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37. Validating Scattering-Induced (Sub)millimeter Disk Polarization 
through the Spectral Index, Wavelength-Dependent Polarization 

Pattern, and Polarization Spectrum: The Case of HD 163296 
ZYD Lin et al. MNRAS, 496, 169-181;  https://arxiv.org/pdf/1912.10012.pdf

【内容】ALMAによるHD163296ダスト連続波熱放射をRADMC-3Dを用
いてモデリング。Band 7偏光観測イメージやBand6-7でのスペクトル指
数と一致するのは最大サイズamax =90μmのダストによる散乱がある場合
なことを確認。将来の多波長観測についても予言。方位角方向での偏光
角の変化がリングとギャップで異なる傾向。βとのtension（より大きな
ダストサイズが必要）は，詳細構造を十分空間分解能しておらず，光学
的に厚いリングと薄いギャップを平均化したためではないか。


【用いたモデル】

• ダストについてはBirnstiel et al. (2018)のDSHARPで使われたもの
（右上）。本論文はamax =90μm固定(λ=0.87mmで偏光効率最大)。


• 円盤柱密度分布モデルは冪乗的分布とガウシアン的分布の重ね合わ
せで表現（右下）。

• 冪乗的分布（Σp) はinner diskやouter regions に好適

• ガウシアン（ΣG) はringを表すのに好適


• 温度分布は冪乗則を，鉛直方向ガス密度分布は静水圧平衡を仮定，
ダストスケールハイトは独立に指定

【偏光効率P, 有効アルベドωeff vs. amax】
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2.1 Dust Opacity

We follow the DSHARP dust model prescribed in Birnstiel
et al. (2018). Opacity is calculated using Mie Theory which
assumes compact (non-porous) spherical grains and requires
as input parameters the grain size and refractive indices. The
dust model is a mixture of water ice, astronomical silicates,
troilite, and refractory organic material with mass fractions
of ⇠ 0.2, 0.33, 0.07, and 0.4, respectively. The respective re-
fractive indices of the di↵erent components are taken from
Warren & Brandt (2008), Draine (2003), and, for the latter
two, Henning & Stognienko (1996). Furthermore, we average
over a grain size distribution that follows a simple power-law,
a
�3.5, with minimum and maximum grain size cut-o↵s (the

standard MRN grain size distribution; Mathis et al. 1977),
where a is the grain size. The minimum grain size is fixed
at 0.01µm, while the maximum grain size amax is left as
a free parameter. The precise value for the minimum grain
size makes little di↵erence at the considered wavelengths
(Kataoka et al. 2015; Birnstiel et al. 2018). Mie opacity cal-
culation is implemented using the python version of the Mie
code available in RADMC-3D. The Mie code was ported
from the Fortran 77 version by Bruce Draine 3 that is based
on the original code published by Bohren & Hu↵man (1983).

A useful quantity to assess the dust scattering-produced
polarization at a given wavelength, �, is the product of the
single scattering albedo, !⌫ , and single scattering polariza-
tion fraction taken at 90�, P = �z12/z11, where z12 and z11 are
elements of the scattering matrix (Kataoka et al. 2015). !⌫
increases rapidly as the grain size parameter x ⌘ 2⇡a/� ap-
proaches unity, but P drops quickly for large (x > 1) grains.
These two competing e↵ects mean that the polarization at a
given wavelength is determined by grains of a certain range
of sizes (Kataoka et al. 2015). For a particle with a size
larger than the wavelength, forward scattering dominates
!⌫ even though forward scattering is e↵ectively not scat-
tering. A simple replacement for the apparent scattering ef-
ficiency is the e↵ective albedo, !e↵⌫ = (1 � g⌫)!⌫ where g⌫
is the forward-scattering parameter (Ishimaru 1978; Birn-
stiel et al. 2018; Tazaki et al. 2019; Zhu et al. 2019). Fig.
1 shows the calculated P and !e↵ for ALMA Band 7 (� =
0.87mm) as a function of the maximum grain size. The prod-
uct, P!e↵⌫ , gives the grain size that contributes most to the
polarization at the observing wavelength. Fig. 1 shows that
the optimal maximum grain size for producing polarization
at � = 0.87mm is 90µm. We will therefore hold amax fixed at
this value for our models and assume the same dust popula-
tion throughout the whole disk; note that this value is some-
what smaller than the fiducial grain size of 140µm adopted
by Ohashi & Kataoka (2019) for their independent mod-
eling of the HD 163296 disk polarization. The correspond-
ing absorption opacity, e↵ective albedo, and the forward-
scattering parameter are abs = 0.97 cm2 g�1 per gram of
dust, !e↵⌫ = 0.64, and g⌫ = 0.15 at � = 0.87mm, whereas at
� =1.25mm, abs = 0.46 cm2 g�1, !e↵⌫ = 0.47, and g⌫ = 0.044.
The opacity index �dust index between the two wavelengths
is 2.06.

3
https://www.astro.princeton.edu/~draine/scattering.

html

Figure 1. The calculated degree of linear polarization for single
scattering (P; red dotted line), e↵ective albedo discussed in Sec-
tion 2.1 (!e↵; blue dashed line), and the product P!e↵ (black
solid line) at � = 0.87mm for various grain sizes.

2.2 Disk Model

We consider a dust density distribution that is determined
by distributions of surface density and scale height. We fol-
low the DSHARP notation in Huang et al. (2018) to describe
the substructures of HD 163296. For example, “B100” repre-
sents the bright annular feature with a radius of 100 au. To
model HD 163296-like disks with prominent substructures
(rings and gaps), we adopt a composite surface density dis-
tribution ⌃d that is composed of two di↵erent types of pro-
files: power-law-like profiles and Gaussian-like profiles. The
former consists of a power-law distribution within a region
between radii of Ra and Rb and an exponential decrease in-
terior and exterior to the region:
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where R is the cylindrical radius, ⌃p,0 is the surface density
at the inner edge Ra of the range and p is the power-law
index. The quantities �a and �b correspond to the char-
acteristic distance over which the surface density decreases
interior to Ra and exterior to Rb, respectively. This type of
profile is particularly suitable for modeling the inner disk
(R < 50AU) and the outer B100 region of HD 163296. Since
gaps may not be entirely free of material, we adopt a surface
density floor using the same power-law-like profile but with
p = 0. We do not consider the innermost ring (B14) and gap
(D10), because those features are not resolved in the spec-
tral index map or in the polarization image that we seek
to model. We also ignore the small-scale non-axisymmetric
(crescent-like) feature interior to B67 for simplicity.
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2.2 Disk Model

We consider a dust density distribution that is determined
by distributions of surface density and scale height. We fol-
low the DSHARP notation in Huang et al. (2018) to describe
the substructures of HD 163296. For example, “B100” repre-
sents the bright annular feature with a radius of 100 au. To
model HD 163296-like disks with prominent substructures
(rings and gaps), we adopt a composite surface density dis-
tribution ⌃d that is composed of two di↵erent types of pro-
files: power-law-like profiles and Gaussian-like profiles. The
former consists of a power-law distribution within a region
between radii of Ra and Rb and an exponential decrease in-
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where R is the cylindrical radius, ⌃p,0 is the surface density
at the inner edge Ra of the range and p is the power-law
index. The quantities �a and �b correspond to the char-
acteristic distance over which the surface density decreases
interior to Ra and exterior to Rb, respectively. This type of
profile is particularly suitable for modeling the inner disk
(R < 50AU) and the outer B100 region of HD 163296. Since
gaps may not be entirely free of material, we adopt a surface
density floor using the same power-law-like profile but with
p = 0. We do not consider the innermost ring (B14) and gap
(D10), because those features are not resolved in the spec-
tral index map or in the polarization image that we seek
to model. We also ignore the small-scale non-axisymmetric
(crescent-like) feature interior to B67 for simplicity.
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The Gaussian-like profile is prescribed as

⌃G(R) = ⌃G,0 ⇥
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where R0 is the radius of the center of the profile, ⌃G,0 is
the surface density at R0, and �c and �d are the widths of
the Gaussian distributions interior and exterior to R0 respec-
tively. This type of profile is particularly suited for modeling
rings. The full surface density profile is obtained by summing
all the various power-law-like and Gaussian-like profiles:
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where i is the dummy variable that iterates through the
number of assigned components.

For the temperature distribution of the large (90 µm)
grains that are responsible for the scattering-induced polar-
ization in our model, we adopt the following simple power-
law:

T = Tt
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where Tt is the temperature at a characteristic radius Rt and
q is the power-law index4. For our Monte Carlo radiative
transfer calculations of the disk polarization and spectral
index, the mass density of the dust must be specified. It is
parameterized by
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where z is the cylindrical height and H is the dust scale
height, parameterized as H = Ht (R/Rt )q/2+3/2. Ideally, both
the dust and temperature distributions should be computed
self-consistently, but doing so is numerically costly and it
would require additional assumptions about the level of tur-
bulence in the disk and the abundance of small grains which
absorb the stellar radiation near the disk surface. These are
beyond the scope of this paper.

