
(7.0 km s−1) at a radius of ∼25 AU, we find that with i 47= °,
the enclosed mass is ∼1.3 M⊙. This value is near the high end
of the range previously reported for HL Tau (see Section 1).
However, it is clear that even on the less absorbed redshifted
side, the velocity pattern is not so simple and may, for example,
have a contribution from infall (see, for example, Gómez &
D’Alessio 2000). Future detailed radiative transfer analysis
coupled with a physical model will be required to reproduce the
complex HCO+(1-0) absorption and emission toward the
HL Tau disk in order to obtain a more accurate kinematic
stellar mass.

3.2. XZ Tau 2.9 mm Continuum

At 2.9 mm we resolve the known multiple system XZ Tau
into two components, A and B (Figure 1(b) and Table 1; also
see Forgan et al. 2014 and Carrasco-González et al. 2009),
separated by 273± 1 mas at a P.A. of 128.7 0 .5± ◦ . This
separation is 8% smaller than predicted by Forgan et al. (2014)
for a circular, face-on orbit (296± 1 mas), particularly in R.A.
This is likely an indication that the orbit is not face-on, but will
require future observations to confirm and quantify. Like
Forgan et al. (2014), we find no evidence for component “C”
(a putative third star) reported by Carrasco-González et al.
(2009) at 7 mm. Using the 2.9 mm flux densities from Table 1
and the JVLA 7mm flux densities from Forgan et al. (2014),
we find spectral indices of +1.8± 0.5 for both XZ Tau A and
B, suggesting both have a free–free component in addition to
dust emission (see also Carrasco-González et al. 2009).

3.3. LkHα358 2.9 mm Continuum

At 2.9 mm, we have resolved the LkHα358 disk for the first
time in the millimeter continuum to a size of only 21± 1 AU
with an inclination angle of 56 2± ° at a P.A. 170 3= ± ° (see
Figure 1(c) and Table 1). Schaefer et al. (2009) used PdBI to

Figure 3. Panel (a) shows the deprojected 1.0 mm B6+B7 image of
HL Tau (see Section 3.1.3); the angular resolution is 38.6 19.3× mas (P.A .

20.7− ◦ ). Rings for which a full range of ellipse parameters could be fit are
labeled horizontally (solid and dashed lines), while the less distinct rings are
labeled vertically (dotted lines). Panels (b) and (c) show cross-cuts at P.A.

138= ° through the continuum peak of the 1.0 mm continuum and spectral
index images shown in Figures 2(e) and (f) (positive values of distance
correspond to the SE portion of Figure 2(e)). In panel (c) the gray region
delineates the statistical 1σ spectral index uncertainty; it does not account for
the absolute flux uncertainty. For the fully fitted rings, panels (b) and (c) show
dashed lines for the locations of dark rings and solid lines for bright rings. The
fitted offsets from the continuum peak (Table 2) have been taken into account.
Panel (d) shows the same cross-cut as panel (b) but on a Planck brightness
temperature (TB) scale. Panels (b) and (d) are shown on a log scale on the y-
axis. The dashed curve on panel (d) shows a representative power law for TB as
a function of radius with an exponent of −0.65 extending from the B1 peak; it
is not a fit.
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(1)Planets? : Mass vs. gap structure 
Kanagawa, Muto, Tanaka, MM et al. (2015; 2016)
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Fig. 1.— The surface density distributions at 104 planetary orbits obtained by two–

dimensional hydrodynamic simulations for Mp = 0.3MJ (left) and Mp = 1.0MJ (right).

Other parameters are set to be hp/Rp = 1/20, α = 10−3 and M∗ = 1M⊙.

リング/ギャップ構造の要因

• 惑星を用いないメカニズム 
• Secular GI [Takahashi&Inutsuka 2014,2016] 
• Rapid pebble growth [Zhang+2015] 
• Sintering [Okuzumi+2016]

• 惑星による形成 [e.g, Kanagawa+2015,2016]



ダストギャップ周囲のガス分布は？

• 明瞭なイメージの検出には至っていない

4. DISCUSSION

The locations of two HCO+ gaps are compared with those of
the gaps and bright rings in the milimmeter continuum images
(Figure 2). The inner HCO+ gap is coincident with the
continuum gap at a radius of 32.3 au (D2 gap; ALMA
Partnership et al. 2015). On the other hand, the outer HCO+

gap is located at the bright continuum ring at a radius of 68.8 au
(B5 ring) and overlaps with the two continuum gaps at 64.2 and
73.7 au (D5 and D6 gaps; ALMA Partnership et al. 2015). Our
results indicate that the material, including both dust and gas,
are depleted at the D2, D5, and D6 gaps. By comparing with
the gap depths estimated from the continuum data (Kanagawa
et al. 2015; Pinte et al. 2016), the gas gaps are comparable to or
shallower than the dust gaps.
Hydrodynamical simulations and analytical frameworks

have suggested that these gaps can be opened due to tidal
interactions with sub-Jovian or Saturn mass planets (Dipierro
et al. 2015; Dong et al. 2015; Kanagawa et al. 2015; Picogna &
Kley 2015; Jin et al. 2016). If these gaps are indeed opened by
planets, our estimated gas temperature and the derived depths
of the HCO+ gaps lead to planet masses of ∼0.8 MJ at ∼28 au
and ∼2.1 MJ at ∼69 au, following the gap formula (Kanagawa
et al. 2015) and assuming the viscosity α of 0.001. These
values are larger than those published in the previous works
based on the depths of the dust gaps and the dust temperature
estimated from the continuum emission (Dipierro et al. 2015;
Dong et al. 2015; Kanagawa et al. 2015; Jin et al. 2016). Gap
opening by a planet is currently still unknown for a disk with a
vertical temperature gradient (Lee & Gu 2015 and references
therein). The gap formula and all the simulations simply
assume vertically isothermal disks, but observations suggest
cold dust near the disk mid-plane and hot gas above it (Kwon
et al. 2011). Nonetheless, sub-Jovian planetary masses can be

Figure 3. (a) 3 mm continuum image and (b) our reconstructed high-resolution image of the HCO+ (1–0) integrated intensity of the disk around HL Tau observed with
ALMA at angular resolutions of ∼0 07, corresponding to a physical scale of ∼10 au.

Figure 4. (a) Derived radial profile of the optical depth of the 3 mm continuum
emission in the HL Tau disk. (b) Estimated radial profile of the temperature of
the HL Tau disk from the CO (1–0) image cube. Error bars correspond to their
1σ uncertainties.
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ガスの定量は今後の課題



HL Tauは若い原始星的天体

もし惑星起源なら 

t<1Myrでの惑星形成を示唆
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“原始惑星系円盤”でのギャップ : TW Hya(~10Myr)

• 多重ダストリング(ギャップ) [e.g., Andrews+2016(Band7)] 

• ギャップ位置(22au)でαpeak~3.0

30 au

Band 4&6による観測(~3au分解能): [Tsukagoshi+2016]

I190GHz



光学的厚みτとダストオパシティインデックスß

惑星によるdust filtration効果 
[e.g. Zhu+2012]と整合
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angles from −30◦ to 30◦ and from 150◦ to 210◦ (North-South direction). The derived profiles are

different, implying that the sparse uv coverage <200 kλ causes uncertainty in the value of α especially

at larger radii. Additional observations to gain better uv coverage at short baselines in band 4 are

required to obtain a better quality map of α. The EW direction data is the most reliable because

the sparse uv distribution appears roughly along the north-south direction and because the intensity-

weighted mean value of the spectral index agrees well with a previous measurement for the entire

disk (Pinilla et al. 2014). Hence, we use the EW direction data in all subsequent analysis, and the

shadows in figure 1(b) indicate locations where the value of α is expected to be unreliable.

The intensity Iν(R) and the spectral index α(R) are related to the dust temperature Td(R), the

optical depth τν(R), and dust opacity index β(R) by

Iν(R) = Bν(Td(R)) (1− exp [−τν ]) (1)

and

α(R) ≡ d log(Iν)

d log ν
= 3− T0

Td(R)

eT0/Td(R)

eT0/Td(R) − 1
+ β(R)

τν(R)

eτν(R) − 1
. (2)

Here, Bν(T ) is the Planck function, h is Planck’s constant, c is the speed of light and T0 = hν/kB

where kB is Boltzmann’s constant. If we assume one of Td(R), τν(R), or β(R), it is possible to

derive the other two parameters from the MFS data. Here, we assume that Td(R) is given by

Td(R) = T10(R/10 AU)−0.3 and vary T10 from 22 to 30 K. This assumption is based on the fitting of

the model result in Andrews et al. (2012), where T10 ∼ 22 K is the best fit value. We use several

different temperatures to see how temperature affects the derived physical quantities. We restrict

ourselves to T10 > 20 K because otherwise the gas temperature would fall below the brightness

temperature in the inner regions (R ! 10 au).