2.3 Using the 1D Slab Model to Estimate

Parameters

To constrain model parameters, one can implement a grid-
based search or other parameter fitting methods, e.g.,
Markov-Chain Monte Carlo. However, polarization radiative
transfer calculations are computationally expensive; thus we
choose to first estimate the parameters needed to fit the
Bands 6 and 7 data observed in HD 163296 at several repre-
sentative locations with the help of a one-dimensional (1D,
plane-parallel) analytic model.

Following Birnstiel et al. (2018) and Zhu et al. (2019),

4 We refrain from introducing additional parameters to character-
ize the vertical variation of the temperature of the dust, because,
as we show later, the scale height of the approximately 0.1 mm-
sized grains in our model is significantly smaller than that of the
gas, which should make the temperature in the relatively thin
dust layer similar to that of the midplane for a passive disk.

we consider a 1D isothermal slab with scattering where the
observed intensity at a given wavelength can be computed
analytically for di↵erent optical depths and temperatures.
We fix the inclination angle to 46.7�, which was measured
by fitting ellipses to the continuum annular substructures
(Isella et al. 2018). Using the opacity determined in Section
2.1, we search through a parameter space of temperature
and surface density of the slab and calculate the expected
intensities at ALMA Bands 6 and 7 and the spectral index
between the two.

The color maps of Fig. 2 show the calculated intensity
at Bands 7 and 6 and the spectral index. The intensities are
scaled by the respective finite beam sizes of the observations
for direct comparison in the remainder of this section. For
a given temperature, the intensity increases with increasing
surface density and reaches an asymptotic value as the slab
becomes optically thick (see Equation 12 of Zhu et al. 2019)
as seen in Fig. 2a and 2b. From Fig. 2c, we see that the spec-
tral index in the optically thin limit measures the opacity
index determined by the absorption opacity and decreases
to a constant value determined by the albedo and viewing
inclination as the optical depth increases (see Equations 21
and 22 of Zhu et al. 2019). The constant value in the opti-
cally thick regions can have ↵ < 2, i.e., � < 0, (the right side
of the dotted line in Fig. 2c). We can also see that at low
temperatures where the Rayleigh-Jeans limit is inapplicable,
the spectral index decreases faster and also reaches a lower
value. This is because the Planck function produces lower in-
tensity at higher frequency than that in the Rayleigh-Jeans
limit and thus creates a lower spectral index.

We directly compare with the observations using the
values at B100 as a demonstration in Fig. 2. We overlay
the range that encloses 10% of the measured Stokes I at
Bands 7 and 6 to account for the absolute flux calibration
uncertainty of ALMA observations and an uncertainty of
0.3 for the measured spectral index (Dent et al. 2019; which
used a 7% calibration uncertainty). There is a limited range
of surface density and temperature that can simultaneously
reproduce the data. These constrained ranges serve as a con-
sistency check and provide a starting point for exploring the
parameter space using Monte Carlo radiation transfer cal-
culations in Section 3.

In Fig. 3, we overplot the regions that fulfill the observed
constraints within its uncertainty for the three representa-
tive radii of the bright bands: 20, 67 and 100 au. The con-
straints are listed in Table 1. In panel 3a, there is a threshold
surface density above which increased surface density does
not alter the intensity and spectral index. This threshold
is achieved simply because both wavelengths become opti-
cally thick, thus the intensity only depends on wavelength
or temperature. At B67, or panel 3b, there is only a limited
range of surface densities suggesting that the ring cannot be
optically thin or very optically thick (unlike the inner disk).
For both panels 3b and c, the intersecting range is in the re-
gion where spectral index falls quickly with surface density,
which hints that these rings are not in the Rayleigh-Jeans
limits.
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MCMCでデータと合うパラメータを探すのは大変。 
1D-Slab(i=46.7°)を使った簡単なケースであたりをつける(次ページ)。
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Figure 2. The plane-parallel calculation of an isothermal scattering slab in the two-dimensional parameter space of surface density and
temperature. The panels from the left to right are Band 7 Stokes I , Band 6 Stokes I , and spectral index between the two ALMA bands.
The dashed lines bracket the observed range for ring B100 of HD 163296. The dotted line in panel c marks where ↵ = 2.

Figure 3. The range of surface density and temperature constrained by observations at 20, 67 and 100 au. The red, blue, and green
regions correspond to ranges constrained by the Band 7 Stokes I , the Band 6 Stokes I , and the spectral index between Band 7 and Band
6.

Radius [au] Band 7 [mJy beam�1] Band 6 [mJy beam�1] ↵

20 78.1 2.08 1.4
67 26.2 0.76 2.2
100 12.0 0.44 1.9

Table 1. Values from observations used for 1D slab estimation
in Section 2.3. The first column is the radius in au. The second
to fourth columns are the observed values for the fluxes in Bands
7 and 6 and the spectral index ↵ between the two bands.

3 NUMERICAL RESULTS

3.1 Polarization Image

Guided by the analytical estimates in Section 2.3, we per-
formed a set of RADMC-3D-based radiative transfer calcu-
lations including polarization from scattering. A chosen set
of parameters for the model that fits the observational data
for HD 163296 is presented in Table 2. We plot the image
results in Fig. 4. To consider finite resolution, the Stokes I

images are convolved by a Gaussian beam with a circular
FWHM of 0.00043 for Band 6. The polarized intensity, polar-
ization fraction, and polarization orientation at Band 7 are
produced after the Stokes Q and U images are first convolved
individually with a circular FWHM of 0.002. The spectral in-
dex is calculated after Band 7 and Band 6 Stokes I are each
convolved by a Gaussian beam with a circular FWHM of
0.00175 first to match that from Dent et al. (2019). The val-

ues for the FWHM are the geometric mean of the major and
minor axes of the respective synthesized beams 5. The im-
ages are only plotted up to 125au in radius because we are
mainly interested in the region with detected polarization
(Dent et al. 2019).

One can quickly verify that the Stokes I of Band 6 is
qualitatively similar to the observations. The inner disk and
the rings produce higher intensity relative to the gaps. Fur-
thermore, the general polarization features at Band 7 match
those of the observations. The polarized intensity is larger
in the inner disk and rings. The polarization orientations
are mainly in the disk minor axis direction, within ⇠ ±10�
across the image. We plot the deviation, �✓, from the disk
minor axis (x = 0) in panel (e) of Fig. 4 in order to show the
variation of polarization orientation.

The distribution of polarization orientation is similar
to that observed and modeled by Dent et al. (2019) and
Ohashi & Kataoka (2019). The polarization orientation is
largely along the disk minor axis, which is expected for a

5 We use only circular FWHM beams for simplicity; nevertheless,
the major and minor axes of the spectral index map are very
similar. The Band 6 DSHARP beam is more elliptical, although
the precise beam shape should be important only for the small
structures which were not resolved in Band 7. We have checked
that using the elliptical beam size for the Band 6 DSHARP data
does not significantly modify the results.
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破線が100au付近のリングB100で取得され
た観測値（Band 6/7）。

(c)の点線は，Sp index(α)= 2を示す。

r=20au, 67au, 100auの観測値(Band 6/7)。


光学的に厚い<20au以外，あたりがついた

α =4 : 光学的に薄い極限

α = 2：放射のみで光学的に厚いレイリー
ジーンズ領域

α < 2 : レイリージーンズからのずれ＋

散乱 (効いている波長では暗くなる効果)
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Figure 2. The plane-parallel calculation of an isothermal scattering slab in the two-dimensional parameter space of surface density and
temperature. The panels from the left to right are Band 7 Stokes I , Band 6 Stokes I , and spectral index between the two ALMA bands.
The dashed lines bracket the observed range for ring B100 of HD 163296. The dotted line in panel c marks where ↵ = 2.

Figure 3. The range of surface density and temperature constrained by observations at 20, 67 and 100 au. The red, blue, and green
regions correspond to ranges constrained by the Band 7 Stokes I , the Band 6 Stokes I , and the spectral index between Band 7 and Band
6.

Radius [au] Band 7 [mJy beam�1] Band 6 [mJy beam�1] ↵

20 78.1 2.08 1.4
67 26.2 0.76 2.2
100 12.0 0.44 1.9

Table 1. Values from observations used for 1D slab estimation
in Section 2.3. The first column is the radius in au. The second
to fourth columns are the observed values for the fluxes in Bands
7 and 6 and the spectral index ↵ between the two bands.

3 NUMERICAL RESULTS

3.1 Polarization Image

Guided by the analytical estimates in Section 2.3, we per-
formed a set of RADMC-3D-based radiative transfer calcu-
lations including polarization from scattering. A chosen set
of parameters for the model that fits the observational data
for HD 163296 is presented in Table 2. We plot the image
results in Fig. 4. To consider finite resolution, the Stokes I

images are convolved by a Gaussian beam with a circular
FWHM of 0.00043 for Band 6. The polarized intensity, polar-
ization fraction, and polarization orientation at Band 7 are
produced after the Stokes Q and U images are first convolved
individually with a circular FWHM of 0.002. The spectral in-
dex is calculated after Band 7 and Band 6 Stokes I are each
convolved by a Gaussian beam with a circular FWHM of
0.00175 first to match that from Dent et al. (2019). The val-

ues for the FWHM are the geometric mean of the major and
minor axes of the respective synthesized beams 5. The im-
ages are only plotted up to 125au in radius because we are
mainly interested in the region with detected polarization
(Dent et al. 2019).