Figure 2 shows the radial profiles of the optical depth τ and the opacity index β. The disk is

optically thin at R > 15 au in all the cases and marginally optically thick in the inner part. This is in
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22auギャップ内で大きい
ダスト(~mm)が欠乏

6

angles from −30◦ to 30◦ and from 150◦ to 210◦ (North-South direction). The derived profiles are

different, implying that the sparse uv coverage <200 kλ causes uncertainty in the value of α especially

at larger radii. Additional observations to gain better uv coverage at short baselines in band 4 are

required to obtain a better quality map of α. The EW direction data is the most reliable because

the sparse uv distribution appears roughly along the north-south direction and because the intensity-

weighted mean value of the spectral index agrees well with a previous measurement for the entire

disk (Pinilla et al. 2014). Hence, we use the EW direction data in all subsequent analysis, and the

shadows in figure 1(b) indicate locations where the value of α is expected to be unreliable.

The intensity Iν(R) and the spectral index α(R) are related to the dust temperature Td(R), the

optical depth τν(R), and dust opacity index β(R) by

Iν(R) = Bν(Td(R)) (1− exp [−τν ]) (1)

and

α(R) ≡ d log(Iν)

d log ν
= 3− T0

Td(R)

eT0/Td(R)

eT0/Td(R) − 1
+ β(R)

τν(R)

eτν(R) − 1
. (2)

Here, Bν(T ) is the Planck function, h is Planck’s constant, c is the speed of light and T0 = hν/kB

where kB is Boltzmann’s constant. If we assume one of Td(R), τν(R), or β(R), it is possible to

derive the other two parameters from the MFS data. Here, we assume that Td(R) is given by

Td(R) = T10(R/10 AU)−0.3 and vary T10 from 22 to 30 K. This assumption is based on the fitting of

the model result in Andrews et al. (2012), where T10 ∼ 22 K is the best fit value. We use several

different temperatures to see how temperature affects the derived physical quantities. We restrict

ourselves to T10 > 20 K because otherwise the gas temperature would fall below the brightness

temperature in the inner regions (R ! 10 au).

Figure 2 shows the radial profiles of the optical depth τ and the opacity index β. The disk is

optically thin at R > 15 au in all the cases and marginally optically thick in the inner part. This is in

6

angles from −30◦ to 30◦ and from 150◦ to 210◦ (North-South direction). The derived profiles are

different, implying that the sparse uv coverage <200 kλ causes uncertainty in the value of α especially

at larger radii. Additional observations to gain better uv coverage at short baselines in band 4 are

required to obtain a better quality map of α. The EW direction data is the most reliable because

the sparse uv distribution appears roughly along the north-south direction and because the intensity-

weighted mean value of the spectral index agrees well with a previous measurement for the entire

disk (Pinilla et al. 2014). Hence, we use the EW direction data in all subsequent analysis, and the

shadows in figure 1(b) indicate locations where the value of α is expected to be unreliable.

The intensity Iν(R) and the spectral index α(R) are related to the dust temperature Td(R), the

optical depth τν(R), and dust opacity index β(R) by

Iν(R) = Bν(Td(R)) (1− exp [−τν ]) (1)

and

α(R) ≡ d log(Iν)

d log ν
= 3− T0

Td(R)

eT0/Td(R)

eT0/Td(R) − 1
+ β(R)

τν(R)

eτν(R) − 1
. (2)

Here, Bν(T ) is the Planck function, h is Planck’s constant, c is the speed of light and T0 = hν/kB

where kB is Boltzmann’s constant. If we assume one of Td(R), τν(R), or β(R), it is possible to

derive the other two parameters from the MFS data. Here, we assume that Td(R) is given by

Td(R) = T10(R/10 AU)−0.3 and vary T10 from 22 to 30 K. This assumption is based on the fitting of

the model result in Andrews et al. (2012), where T10 ∼ 22 K is the best fit value. We use several

different temperatures to see how temperature affects the derived physical quantities. We restrict

ourselves to T10 > 20 K because otherwise the gas temperature would fall below the brightness

temperature in the inner regions (R ! 10 au).

Figure 2 shows the radial profiles of the optical depth τ and the opacity index β. The disk is

optically thin at R > 15 au in all the cases and marginally optically thick in the inner part. This is in



ギャップの幅-深さ関係から惑星質量を見積もる
• 惑星質量に対するギャップ幅と深さの関係

[Kanagawa+2015,2016]
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ALMAで検出されたダストリング/ギャップ2

scattered light emission (Akiyama et al. 2015; Rapson
et al. 2015; Debes et al. 2013, 2016).
In this Letter, we present and analyze observations

that shed new light on the substructure in the TW Hya
disk. We have used the long baselines of ALMA to mea-
sure the 870µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1AU. Section 2
presents these observations, Section 3 describes a broad-
brush analysis of the continuum data, and Section 4 con-
siders potential interpretations of the results in the con-
texts of disk evolution and planet formation.

2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 Novem-
ber 23, November 30, and December 1. The array in-
cluded 36, 31, and 34 antennas, respectively, configured
to span baseline lengths from 20m to 14 km. The corre-
lator processed four spectral windows centered at 344.5,
345.8, 355.1, and 357.1GHz with bandwidths of 1875,
469, 1875, and 1875MHz, respectively. The observa-
tions cycled between the target and J1103-3251 with a
1 minute cadence. Additional visits to J1107-3043 were
made every 15 minutes. J1037-2934, J1058+0133, and
J1107-4449 were briefly observed as calibrators. The pre-
cipitable water vapor (PWV) levels were ⇠1.0mm on
November 23 and 0.7mm on the latter two executions.
The total on-target integration time was ⇠2 hours.
These raw data were calibrated by NRAO sta↵. After

applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s inte-
grations and flagged for problematic antennas and times.
The bandpass response of each spectral window was cal-
ibrated using the observations of J1058+0133. The am-
plitude scale was determined from J1037-2934 and J1107-
4449. The complex gain response of the system was cal-
ibrated using the frequent observations of J1103-3251.
Although images generated from these data are relatively
free of artifacts and recover the integrated flux density
of the target (1.5 Jy), folding in additional ALMA obser-
vations with a higher density of short antenna spacings
improves the image reconstruction.
To that end, we calibrated three archival ALMA ob-

servations of TW Hya, from 2012 May 20, 2012 Nov 20,
and 2014 Dec 31, using 16, 25, and 34 antennas span-
ning baselines from 15–375m. The first two observa-
tions had four 59MHz-wide spectral windows centered
at 333.8, 335.4, 345.8, and 347.4 GHz. The latter had
two 235MHz windows (at 338.2 and 349.4GHz), one
469MHz window (at 352.0GHz), and one 1875MHz win-
dow (at 338.4GHz). J1037-2934 was employed as a gain
calibrator, and Titan and 3C 279 (May 20), Ceres and
J0522-364 (Nov 20), or Ganymede and J0158+0133 (Dec
31) served as flux or bandpass calibrators. The weather
for these observations was excellent, with PWV levels

Figure 1. A synthesized image of the 870µm continuum emission
from the TW Hya disk with a 30mas FWHM (1.6AU) circular
beam. The RMS noise level is ⇠35µJy beam�1. The inset shows
a 0.200-wide (10.8AU) zoom using an image with finer resolution
(24⇥ 18mas, or 1.3⇥ 1.0AU, FWHM beam).

of 0.5–1mm. The combined on-target integration time
was 95 minutes. The basic calibration was as described
above. As a check, we compared the amplitudes from
each individual dataset on overlapping spatial frequen-
cies and found exceptional consistency.
The calibrated visibilities from each observation were

shifted to account for the proper motion of the target
and then combined after excising channels with potential
emission from spectral lines. Some modest improvements
were made with a round of phase-only self-calibration.
Continuum images at a mean frequency of 345.9GHz
(867µm) were generated by Fourier inverting the visi-
bilities, deconvolving with a multi-scale, multi-frequency
synthesis version of the CLEAN algorithm, and then restor-
ing with a synthesized beam. All calibration and imaging
was performed with the CASA package (v4.5.0).
After some experimentation, we settled on an analysis

of two images made from the same composite dataset.
The first used a Briggs weighting (with a robust param-
eter of 0) to provide a 24⇥ 18mas synthesized beam (at
P.A.=78�). While this provides enhanced resolution, it
comes at the cost of a dirty beam with ⇠20% sidelobes
(due to the sparse coverage at long baselines) that de-
grades the image quality. A second image was made with
a robust parameter of 0.5 and an elliptical taper to create
a circular 30mas beam with negligible sidelobes. Both
images are consistent (within the resolution di↵erences)
and have RMS noise levels around 35µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a