One can quickly verify that the Stokes I of Band 6 is
qualitatively similar to the observations. The inner disk and
the rings produce higher intensity relative to the gaps. Fur-
thermore, the general polarization features at Band 7 match
those of the observations. The polarized intensity is larger
in the inner disk and rings. The polarization orientations
are mainly in the disk minor axis direction, within ⇠ ±10�
across the image. We plot the deviation, �✓, from the disk
minor axis (x = 0) in panel (e) of Fig. 4 in order to show the
variation of polarization orientation.

The distribution of polarization orientation is similar
to that observed and modeled by Dent et al. (2019) and
Ohashi & Kataoka (2019). The polarization orientation is
largely along the disk minor axis, which is expected for a

5 We use only circular FWHM beams for simplicity; nevertheless,
the major and minor axes of the spectral index map are very
similar. The Band 6 DSHARP beam is more elliptical, although
the precise beam shape should be important only for the small
structures which were not resolved in Band 7. We have checked
that using the elliptical beam size for the Band 6 DSHARP data
does not significantly modify the results.
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Parameters
Rt [au] 100
Tt [K] 12.5
q 0.65
Ht [au] 3

Power-law-like Surface Density

Feature Inner Disk D48 D86 B100

⌃p,0 [g cm�2] 8 0.02 0.1 0.5
p 0 0 0 7
Ra [au] 0.5 38 76 105
Rb [au] 26 58 96 135
�a [au] 0 5 5 5
�b [au] 6 4.5 5 10

Gaussian-like Surface Density

Feature B67 B100 B155

⌃G,0 [g cm�2] 2.5 2.1 0.15
R0 [au] 67 100 155
�c [au] 5 3 5
�d [au] 5 4 25

Table 2. A chosen set of parameters for the model. The first
column displays the name of the parameter from Section 2 and
its corresponding units in squared brackets. The parameters are
separated into three main groups: the general parameters, param-
eters used for power-law-like surface density components, and pa-
rameters used for Gaussian-like surface density components. For
the inner disk, the inner exponential decrease is ignored since it
is not resolved and thus �a = 0.

disk (Yang et al. 2016, 2017). The distribution of the devi-
ation reflects the radiation anisotropy previously discussed
in Kataoka et al. (2015); Yang et al. (2016, 2017). For ex-
ample, in an optically thin gap, most of the radiation comes
from the adjacent rings or the inner disk, which is in the
radial direction. The radial radiation anisotropy leads to a
slightly more azimuthal polarization orientation in the gaps,
as observed (see Fig. 1d of Dent et al. 2019).

3.2 Profiles along the Major Axis

For more quantitative comparisons, we take a cut along the
major axis and compare the beam-convolved model images
to observations in panels a to c of Fig. 5 which show, respec-
tively, the Stokes I of Band 6, the polarization fraction in
Band 7, and the spectral index between Bands 7 and 6. The
polarization data is taken from Fig. 2a of Dent et al. (2019)
where the polarization along the major axis is separated into
the Northwest and Southeast directions. Note that the low
spectral index values of ⇠ 1.5 and the polarization fraction
of ⇠ 1% in the inner disk are well reproduced. The model
optical depths along the major axis at Band 7 and 6 are
plotted in panel d.

To identify the e↵ects of convolution, we also plot the
intrinsic model images without convolution. In the gap re-
gions, the intrinsic spectral index approaches ↵ ⇠ 4, which
is expected since the grains we are using have �dust = 2.06
(recall in the Rayleigh Jeans limit, ↵ = �dust +2). In the op-
tically thick rings, the spectral indices are intrinsically low

(⇠ 1.5) because of preferential scattering at shorter wave-
lengths, although deviation of the black body radiation from
the Rayleigh-Jeans limit also plays a role, especially for the
outer, colder ring. The observed rings have ↵ ⇠ 2, which is
not as low as that in the inner disk since the emission from
the rings is blended with emission from the gaps that have
much higher spectral indices.

The polarization fraction after convolution coincides
with the observed polarization within the first gap, but is
somewhat lower than the observed values at outer radii given
by Dent et al. (2019). However, our model matches better the
polarization fraction presented in Ohashi & Kataoka (2019)
at outer radii (see, e.g., the top panel of their Fig. 18). We
should caution the reader that the polarization fraction may
be significantly a↵ected by the di↵erential filtering of Stokes
I vs. Q and U by interferometers such as ALMA. This e↵ect
has yet to be thoroughly quantified, and will be explored
elsewhere.

4 DISCUSSION

4.1 Consistency Check and Discrepancies

4.1.1 Optical Depth

We find that a grain size of 90µm, similar to the 100µm
found in Dent et al. (2019), reproduces their observed level of
polarization in the inner disk, although it is lower beyond the
first gap. However, the spectral index they obtained was ⇠
3.5 even in the inner disk and rings, which is most likely due
to a lower optical depth adopted in their model compared
with ours. For the inner disk at radius R . 30 au, we find
that optical depths of ⇠ 10 at Band 6 and higher for Band
7 are needed to produce the low spectral index observed
there. The high optical depth of the inner disk implies that
one would not be able to see the line emission from the
back side of the disk (Zhu et al. 2019). This seems to be the
case judging from the DSHARP 12CO channel maps (Isella
et al. 2018); however, confirmation of this claim is beyond
the scope of this paper. For the dust rings at 67 and 100
au, we find optical depths of ⇠ 3 at their centers in Band
6. These values are consistent with the constraints provided
by Isella et al. (2018), who found lower limits of ⇠ 0.6 and
0.7, respectively, based the level of extinction of the 12CO
emission from the back side of the disk.

4.1.2 Temperature

In Fig. 5e, we compare the brightness temperature at Band
6 and the input temperature profile as a function of radius.
Our temperature determination is based on the spectral in-
dex between Band 6 and 7 and on the Band 7 polariza-
tion data. It is particularly driven by the temperature at
the outer, 100 au ring. The fact that this ring has a spec-
tral index ↵ close to 2 (see the last column of Table 2 and
Fig. 5b) indicates that it is most likely optically thick (this
is discussed further in Appendix A), unless the grains re-
sponsible for most of its emission are much larger than the
observing wavelengths. However, such large grains would not
scatter the photons at the observing wavelengths e�ciently
and would have di�culty reproducing the observed polar-
ization (Kataoka et al. 2015; Yang et al. 2016). If the outer
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Figure 4. The two dimensional images of the disk model. The near-side of the disk is the bottom half of the image. Panel a: the Band
6 Stokes I image in Jy beam�1. Panel b: the spectral index between Band 7 and Band 6. Panel c: the Band 7 polarization fraction in
percent. Panel d: the Band 7 polarized intensity in Jy beam�1, with the polarization vectors overplotted. Panel e: the color scale depicts
the o↵set of the polarization orientation, �✓, from the vertical direction (parallel to the disk minor axis). �✓ is plotted east from north
(counter-clockwise) and �✓ = 0 means the polarization orientation is parallel to the disk minor axis. The vectors in Panel e are oriented
from the vertical direction by 3 ⇥ �✓ to make the o↵sets obvious. The black ellipses for all six panels denote the rings. The Gaussian
beams used for convolution are plotted as black filled circles at the lower left.

ring is indeed optically thick, its temperature would natu-
rally be close to the relatively low brightness temperature
that we observe (shown in Fig. 5b as shaded line), which
is indeed what we find from our modeling; the small di↵er-
ence between the two is attributed to scattering (Birnstiel
et al. 2018). We therefore believe that, broadly speaking, our
midplane dust temperature makes physical sense.

In Fig. 5e, we further plot the midplane temperature
profiles found from existing literature based on CO lines, but
scaled to our adopted distance of 101pc: 19(R/128au)�0.3K
(Rosenfeld et al. 2013), 22.5(R/124au)�0.3K (Flaherty et al.
2015), and 18.7(R/400au)�0.14K for R > 60au (Dullemond
et al. 2020). We find that our midplane dust temperature
is lower than these profiles. In particular, Dullemond et al.
(2020) presented a clever way of inferring the gas temper-
ature at the disk midplane based on the brightness tem-
perature of optically thick CO lines at the line of sight ve-
locity expected of the midplane. As stressed by Dullemond
et al. (2020), this method relies on the assumption that CO
molecules are present at the midplane and are not frozen out
onto dust grains. Their inferred gas temperature drops from
⇠25K at ⇠100 au to ⇠18K at ⇠400 au, although there are
significant variations, especially near the 100 au ring, where
T⇠20K. In the inner, ⇠100 au region that is of direct interest
to us, their inferred temperature is close to but above the
CO freeze-out temperature. If optically thick CO is present
at the midplane, the gas (and dust) temperature at the mid-
plane would indeed be of order 20 K or more, which would
be significantly higher than the dust temperature that we
infer at the same radius. However, if the CO is frozen-out at

the midplane, it would not probe the midplane temperature.
It would probe, instead, the temperature of the so-called
“CO snow surface” above (or below) the midplane where the
warmer CO-rich gas transitions to the colder CO-poor gas
(and dust). If the snow surface is spatially close enough to
the midplane, it may not be easy to kinematically distin-
guish it from the midplane, especially in view of the fact
that the CO lines are broadened by thermal motions, opti-
cal depth e↵ects, and potentially some level of turbulence
(Flaherty et al. 2015, 2017). While the results of Dullemond
et al. (2020) by themselves are consistent with a relatively
warm midplane temperature of 20 K or more on the 100 au
scale, they do not exclude the possibility of a colder midplane
that is out of the reach of their CO-based method because of
CO freeze-out. Therefore, we conclude that our dust-based
temperature does not necessarily contradict those CO-based
temperature estimates from the literature, particularly that
of Dullemond et al. (2020).

In fact, if the dust temperature at the midplane were
as high as those inferred from optically thick CO lines, we
would have di�culty reproducing the continuum data. This
is illustrated in Appendix A, where we redid the model
shown in Fig. 5 using a higher temperature profile from Fla-
herty et al. (2015). The higher temperature model does not
fit the spectral index, especially at the outer, 100 au ring.
As stated earlier, this is simply because the higher tempera-
ture model requires less dust (and thus a lower dust optical
depth) but the ⇠ 100 µm-sized grains needed for scattering-
induced polarization cannot produce the observed flat spec-
tral index of ↵ ⇠ 2 unless they are optically thick. This is
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Figure 5. Panel a: the 0.00043 resolution Band 6 Stokes I image in mJy per beam. The units of the non-convolved image is scaled to the
corresponding mJy per beam. The convolved profile is plotted with a red solid line, the non-convolved profile with a black dashed line,
and the grey region represents the ±10% calibration uncertainty of the data. Panel b: the spectral index between Band 7 and Band 6.
The grey region is ↵± 0.3, where ↵ is the spectral index averaged between the Northwest and Southeast major axes. The ↵ = 2 is plotted
as a horizontal solid line. Panel c: we plot the convolved Band 7 polarization with a red solid line and the non-convolved polarization
with a black dashed line. The green and blue colored regions are the observed Band 7 polarization with uncertainty from random noise
and image fidelity along the Northwest and Southeast major axes of the disk (Dent et al. 2019). Panel d: the model optical depth along
the major axis for Bands 7 and 6. The lower limits for Band 6 optical depths at 67 and 100 au (denoted by triangles) are derived from
the level of 12CO extinction through the dust rings (Isella et al. 2018). The optical depth of 1 is plotted as a horizontal solid line. Panel
e: a comparison of various dust temperature profiles as a function of radius from previous literature. The vertical dotted lines through
all the panels are the locations of the rings.

strong evidence that the disk midplane is colder than the
temperatures inferred from optically thick CO lines, which
most likely probe the warmer gas from the disk surface down
to the CO snow surface rather than the colder midplane re-
gion, as discussed above.

The Band 6 Stokes I for the innermost part of the disk
(. 10 au) appears to be higher than the observed value, indi-
cating that the simple power-law temperature profile breaks
down at small radii. The prescribed temperature profile also
does not take into account the rings and gaps, which may
be required for more precise fitting.

4.1.3 Dust Scale Height

In our model, the dust scale height is found to be 3 au at a
radius of 100 au. For a disk with dust settling, the dust ver-
tical distribution is balanced by the downward gravity and
the upward turbulent mixing. This results in a height that
is a fraction of the gas pressure scale height (Dubrulle et al.
1995; Armitage 2015). For an estimation, we approximate
the fraction by:

Hd

Hg

⇠
r
↵v
⌦⌧f

, (6)

where Hd is the dust scale height and Hg is the gas pressure
scale height. The quantity ↵v here is the viscosity parameter
(not to be confused with the spectral index); ⌦ is the Ke-
plerian orbital frequency; and ⌧f is the frictional timescale
defined by ⌧f ⌘ ⇢sa/⇢gcs where ⇢s is the mass density of
the solid, ⇢g is the gas density, and cs is the thermal sound
speed. We estimate the gas density structure from the multi-
line fitting results in Flaherty et al. (2015) scaled to our
adopted distance of 101pc. At a radius of 100 au, Hg = 8.7au,
gas surface density is 3.9 g cm�2 and ⇢g = 1.2⇥10�14 g cm�3.
From Section 2.1, the grain size is 90 µ m and ⇢s ⇠ 1.7 g
cm�3. We use the temperature found in Section 3 for cs.
Using our prescribed dust scale height, the ↵v ⇠ 1.7 ⇥ 10�3.
The upper limit on the viscosity parameter was found to be
↵v . 1⇥ 10�3 (Flaherty et al. 2015) which is broadly consis-
tent with our model result. Ohashi & Kataoka (2019) con-
sidered two di↵erent dust populations with di↵erent scale
heights, Hd, at di↵erent radii to fit the polarization and
found that Hd/Hg . 1/3 for R . 70au and Hd/Hg ⇠ 2/3
for R & 70au. Our results are consistent with the conclusion
from Ohashi & Kataoka (2019) and using a larger dust scale
height at larger radii may increase the polarization fraction
for our model.
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上3枚のパネル 

モデル(赤実線)は観測(グレーやカラー)
を概ね再現‥(Ohashi & Kataoka 
2019の解析と比較すると，

Polarization fraction はより良く一致)

下2枚のパネル 

リング(中心面)での温度は，COで求め
られている温度より低く光学的に厚い

可能性がある 

（外側でのSp indexやPolarization 
fractionが高いことをよりよく説明）

β~1(α≈3)というのは，α≈4と≈2の平均では？ 
↓
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Figure 6. Images of the polarization fraction without finite telescope resolution for 5 ALMA bands at � = 0.87, 1.25, 1.5, 2.1, and 3.1
mm (panels a-e) where the polarization capability is available. The dashed white ellipses mark the location of the rings. Panel f plots
the distribution of the optical depth as a function of radius along the major axis for each band.

maximum value for the color scale is di↵erent for each band,
starting at ⇠ 6% for the shortest-wavelength Band 7 and de-
creasing to ⇠ 0.35% for the longest-wavelength Band 3. The
change of polarization fraction with wavelength is discussed
in detail below. Here, we focus on the spatial distribution of
the polarization fraction, which has an interesting transition
from Band 7 to Band 3. For all images, the azimuthal varia-
tion along the rings versus that along the gaps are opposite.
Along the rings, the polarization fraction is higher along the
minor axis (x = 0). Along the gaps, the polarization fraction
is higher along the major axis (y = 0). The former trend is
most clearly seen in the Band 3 image, while the latter trend
is most obvious at Band 7.

The azimuthal variation can be understood in terms
of two competing e↵ects: the inclination-induced polariza-
tion and the radiation-anisotropy-induced polarization. For
both the rings and gaps, the inclination-induced polariza-
tion produces polarization parallel to the disk minor axis,
but the radiation anisotropy is di↵erent between the rings
and gaps. The radiation in the gaps comes mostly from the
adjacent rings (or the inner disk), with an anisotropy in the
radial direction leading to an azimuthally oriented polar-
ization that adds to the inclination-induced polarization at
locations along the disk major axis, but o↵sets the polariza-
tion at locations along the minor axis. On the other hand,
the radiation in the rings comes mostly from the azimuthal
direction, leading to a radially oriented polarization that o↵-
sets the inclination-induced polarization at locations along
the major axis, but adds to the polarization at locations
along the minor axis (see also Pohl et al. 2016, their Fig. 7).
Such azimuthal variations for rings and gaps are present at
the same time for Band 4 (panel c) and Band 5 (panel d).

Another interesting trend is that, as the wavelength in-

creases, the inner disk becomes more prominent in the po-
larization fraction map: compared with the rings and gaps
at large radii, its polarization fraction is lower at Band 7,
but becomes higher at Band 3. The former is due to high
optical depth (see panel f), while the latter comes about be-
cause the inner disk has an optical depth of order unity at
Band 3, which is optimal for producing polarization through
scattering (Yang et al. 2017). In all cases, the polarization
orientations are broadly similar to that displayed in Fig. 4e
for Band 7, with the deviation angles from the disk minor
axis increasing somewhat with wavelength.

In Fig. 7, the predicted polarization spectra (polariza-
tion fraction as a function of wavelength) are plotted for
three representative locations on the major axis: the inner
disk at R = 20au, the D48 gap, and the B67 ring. In the
gap, the polarization fraction decreases monotonically with
increasing wavelength and approaches the steep power-law
��3 for Rayleigh scattering toward the longest wavelength
bands with the lowest optical depths. In the ring, the spec-
trum is drastically di↵erent. The polarization fraction is
higher for the longer wavelength Band 6 than the shorter-
wavelength Band 7, which is the opposite of the common
expectation based on the simplest Rayleigh scattering. The
reason for this spectral inversion is that the ring is optically
thick at both wavebands, but more so at the shorter wave-
length band (see Fig. 6f), which reduces the polarization
fraction at Band 7 relative to that at Band 6 (Yang et al.
2017). This di↵erence in the shape of the polarization spec-
trum is characteristic of the scattering-induced polarization
in highly structured disks such as HD 163296, and should
be searched for through multi-wavelength observations. As
the wavelength increases further, the ring starts to become
optically thin, leading to a drop of the polarization fraction
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散乱偏光のパターンは，2つの効果の重ね合わせ

1. Inclination による：短軸　‖　Pol. Direction

2. 非等方な輻射場：

• gapでは動径方向に光源(ring)→azimuthal Pol. 