ALMA Observations of HL Tau 5

FIG. 2.— Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm psf for the same FOV as the
other panels, as well as an inset with an enlarged view of the inner 300 mas centered on the psf’s peak (the other bands show similar patterns). Panels (e) and
(f) show the image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar shown for panel (b), at 1.3 mm,
corresponds to −2×rms to 0.9× the image peak, using the values in Table 1. The colorscales for panels (a), (c) and (e) are the same except using the values of
rms and image peak corresponding to each respective wavelength in Table 1.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an

HLTau 
[ALMA Partnershp+2015]

TW Hya 
[Andrews+2016]

HD169142 
[Fedele+2017]

HD163296 
[Isella+2017]

D. Fedele et al.: ALMA unveils rings and gaps in the protoplanetary system HD 169142: signatures of two giant protoplanets

Fig. 1. (left) ALMA 1.3 mm continuum map with Briggs weighting, robust=0.5, (center) overlaid with the position and size of the inner dust cavity
and gap and the position of the L0-band point like feature. (right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

Fig. 2. (top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center) and C18O (right) J = 2 � 1, (bottom) and overlaid with the
dust rings structure.
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising

but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted

the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD

163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)

FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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•サンプルの拡張が必要 
(特に比較的若い低質量星)



ダスト穴構造を持つ円盤 
(遷移円盤)



遷移円盤
• SEDで近赤外~中間赤外にギャップが存在 

=>円盤内側の穴構造に対応 

• Class II -> IIIにかけての遷移段階 
円盤進化・惑星系形成の理解へのキー天体A&A 564, A93 (2014)

Fig. 7. Plots of the best models corresponding to a simple disk (red, dotted), a simple disk with a rounded rim (blue, dashed), and a simple disk
with a rounded rim and a centrally-concentrated large grain population (green, full).

Table 5. Parameter values and estimated uncertainties for the best fit of the di↵erent models.

Simple disk + Rounded rim + Concentrated large grains
xbest hxi �x xbest hxi �x xbest hxi �x

Simple disk
Inner radius Rin (AU) 0.70 0.68 0.04 0.54 0.52 0.09 0.32 0.35 0.10
Outer radius Rout (AU) 56.1 56.8 1.7 56.3 57.1 1.6 61.7 60.8 1.9
Dust mass Mdust (M�)a 1.8 ⇥ 10�4 1.6 ⇥ 10�4 +0.3

�0.2 ⇥ 10�4 1.9 ⇥ 10�4 1.9 ⇥ 10�4 0.3 ⇥ 10�4

! Mdust,<100 µm 4.6 ⇥ 10�5 5.2 ⇥ 10�5 +2.3
�1.6 ⇥ 10�5

! Mdust,>100 µm 5.0 ⇥ 10�5 4.4 ⇥ 10�5 +1.5
�0.8 ⇥ 10�5

Surfdens. pow. p 0.27 0.32 0.09 0.31 0.48 0.18 0.5 0.6 0.2
Max. grain size amax (µm) 104 �103 – 104 – 103 –
Turb. mix strength ↵ 0.8 ⇥ 10�5 1.9 ⇥ 10�5 +2.4

�1.0 ⇥ 10�5 0.5 ⇥ 10�5 0.9 ⇥ 10�5 +0.7
�0.4 ⇥ 10�5 1.0 ⇥ 10�5 –

+ Rounded rim
Transition radius Rexp (AU) / 3.1 3.3 0.6 3.1 3.1 0.5
Rim width parameter w 0.52 0.49 0.10 0.45 0.45 0.06
+ Concentrated large grains
Surfdens. pow. large p>100 µm / / 1.3 1.4 0.2