• ringでは横方向に光源(ring)→radial Pol.


1. と2. が平行になり強め合うのは：

• Gap では円盤の長軸近辺 (a-cが顕著)

• Ring(白い破線)では円盤の短軸近辺，ただし，
波長が短いところはoptically thickなので偏光効
率は大幅にダウン(d, eで顕著)


• Pol. degreeの目盛りの数値に注目

•長い波長ではτ~1のr<20au以外はPIでは暗い


(1)  強い波長依存性

(2)  空間的なパターン
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Figure 7. Predicted polarization spectra for the inner disk at
20 au (R=20; blue solid line), the D48 gap (red dashed line), and
the B67 ring (orange dash-dotted line) along the major axis. The
black dotted line shows a power-law that is proportional to ��3.

with wavelength, as expected. The inner disk di↵ers from the
ring and gap in that it remains optically thick even at the
longest wavelength band. Its polarization fraction decreases
with wavelength, but rather slowly, approximately as ��0.85,
which is much shallower than the naive expectation based
on Rayleigh scattering. The shallow spectrum is a result of
decreasing optical depth with wavelength, which makes the
inner disk detectable in polarization at all 5 ALMA bands.
The predicted spectrum for the inner disk, if confirmed by
future observations, would provide strong evidence support-
ing the notion that dust scattering is responsible for both
polarization and the low spectral index in the region.

4.4 Implications for Other Disks

As mentioned in the introduction, there is evidence that
dust scattering is responsible, at least in part, for the
(sub)millimeter polarization detected in an increasing num-
ber of disks, with HD 163296, IM Lup, and HL Tau as ar-
guably the best examples. Like HD 163296, IM Lup has po-
larization data published only in one ALMA band (Band 7,
Hull et al. 2018), although data have been taken in Band
6 (ALMA project 2019.1.00035.S, PI: C. Hull). Preliminary
results indicate that the Band 6 polarization is also oriented
along the disk minor axis (as in Band 7) and that its polar-
ization fraction is higher than that in Band 7 (Hull et al.,
in prep.). This “inverted” polarization spectrum (compared
with the simple expectation based on Rayleigh scattering)
could be indicative of the IM Lup disk being optically thick
at both Bands 6 and 7, but more so at Band 7 than Band 6,
as illustrated by the B67 curve in Fig. 7. There is an indica-
tion that the spectral index ↵ between Band 6 (Cleeves et al.
2016; Andrews et al. 2018) and Band 7 (Cleeves et al. 2016;
Hull et al. 2018) is less than 2 in the central region of the
disk (within about 50 au), which is independent evidence for
strong dust scattering, as is the case for HD 163296.

The HL Tau disk has the most complete published

multi-wavelength polarization data and spectral index infor-
mation to date (Kataoka et al. 2017; Stephens et al. 2017;
Carrasco-González et al. 2019). In particular, the disk also
has rings and gaps and there exists a similar anti-correlation
between the Stokes I and spectral index, which suggests
varying optical depth as a function of radius, similar to the
case of HD 163296. The polarization at Band 7 is mainly
along the disk minor axis and thus favors the dust self-
scattering explanation at this shortest wavelength band. The
polarization at the longest wavelength band (Band 3) has an
azimuthal orientation, which complicates the interpretation
of scattering-induced polarization, indicating that additional
polarization mechanism(s) may be at work6 (Kataoka et al.
2017; Stephens et al. 2017; Yang et al. 2019). The lowest
spectral index between Band 7 and 6 was found to be ⇠ 2
at the rings, which is indicative of an optically thick ring
that may or may not be scattering-dominated. Carrasco-
González et al. (2019) fitted the spectral energy distribu-
tions at di↵erent radii including both emission and scatter-
ing by spherical grains of power-law size distributions and
suggested that the relatively low opacity index (� . 1) at
small radii requires maximum grain sizes in the millimeter
range (see their Fig. 7). Such grain sizes would be too large
to produce the observed polarization orientation, especially
in Band 7, (Yang et al. 2016, see their Fig. 7). This tension
may be alleviated if � at small radii is significantly a↵ected
by beam averaging, which can average out the high opac-
ity index (� ⇠ 2) from the relatively small (100µm) grains
responsible for scattering-induced polarization in the opti-
cally thin gaps and the low apparent opacity index (� . 0)
from the same (small) grains in optically thick rings (see
Fig. 5b for an illustration). Some indication that this may
indeed be the case comes from comparing the spectral in-
dex between Bands 6 and 7 for the first gap at ⇠ 13 au
obtained by ALMA Partnership et al. (2015) at a resolu-
tion of 38.6 ⇥ 19.3 mas (� ⇠ 1.1 � 1.5, see their Fig. 3c) and
that by Carrasco-González et al. (2019) at a resolution of
⇠ 50 mas (� ⇠ 0.5, see their Fig. 3, lower panel). It is plau-
sible that at an even higher resolution � in the gap may
increase further, approaching the standard ISM value of 1.7
for small grains even more closely. There is some hint that
the spectral index ↵ near the center is below 2 (see Fig. 2f
and 3c of ALMA Partnership et al. 2015), which provides
some additional support to the interpretation of scattering-
induced polarization, at least near the center, as in the HD
163296 case; however, the less-than-two ↵ disappears after
smoothing with a larger beam (Carrasco-González et al.
2019). Higher resolution observations and a more detailed
analysis of the data are needed to make a firmer case.

5 CONCLUSIONS

In this paper, we have modeled the well-observed protoplan-
etary disk HD 163296, which has a resolved polarization
pattern at ALMA Band 7 (� = 0.87 mm) strongly indica-
tive of scattering by ⇠ 100µm grains and an apparently low
spectral index between ALMA Band 6 (1.25 mm) and 7,

6 Scattering-induced polarization may still be present at Band 3
in HL Tau, but its fraction may be too low (of order 0.3%, see
Fig. 6e) to compete with other mechanism(s).

MNRAS 000, 1–14 (2019)

•各場所でのPol. Fractionの
スペクトル




43. The big sibling of AU Mic: a cold dust-rich debris disk around 
CP-72 2713 in the β Pic moving group 

Attila Moór et al. AJ, 159, 288;  https://arxiv.org/pdf/2005.00861.pdf

【内容】βPic. moving group(24±3Myr)にある若い K7/M0 star CP-72 
2713に付随するデブリ円盤のSpitzer/Herschel/ALMA 7m array観測の解
析。AU Micと主星の性質は似ているが遥かに半径が大きい。”Cold ring”
のみ。ringの場所がplanetesimalsのdynamical excitationを表すとして起
源を議論(planetary stirring vs. self-stirring)。fractional luminosityが
1.1x10-3と非常に大（d<40pcではこのレベルのFLは他に4つしかない）.


【用いた主なデータ】

• Distance = 36.16 ± 0.03 pc by Gaia

• Spitzer/MIPS : 24 & 70μm

• Herschel/PACS : 100 & 160μm (FWHM ≈8,5” at 100μm, marginally 

resolved)

• ALMA(ACA 7m) at 1.33mm & ATCA at 8.8mm

【Imaging】

A cold dust-rich debris disk around CP−72 2713 5

dust grains we used the CASA-based uvmultifit tool
(Martí-Vidal et al. 2014) that allows to fit models to the
measured visibilities. Prior to this running, the data
weights were recomputed using the statwt task. Sim-
ilarly to the case of PACS image analysis, we adopted
a Gaussian ring model with a fixed FWHM width of
0.2R. The obtained best-fit solution has R = 140±14 au
(3.′′8±0.′′4), i = 46◦ ± 12◦, PA = 130◦ ± 16◦ and yields
a flux density of 3.8±0.6 mJy (the quoted uncertainty
includes a 10% calibration uncertainty). We used the
tclean task to compile images of the best-fit model and
the residuals (Figure 1e-f). No significant residual emis-
sion appears in the disk region. The fitted center of the
model ring shows an offset of 1.′′3 from the stellar posi-
tion (∆RA = −0.′′3 ± 0.′′42, ∆DEC = −1.′′22 ± 0.′′45).
The positional accuracy of an ALMA observation with
normal calibration can be estimated as the ratio of the
achieved resolution and SNR, i.e. ∼0.′′9 in our case, thus
the observed offset is not significant. The best-fitting
disk parameters derived from the analysis of PACS and
ALMA data are summarized in Table 2.

Table 1. Measured continuum fluxes and predicted photospheric fluxes
for CP−72 2713

λ Meas. fluxa Instrument Photosph. flux Reference

(µm) (mJy) (mJy)

9.00 128.1±12.3 IRC 105.2 Ishihara et al. (2010)

11.56 60.0±2.8 WISE 65.0 Cutri & et al. (2013)

22.09 18.9±1.5 WISE 18.3 Cutri & et al. (2013)

23.68 16.1±0.6 MIPS 16.0 SEIP

71.42 71.1±5.6 MIPS 1.8 This work

100b 110.6±9.7 PACS 0.9 This work

160 103.9±16.9 PACS 0.35 This work

1330b 3.80±0.59 ALMA 0.005 This work

8820 0.096±0.023 ATCA 10.6×10−5 Norfolk et al. in prep.

aThe quoted flux densities are not color corrected.

b The emission is marginally resolved at these wavelengths.

CO line data —We used CASA to compile the spectral
line cubes. After the continuum emission was subtracted
from the calibrated visibilities using the uvcontsub task,
the imaging was done with the tclean task. In the latter
step we used Briggs weighting with a robustness param-
eter of 0.5 and the channel width was set to 0.4 km s−1

for the 12CO line and to 1.4 km s−1 for data of the rarer
13CO and C18O isotopologues. Using the radial veloc-
ity data from Table 3 we derived a radial velocity of
+0.4 km s−1 for CP−72 2713 in the LSR frame. We

found no significant emission at this velocity (or any-
where else) in the CO data cubes.

In order to estimate an upper limit for the 12CO (2–
1) integrated line flux we assumed that the possible CO
gas is co-located with the dust material in the disk.
We defined a disk mask considering those regions in
the millimeter continuum image that are adjacent with
the maximum brightness and having SNR>2. Using the
obtained mask we constructed the spectrum and calcu-
lated its rms. To consider the correlation between the
neighboring channels due to the applied weighting func-
tion, this rms was multiplied by

√
2.667 (see Matrà et al.

2019, and references therein). Since based on our re-
sults the bulk of the dust is located at radii !100 au and
the disk inclination is "82◦ (3σ confidence interval), by
adopting a stellar mass of 0.71 M% (see Sect. 3.1) we
expect a maximum line width of 5 km s−1. Using the
corrected rms value and this linewidth we derived a 3σ
upper limit of 0.216 Jy km s−1 for the 12CO (2–1) inte-
grated line flux.

Table 2. Best-fitting dust disk parame-
ters derived from the analysis of PACS and
ALMA data

Data set PA (◦) i (◦) R (au)

PACS 100µm 153+60
−64 29+26

−21 99+22
−26

ALMA 1.33mm 130±16 46±12 140±14

3. RESULTS AND ANALYSIS

3.1. Basic stellar properties of CP−72 2713

To estimate the basic stellar parameters of CP−72 2713
and provide photospheric flux predictions at infrared
and millimeter wavelengths, we modeled the stellar
photosphere by fitting an ATLAS9 atmosphere model
(Castelli & Kurucz 2004) to the photometric data of the
star. CP−72 2713 is an active star that exhibits vari-
ability due to spots (see Fig. 7). Using photometric data
from the ASAS survey, Kiraga (2012) analyzed 498 and
191 measurements in the V and I band, respectively.
They derived average magnitudes and inferred variabil-
ity amplitudes of 0.16 and 0.017 mag in the V and I
bands. We derived an amplitude of ∼0.04 magnitude
in the TESS band (Appendix A). To reduce uncertain-
ties stemming from the spot-induced variability in the
optical regime, we limited our analysis to data that
are based on longer term monitoring observations taken
from Kiraga (2012). This was further supplemented by
near-IR (J , H , Ks) photometry from the Two Micron
All-Sky Survey (2MASS, Skrutskie et al. 2006), and by
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(Martí-Vidal et al. 2014) that allows to fit models to the
measured visibilities. Prior to this running, the data
weights were recomputed using the statwt task. Sim-
ilarly to the case of PACS image analysis, we adopted
a Gaussian ring model with a fixed FWHM width of
0.2R. The obtained best-fit solution has R = 140±14 au
(3.′′8±0.′′4), i = 46◦ ± 12◦, PA = 130◦ ± 16◦ and yields
a flux density of 3.8±0.6 mJy (the quoted uncertainty
includes a 10% calibration uncertainty). We used the
tclean task to compile images of the best-fit model and
the residuals (Figure 1e-f). No significant residual emis-
sion appears in the disk region. The fitted center of the
model ring shows an offset of 1.′′3 from the stellar posi-
tion (∆RA = −0.′′3 ± 0.′′42, ∆DEC = −1.′′22 ± 0.′′45).
The positional accuracy of an ALMA observation with
normal calibration can be estimated as the ratio of the
achieved resolution and SNR, i.e. ∼0.′′9 in our case, thus
the observed offset is not significant. The best-fitting
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aThe quoted flux densities are not color corrected.

b The emission is marginally resolved at these wavelengths.

CO line data —We used CASA to compile the spectral
line cubes. After the continuum emission was subtracted
from the calibrated visibilities using the uvcontsub task,
the imaging was done with the tclean task. In the latter
step we used Briggs weighting with a robustness param-
eter of 0.5 and the channel width was set to 0.4 km s−1

for the 12CO line and to 1.4 km s−1 for data of the rarer
13CO and C18O isotopologues. Using the radial veloc-
ity data from Table 3 we derived a radial velocity of
+0.4 km s−1 for CP−72 2713 in the LSR frame. We

found no significant emission at this velocity (or any-
where else) in the CO data cubes.

In order to estimate an upper limit for the 12CO (2–
1) integrated line flux we assumed that the possible CO
gas is co-located with the dust material in the disk.
We defined a disk mask considering those regions in
the millimeter continuum image that are adjacent with
the maximum brightness and having SNR>2. Using the
obtained mask we constructed the spectrum and calcu-
lated its rms. To consider the correlation between the
neighboring channels due to the applied weighting func-
tion, this rms was multiplied by

√
2.667 (see Matrà et al.

2019, and references therein). Since based on our re-
sults the bulk of the dust is located at radii !100 au and
the disk inclination is "82◦ (3σ confidence interval), by
adopting a stellar mass of 0.71 M% (see Sect. 3.1) we
expect a maximum line width of 5 km s−1. Using the
corrected rms value and this linewidth we derived a 3σ
upper limit of 0.216 Jy km s−1 for the 12CO (2–1) inte-
grated line flux.

Table 2. Best-fitting dust disk parame-
ters derived from the analysis of PACS and
ALMA data

Data set PA (◦) i (◦) R (au)

PACS 100µm 153+60
−64 29+26

−21 99+22
−26

ALMA 1.33mm 130±16 46±12 140±14

3. RESULTS AND ANALYSIS

3.1. Basic stellar properties of CP−72 2713

To estimate the basic stellar parameters of CP−72 2713
and provide photospheric flux predictions at infrared
and millimeter wavelengths, we modeled the stellar
photosphere by fitting an ATLAS9 atmosphere model
(Castelli & Kurucz 2004) to the photometric data of the
star. CP−72 2713 is an active star that exhibits vari-
ability due to spots (see Fig. 7). Using photometric data
from the ASAS survey, Kiraga (2012) analyzed 498 and
191 measurements in the V and I band, respectively.
They derived average magnitudes and inferred variabil-
ity amplitudes of 0.16 and 0.017 mag in the V and I
bands. We derived an amplitude of ∼0.04 magnitude
in the TESS band (Appendix A). To reduce uncertain-
ties stemming from the spot-induced variability in the
optical regime, we limited our analysis to data that
are based on longer term monitoring observations taken
from Kiraga (2012). This was further supplemented by
near-IR (J , H , Ks) photometry from the Two Micron
All-Sky Survey (2MASS, Skrutskie et al. 2006), and by

【Photometry】
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Figure 1. Upper panels: (a) PACS 100µm image of CP−72 2713, (b) simulated image of the best fit dust ring model convolved
with our PACS PSF (see Sect 2.2), (c) the image of residuals. The stellar position is marked with a black star symbol. The
gray filled ellipse in the lower-left corner represents the size and shape of the PACS PSF (the FWHMs and position angle of
the ellipse were obtained by fitting a 2-dimensional Gaussian to the 100µm image of α Boo, see Sect. 2). In the residual image,
contours of 3× the rms noise are also shown. Lower panels: (d) 1.33 mm ALMA continuum image, (e) image of the best-fit
model, and (f) the residuals image. We note that our modelling was performed in the uv space (Sect. 2). The (e) and (f) panels
display CLEAN images of the best-fit model and residuals after subtracting the model visibilities from the ALMA observations
using Briggs weighting with a robustness parameter of 0.5 in the imaging. In (f) panel the dashed and solid contours correspond
to the –3σ and +3σ levels.

two 1.875 GHz wide continuum spectral windows each
with 128 channels centered at 217.0 and 233.5 GHz and
two additional windows that were designed to cover the
J = 2–1 rotational lines of 12CO, 13CO, and C18O. The
latter two lines were measured in a single window using
a channel width of 428.28 kHz and thereby providing a
bandwidth of 1.875 GHz with 4096 channels. In the case
of 12CO the channel width was set to 122.07 kHz, this
band had a total width of 468.8 MHz. Two observations
were performed, one day apart from each other, on 2017
July 25 and 26. In both cases nine antennas were in-
volved providing projected baseline lengths ranging be-
tween 8.9 and 44.7 m (6.7–33.6 kλ). The obtained data
were calibrated and flagged with the ALMA reduction
tool Common Astronomy Software Applications (CASA

v4.7.2; McMullin et al. 2007) utilising the pipeline script
delivered with the data.