Notes. The values xbest, hxi, and �x correspond to the parameter value for the best-fitting model, the parameter value averaged over the marginal
probability distribution (i.e., the expectation value), and the corresponding 1� error (i.e.,

p
hx2i � hxi2). (a) Mdust,<100 µm and Mdust,>100 µm are the

masses of the dust grains smaller and larger than 100 µm, respectively. Only for the final model run (with a separate distribution of the > 100-µm
grains) the total dust mass parameter Mdust was decoupled into these two fit parameters.
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Figure 5. Spectral energy distribution of Sz 91. The filled circles indicate
observed flux densities. All data except the 345 GHz flux density were compiled
from previous studies, including the NOMAD catalog (Zacharias et al. 2005),
the 2MASS point source catalog (Cutri et al. 2003), the Spitzer IRAC and
MIPS photometry (Evans et al. 2009), the WISE all-sky data release (Cutri et al.
2012), the AKARI FIS all-sky survey point source catalog (Yamamura et al.
2010), the IRAS point source reject catalog (Infrared Astronomical Satellite
(IRAS) Catalogs 2007), the AzTEC/ASTE 1100 µm photometry (R. Kawabe
et al. 2014, in preparation), and the Herschel PACS/SPIRE FIR flux densities
which we derived from the HSA Science archive data. The best-fit SED and
the contribution of the hot component in the optically thin case are shown by
the black and red lines, respectively, and by the gray and orange lines in the
optically thick case. The blue dashed line indicates the stellar contribution.
(A color version of this figure is available in the online journal.)

Table 2
Fixed Parameters in the SED Fitting

Parameter Fixed Value

M∗ (M⊙) 0.49a

AV (mag) 2.0a

Rin (AU) 65
Rout (AU) 170
i (deg) 40
p 1.5
q 0.5

Note. a Hughes et al. (1994)

where r is the radial distance, Σin and Tin are the surface density
and temperature at the inner radius, Rin, and p and q are power-
law indexes. The gas-to-dust ratio was assumed to be 100 and
the extinction of the stellar light because of the interstellar dust
was corrected by the AV value toward the star and the dust mass
absorption coefficient (Figure 1 of Adams et al. 1988). Table 2
lists the fixed parameters in the SED fitting. The stellar mass,
the effective temperature of the star, and the visual extinction
toward the star are from Hughes et al. (1994). The inner and
outer radii and inclination angle of the disk were determined in
Section 4.1. We here adopted the values of 1.5 and 0.5 as p and
q, respectively, which are the same as those of the minimum
mass solar nebular (Hayashi 1981). These values were selected
because the SED fitting is known to be insensitive to the power-
law index of p, and it is difficult to resolve the parameters for the
temperature profile (T and q) from only the longer wavelength
data (>30 µm). Notably, the lower limit of the disk temperature
was set to be 10 K, which is the typical temperature of the Lupus
III cloud (Vilas-Boas et al. 2000). The stellar radius, R∗, Tin, Σin,
and the power-law index of the dust mass opacity coefficient β
(κν = 0.1 × (ν/1012 Hz)β cm2 g−1: Beckwith et al. 1990) were
treated as the free parameters in the SED fitting.

After the power-law disk model fitting, we introduced the
additional hot component inside the disk to reproduce the
observed flux densities at ∼20 µm. The presence of the inner hot

Table 3
Best-fit Parameters in the SED Fitting

Parameter Value

Stellar parameters

R∗ (R⊙) 1.29 ± 0.03
T∗ (K) 4148 ± 55
L∗ (L⊙) 0.49 ± 0.02

Cold outer disk

Tin (K) 32.5 ± 3.9
Σin

a (g cm−2) 0.67 ± 0.03
β 0.5 ± 0.1
Mdisk

a (10−3 M⊙) 2.4 ± 0.8

Note. a The surface density and the disk mass
are shown in the gas+dust density and mass
by assuming the gas-to-dust mass ratio of 100.

component is supported by the sign of mass accretion derived
from the Hα emission line (Romero et al. 2012). Because no
information was available on the structure of this component,
we simply assumed a gray body with a temperature of Tc, a
column density of Σc, and a solid angle of Ωc. Its flux density
Sλ at wavelength λ is written by

Sλ = 2hc2

λ5

1

exp
(

hc
λkBTc

)
− 1

(1 − e−κνΣc ) × Ωc, (3)

where h is the Plank constant, c is the speed of light, and kB is
the Boltzmann constant. We applied the same dust mass opacity
coefficient, κν , as that in the cold disk. The parameters of Tc, Σc,
and Ωc were treated as free. In the fitting, the upper limit of Ωc
was set to be ∼6.0 × 10−12 str, corresponding to the solid angle
of the inner hole seen in the NIR image.