Continuum emission—We used the tclean task in CASA
(v5.6.2, McMullin et al. 2007) to construct the con-
tinuum image by applying Briggs weighting with a
robustness parameter of 0.5. Since no line was de-
tected (see below) we combined non-flagged data from
all spectral windows achieving an rms noise level of
0.28mJy beam−1. The beam size is 7.′′4×5.′′5 with a
position angle of 6.◦3. The obtained 1.33 mm contin-
uum image (Figure 1d) shows a moderately resolved
source around CP−72 2713 with a peak signal-to-noise
ratio (SNR) of 5.7. To determine the source’s flux den-
sity and to constrain the spatial distribution of emitting※ 星のv sin i★測定(次ページに結果あり) 


    → star-disk alignmentは良さそう(i★≈46°)

https://arxiv.org/pdf/2005.00861.pdf
https://arxiv.org/pdf/2005.00861.pdf
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(λ/λ0)−β at longer wavelengths. This model accounts
for the general observational results that the emission of
debris disks exhibits a fall at wavelengths that are large
relative to the typical size of the emitting grains. Be-
cause of the sparse wavelength coverage, the λ0 parame-
ter could not be adequately constrained in our case, thus
in the fitting we fixed its value to 100µm. We adopted
a Levenberg-Marquardt approach (Markwardt 2009) in
searching for the best-fitting model. During the fitting
process we used an iterative way to compute and apply
color corrections for our photometric data. As a result
we derived a dust temperature of 43±3 K and a β of
0.05±0.08. The low β value indicates an excess spectrum
that is almost identical to a pure blackbody and there-
fore changing the λ0 parameter has no effect on our re-
sults. We note that though most debris disks show con-
siderably steeper millimeter slopes (Gáspár et al. 2012;
MacGregor et al. 2016; Marshall et al. 2017), interest-
ingly, the excess SED of AUMic can also be well repro-
duced by a blackbody (Matthews et al. 2015). For the
fractional luminosity we obtained fd = 1.1× 10−3.
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Figure 2. Color-corrected SED of CP−72 2713. The green
curve shows the best fitting modified blackbody model. As
a comparison, the orange curve shows an Analysis of Col-
lisional Evolution (ACE) model for the disk with a total
mass of 50 M⊕ was also overplotted (see Sect. 4.3). This
shows the model SED after 24Myr of evolution assuming
Ṁ∗,wind = 300Ṁ#,wind.

3.3.1. The dust component

Using our ALMA millimeter measurement we esti-
mated the dust mass in grains of sizes smaller than a few
millimeter (Md). Assuming optically thin dust emission
that can be characterized by a single dust temperature,

the dust mass is

Md =
Fνd2

Bν(Tdust)κν
, (1)

where d is the distance, Bν(Tdust) is the Planck func-
tion at 1.33 mm for the characteristic dust temperature,
and κν is the dust opacity at the given frequency. Dust
particles with sizes >100µm, whose radiation dominates
the emission at this wavelength (Hughes et al. 2018), are
thought to behave like blackbodies. At a radial distance
of 140 au from CP−72 2713, a star with a luminosity
of 0.18 L" (Sect. 3.1), the temperature of such grains is
∼15 K. By adopting κν =2.3 cm2 g−1 for the dust opac-
ity (Andrews et al. 2013), Eq. 1 provides a dust mass
estimate of 0.21±0.03 M⊕. The quoted uncertainty ac-
counts for the errors of the measured flux density and
the distance of the system. Note, however, that the po-
tential systematic uncertainties of the dust opacity can
introduce even a factor of 2–3 difference in the estimate
(e.g. Miyake & Nakagawa 1993; Ossenkopf & Henning
1994) and the dust temperature may not be character-
ized by a single value. These factors were not considered
in our error calculations.

3.3.2. The gas component

To derive an upper limit for the total CO gas mass
using the measured 12CO integrated line flux upper
limit, we need to estimate the fraction of CO molecules
that populate the upper level of the 2–1 rotational
transition. Collisions of CO molecules with different
gas constituents, radiative processes, and UV pumping
(Matrà et al. 2015, 2019) can all affect the population
of the rotational levels. Based on the available data, it
is difficult to judge the relative importance of these pro-
cesses in the excitation. In our calculations we assumed
that local thermodynamic equilibrium holds, i.e. that
collisions dominate the excitation processes and that gas
emission is optically thin. Adopting gas temperatures
between 10 and 45 K we derived CO mass upper limits
in the range of 6.8–9.4×10−6M⊕.

3.4. Source confusion and contamination check

So far in our analysis we have assumed that the ob-
served excess emission solely originates from a circum-
stellar disk. Knowing the main properties of the source,
at this point it is worth assessing the possibility of source
confusion as well as potential influence of different kinds
of contaminations.

First we examine whether the excess could come
from a background galaxy. Based on the recently
derived double power-law model of the cumulative
number counts of galaxies at millimeter wavelengths
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W1, W2 band data from the AllWISE (Cutri & et al.
2013) catalog. This longer wavelength photometry is
typically less susceptible to variations caused by spots
(e.g., Goulding et al. 2012). Based on the recent 3D
reddening map of the local interstellar medium, that is
available through the Stilism tool3 (Capitanio et al.
2017; Lallement et al. 2018), the reddening towards our
target is negligible. Thus we assumed E(B − V ) = 0 in
our fitting. By adopting solar metallicity and a log g of
4.5 dex, our χ2 minimization yielded an effective temper-
ature of 3900±70 K for CP−72 2713. Using the inferred
photosphere model and the Gaia DR2 distance of the ob-
ject we derived a luminosity of 0.18±0.01 L! and a stel-
lar radius of 0.94±0.04 R!. To estimate the stellar mass
and age, the effective temperature and the obtained
luminosity values were compared to the theoretical pre-
dictions of the MESA Isochrones and Stellar Tracks
(MIST, Choi et al. 2016; Dotter 2016). In the course
of isochrone fitting we followed the method described
by Pascucci et al. (2016), that yielded 0.71+0.03

−0.05 M! and
14+5

−3 Myr for the best-fit mass and age, respectively.
Considering the uncertainties, the estimated age is sat-
isfactorily consistent with that of the BPMG (24±3 Myr,
Bell et al. 2015). We note that the derived stellar mass
and radius result in a log g of 4.34 dex, adequately con-
firming our a priori assumption. The stellar parameters
are summarized in Table 3.

3.2. Stellar activity

Similarly to other young late-type stars, CP−72 2713
shows strong stellar activity that manifests in vari-
ous indicators. It has an X-ray counterpart in the
ROSAT catalog implying a fractional X-ray luminosity
of logLX/Lbol = −2.92 (Kiraga 2012). This is close
to the saturation value of -3, indicating strong coronal
activity. The star was also detected by the GALEX
satellite (Martin et al. 2005) both in the near- (NUV )
and far-UV (FUV ) bands. By combining these photo-
metric data with 2MASS measurements and placing the
object in the NUV − J vs. J −K color-color diagram,
compiled by Findeisen et al. (2011), we found that its
position matches well the locus of other BPMG mem-
bers. This implies significant excess at UV wavelengths,
which is likely due to prominent chromospheric activity.

CP−72 2713 has already been observed by The Tran-
siting Exoplanet Survey Satellite (TESS, Ricker et al.
2015) providing a very precise, ∼52 days long photo-
metric data set with a cadence of 2 minutes. Reduction
and analysis of these TESS data are described in detail
in the Appendix A. As further signatures of activity,

3 https://stilism.obspm.fr/

CP−72 2713 exhibits flares and rotational modulation
due to stellar spots in its TESS light curve (Fig. 7). Con-
sistently with previous ASAS based results of 4.456 days
(Kiraga 2012) and 4.48 days (Messina et al. 2010) we ob-
tained a rotation period of P = 4.437 d from a Fourier
analysis of our light curve. In addition, we identified 51
flares or group of flares. We found that the star spent
about 936 minutes in a flaring state, which is 1.24% of
the time covered by TESS.

Table 3. Stellar parameters

Parameter Data References

Distance (pc) 36.62±0.03 pc Bailer-Jones et al. (2018)

Spectral type K7Ve Torres et al. (2006)

K7IVe Pecaut & Mamajek (2013)

M0 Gaidos et al. (2014)

Teff (K) 3900±70K This work

L∗ (L") 0.18±0.01 This work

R∗ (R") 0.94±0.04 This work

M∗ (M") 0.71+0.03
−0.05 This work

LX/Lbol -2.92 Kiraga (2012)

v sin i∗ ( kms−1) 7.1±0.9a Torres et al. (2006)

Weise et al. (2010)

Prot (days) 4.437 This work

vrad (kms−1) 8.0±0.4a Torres et al. (2006)

Lindegren et al. (2018)

aWeighted average of the values reported by the cited papers.