The best-fit model SED of the cold disk reproduced the longer
wavelength data (>30 µm) effectively, as shown in Figure 5. The
best-fit parameters of the cold disk are summarized in Table 3.
The β value of 0.5 ± 0.1 is significantly smaller than that in
the diffuse interstellar medium of ∼2 (Draine & Lee 1984),
suggesting that the dust growth occurs in the disk (Miyake
& Nakagawa 1993). By adopting this β and κν introduced
by Beckwith et al. (1990), who assumed a 100:1 mass ratio
between gas and dust, the disk mass is derived to be (2.4 ±
0.8) × 10−3 M⊙. This value is significantly higher than those of
other class III sources in nearby star forming regions (Andrews
& Williams 2005, 2007); however, the value is lower than those
of most of the transition disks studied thus far (Andrews et al.
2011), even if we consider the difference in κν by a factor of
∼1.7 at ν = 340 GHz between this study and the previous
studies in which β is set to be 1.

To verify the fitting result, we also created a continuum image
for the best-fit model and compared it with the observations, as
shown in Figure 6. The model image essentially agrees with the
observations, but there remains a difference of at most 4σ ; the
negative residual extends in the east–west direction, which may
be due to the asymmetry of the disk.

We next attempted to reproduce the observed flux densities at
10–30 µm by adding the contribution from the hot component.
The best-fit parameters of Tc, Σc, and Ωc to reproduce all of the
SED data were searched in the reduced χ2 maps by manually
changing the initial values of Tc, Σc, and Ωc with 6000 runs.

From the calculations, we determined that there are two
distinct regions in the Σc–Ωc plane where the reduced χ2

7
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遷移円盤の系統的研究

• ∆θ~0.2-0.3”, 連続波+分子輝線放射 

• 円盤モデルを与え放射輸送計算 
• Tgas ≠ Tdust 

• 画像, スペクトル, SEDを合わせる

[van der Marel+2016(4天体), 2015a(6天体)]

A&A 585, A58 (2016)

Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

fraction of large grains fls and the scale height of the large grains
χ are used to describe the settling. More details on the star, the

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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SR21 
G3, 1.0M⦿ 
120pc

DoAr44 
K3, 1.3M⦿ 
120pc

SAO206462 
F4, 1.6M⦿ 
140pc

N. van der Marel et al.: Gas cavities in transitional disks

Fig. 2. ALMA observations of the continuum, the 13CO and C18O 6−5 lines of the fourth target. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment 13CO
map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in the lower
left corner. The dotted white ellipse indicates the dust cavity radius.

Fig. 3. Normalized intensity cuts through the major axis of each disk of
the 13CO 3−2 emission (red) and the dust continuum emission (blue). In
case of IRS 48, the deprojected intensity cut of the minor axis is taken so
as to cover the (asymmetric) continuum profile. The cuts clearly reveal
that the gas cavity radii are smaller than the dust cavity radii.

3.2. Model-fitting approach

The best-fit models from Table 4 in van der Marel et al.
(2015b) were used as initial model for the vertical structure and
dust density structure for SR21 and HD 135344B, based on a
combination of SED, dust 690 GHz continuum visibility, and
12CO 6−5 modeling. These models were fit by eye, starting from
a surface density and cavity size consistent with the millimeter

Fig. 4. Generic surface density profile for the gas and dust.

visibility curve, followed by small adjustments on the inner disk
parameter (δdust) and vertical structure to fit the SED. For the
fit to the 12CO data, the gas surface density was taken initially
assuming a gas-to-dust ratio of 100, and the amount of gas in-
side the cavity was subsequently constrained by varying the δgas
parameter, where Σgas = δgasΣgas for r < rcav. The dust den-
sity inside the cavity (between rgap and rcavdust) was set to be
entirely empty of dust grains. SR21 is an exception: a small
amount of dust was included between 7 and 25 AU, following
van der Marel et al. (2015b). The dust structure of DoAr44 is
analyzed in a similar way in Appendix B through SED and dust
345 GHz continuum visiblity modeling. For IRS 48, we used the
model derived by Bruderer et al. (2014), although we chose to
use an exponential power-law density profile instead of a normal

A58, page 5 of 14



遷移円盤の系統的研究

• ダストRin > ガスRin 

• ガスギャップ∆Σgas=10-2~10-4 

• ∆Σdust<~10-4 

• <MJの惑星を示唆 [e.g, Kanagawa+2015]

N. van der Marel et al.: Gas cavities in transitional disks

Fig. 5. Modeling results and observations of the 13CO and C18O emission for the best-fitting models in derotated images and spectra. The left
panels show the direct image comparison of the zero-moment map: derotated observations, model, convolved model, and residual. In the residual
map the overlaid contours indicate the 3σ levels, where dashed lines are negative. The central panels show the gas density profiles with different
δgas2 drops as solid lines and the dust density profile as dashed lines. The right panels show the resulting intensity cuts for the major and minor
axis for both 13CO and C18O. The best-fitting model is indicated in red, other δgas2 values in blue. The drop in density can be constrained to within
an order of magnitude.
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[van der Marel+2016(4天体), 2015a(6天体)]

Rin(gas)

Rin(dust)

ガスもdeplete 
ダストよりコントラスト小



Sz 91: リング状遷移円盤

• Sz 91 
• 0.49M⦿, 5Myr 
• Class III (no NIR excess) 

• 穴内にサブミリ放射なし 
• <184 Jy/b (Mdust~0.03Mearth) 

• NIRと異なった分布(Rin)  
圧力バンプでのmmダス
ト集積を示唆

[Tsukagoshi+in prep.]

分解能 
28au

80au

ALMA 345GHz連続波 
i=49deg
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color: Ks band [Tsukagoshi+2014] 
contour: ALMA 345 GHz



動径方向プロファイル

• Deconv. size 
• Wmaj=156mas 
• Wmin=150mas

Wmaj~Wmin   => 円盤はトーラス状
• hd~12.4au@120au (hg~16 au) 

• Full diskと同程度[e.g.,IM Lup;Pinte+2008]

　 Full disk->遷移円盤の過程で沈殿しない？ 
or  ダストが巻き上げられている？
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CO(3-2)チャンネルマップ

• ガスはRin~10 auまで分布 

• V=0.0~8.8km/s, inc.=49º 

• 2.8km/s付近に複雑な構造 
円盤表層の手前側/奥側か
らの放射を捉えている 

• e.g. HD163296 [de 
Gregorio-Monsalvo+2013]

CO(3-2)

• 放射強度の低下 
• 赤道面での自己吸収

ダストトーラスか壁となり 
鉛直方向の温度勾配を作る
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RADMC3Dによる放射輸送計算; CO(3-2)

• ダストトーラスをモデル化し温度分布を計算 
• amax=1mm [Aikawa&Nomura+2006] 
• Tdust = Tgas 

• ガスはtruncated disk (Σ∝r-1.5)

観測の形状を良く再現出来ている

#観測の分解能でsmoothing



連続波プロファイルの再現性

• Fν=45.4 mJy (~obs.) 
• 円盤ダスト質量: 4.9x10-5 M⦿

強度・幅ともに 
観測をよく再現する
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まとめ

• 多重ダストリング/ギャップ 
• 数天体で見つかっている 
• HLTauが惑星起源だと<1Myrでの形成を示唆 

• TWHyaのギャップは惑星起因の構造と整合的 
• 幅と深さは理論予測と合う 
• ギャップ内では成長した(mmサイズ)ダストが欠損 

• 遷移円盤 
• 穴内でガスは残存, わずかにdepleteの兆候 

• 観測波長によって穴の半径が異なる 
• トーラス状のダストリング構造 

• ダストはあまり沈殿していない



残された課題と今後のALMA観測の展望
• <1Myrでの惑星系形成？ 

• HL Tauの多重ギャップは惑星起源か？ 

• 構造は普遍的か？ (<=>ギャップなし円盤の検出[Momose+]) 

• ギャップ内でのガスの定量 
• ガスの高分解能観測、およびCO以外の輝線による円盤構造推定 

• CO以外での観測も必要 

• 遷移円盤構造の普遍性 
• 高分解能/高感度の条件での系統的観測 => Large Proposal 

• アーカイブデータの活用/イメージング手法の発展