3.3. Disk properties

To construct the spectral energy distribution (SED)
of our target at λ > 5µm, the already reported Spitzer,
Herschel and ALMA data were supplemented by addi-
tional spaceborne mid-infrared photometry obtained by
the AKARI and WISE satellites. The SED was further
supplemented by a recent observation obtained with the
ATCA at 9 mm (Norfolk et al. in prep.). The avail-
able photometric data, as well as the predicted pho-
tospheric flux densities in the specific bands are given
in Table 1. The uncertainty of the predicted photo-
spheric fluxes is estimated to be 5%. The compiled
SED together with the photosphere model are displayed
in Figure 2. While at wavelengths shortward of 25µm
the measured flux densities are consistent with the pre-
dicted photospheric contribution, in the far-IR and mil-
limeter regime CP−72 2713 exhibits significant excess
emission that arises from an extended circumstellar dust
disk (Sect. 2). To estimate the characteristic tempera-
ture (Td) and fractional luminosity (fd = Ldisk/Lbol)
of this disk, we fitted the excess emission by a single
temperature modified blackbody model where the emis-
sivity is 1 at wavelengths shorter than λ0 and varies as

ATLAS9 atmosphere model (Catelli & Kurucz 2004による)で
星のSEDデータをfitting, MESA Isochrones & Stellar Tracks 
(MIST, Choi+ 2016; Dotter 2016) で年齢を見積もり。

14+5-3 Myrと，β Pic Moving group(24±3Myr)の一員と考え
て良い結果を得た。
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(λ/λ0)−β at longer wavelengths. This model accounts
for the general observational results that the emission of
debris disks exhibits a fall at wavelengths that are large
relative to the typical size of the emitting grains. Be-
cause of the sparse wavelength coverage, the λ0 parame-
ter could not be adequately constrained in our case, thus
in the fitting we fixed its value to 100µm. We adopted
a Levenberg-Marquardt approach (Markwardt 2009) in
searching for the best-fitting model. During the fitting
process we used an iterative way to compute and apply
color corrections for our photometric data. As a result
we derived a dust temperature of 43±3 K and a β of
0.05±0.08. The low β value indicates an excess spectrum
that is almost identical to a pure blackbody and there-
fore changing the λ0 parameter has no effect on our re-
sults. We note that though most debris disks show con-
siderably steeper millimeter slopes (Gáspár et al. 2012;
MacGregor et al. 2016; Marshall et al. 2017), interest-
ingly, the excess SED of AUMic can also be well repro-
duced by a blackbody (Matthews et al. 2015). For the
fractional luminosity we obtained fd = 1.1× 10−3.
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Figure 2. Color-corrected SED of CP−72 2713. The green
curve shows the best fitting modified blackbody model. As
a comparison, the orange curve shows an Analysis of Col-
lisional Evolution (ACE) model for the disk with a total
mass of 50 M⊕ was also overplotted (see Sect. 4.3). This
shows the model SED after 24Myr of evolution assuming
Ṁ∗,wind = 300Ṁ#,wind.

3.3.1. The dust component

Using our ALMA millimeter measurement we esti-
mated the dust mass in grains of sizes smaller than a few
millimeter (Md). Assuming optically thin dust emission
that can be characterized by a single dust temperature,

the dust mass is

Md =
Fνd2

Bν(Tdust)κν
, (1)

where d is the distance, Bν(Tdust) is the Planck func-
tion at 1.33 mm for the characteristic dust temperature,
and κν is the dust opacity at the given frequency. Dust
particles with sizes >100µm, whose radiation dominates
the emission at this wavelength (Hughes et al. 2018), are
thought to behave like blackbodies. At a radial distance
of 140 au from CP−72 2713, a star with a luminosity
of 0.18 L" (Sect. 3.1), the temperature of such grains is
∼15 K. By adopting κν =2.3 cm2 g−1 for the dust opac-
ity (Andrews et al. 2013), Eq. 1 provides a dust mass
estimate of 0.21±0.03 M⊕. The quoted uncertainty ac-
counts for the errors of the measured flux density and
the distance of the system. Note, however, that the po-
tential systematic uncertainties of the dust opacity can
introduce even a factor of 2–3 difference in the estimate
(e.g. Miyake & Nakagawa 1993; Ossenkopf & Henning
1994) and the dust temperature may not be character-
ized by a single value. These factors were not considered
in our error calculations.

3.3.2. The gas component

To derive an upper limit for the total CO gas mass
using the measured 12CO integrated line flux upper
limit, we need to estimate the fraction of CO molecules
that populate the upper level of the 2–1 rotational
transition. Collisions of CO molecules with different
gas constituents, radiative processes, and UV pumping
(Matrà et al. 2015, 2019) can all affect the population
of the rotational levels. Based on the available data, it
is difficult to judge the relative importance of these pro-
cesses in the excitation. In our calculations we assumed
that local thermodynamic equilibrium holds, i.e. that
collisions dominate the excitation processes and that gas
emission is optically thin. Adopting gas temperatures
between 10 and 45 K we derived CO mass upper limits
in the range of 6.8–9.4×10−6M⊕.

3.4. Source confusion and contamination check

So far in our analysis we have assumed that the ob-
served excess emission solely originates from a circum-
stellar disk. Knowing the main properties of the source,
at this point it is worth assessing the possibility of source
confusion as well as potential influence of different kinds
of contaminations.

First we examine whether the excess could come
from a background galaxy. Based on the recently
derived double power-law model of the cumulative
number counts of galaxies at millimeter wavelengths

Dust opacity の index β~0 : サイズは > 100μm
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(λ/λ0)−β at longer wavelengths. This model accounts
for the general observational results that the emission of
debris disks exhibits a fall at wavelengths that are large
relative to the typical size of the emitting grains. Be-
cause of the sparse wavelength coverage, the λ0 parame-
ter could not be adequately constrained in our case, thus
in the fitting we fixed its value to 100µm. We adopted
a Levenberg-Marquardt approach (Markwardt 2009) in
searching for the best-fitting model. During the fitting
process we used an iterative way to compute and apply
color corrections for our photometric data. As a result
we derived a dust temperature of 43±3 K and a β of
0.05±0.08. The low β value indicates an excess spectrum
that is almost identical to a pure blackbody and there-
fore changing the λ0 parameter has no effect on our re-
sults. We note that though most debris disks show con-
siderably steeper millimeter slopes (Gáspár et al. 2012;
MacGregor et al. 2016; Marshall et al. 2017), interest-
ingly, the excess SED of AUMic can also be well repro-
duced by a blackbody (Matthews et al. 2015). For the
fractional luminosity we obtained fd = 1.1× 10−3.
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Figure 2. Color-corrected SED of CP−72 2713. The green
curve shows the best fitting modified blackbody model. As
a comparison, the orange curve shows an Analysis of Col-
lisional Evolution (ACE) model for the disk with a total
mass of 50 M⊕ was also overplotted (see Sect. 4.3). This
shows the model SED after 24Myr of evolution assuming
Ṁ∗,wind = 300Ṁ#,wind.

3.3.1. The dust component

Using our ALMA millimeter measurement we esti-
mated the dust mass in grains of sizes smaller than a few
millimeter (Md). Assuming optically thin dust emission
that can be characterized by a single dust temperature,

the dust mass is

Md =
Fνd2

Bν(Tdust)κν
, (1)

where d is the distance, Bν(Tdust) is the Planck func-
tion at 1.33 mm for the characteristic dust temperature,
and κν is the dust opacity at the given frequency. Dust
particles with sizes >100µm, whose radiation dominates
the emission at this wavelength (Hughes et al. 2018), are
thought to behave like blackbodies. At a radial distance
of 140 au from CP−72 2713, a star with a luminosity
of 0.18 L" (Sect. 3.1), the temperature of such grains is
∼15 K. By adopting κν =2.3 cm2 g−1 for the dust opac-
ity (Andrews et al. 2013), Eq. 1 provides a dust mass
estimate of 0.21±0.03 M⊕. The quoted uncertainty ac-
counts for the errors of the measured flux density and
the distance of the system. Note, however, that the po-
tential systematic uncertainties of the dust opacity can
introduce even a factor of 2–3 difference in the estimate
(e.g. Miyake & Nakagawa 1993; Ossenkopf & Henning
1994) and the dust temperature may not be character-
ized by a single value. These factors were not considered
in our error calculations.

3.3.2. The gas component

To derive an upper limit for the total CO gas mass
using the measured 12CO integrated line flux upper
limit, we need to estimate the fraction of CO molecules
that populate the upper level of the 2–1 rotational
transition. Collisions of CO molecules with different
gas constituents, radiative processes, and UV pumping
(Matrà et al. 2015, 2019) can all affect the population
of the rotational levels. Based on the available data, it
is difficult to judge the relative importance of these pro-
cesses in the excitation. In our calculations we assumed
that local thermodynamic equilibrium holds, i.e. that
collisions dominate the excitation processes and that gas
emission is optically thin. Adopting gas temperatures
between 10 and 45 K we derived CO mass upper limits
in the range of 6.8–9.4×10−6M⊕.

3.4. Source confusion and contamination check

So far in our analysis we have assumed that the ob-
served excess emission solely originates from a circum-
stellar disk. Knowing the main properties of the source,
at this point it is worth assessing the possibility of source
confusion as well as potential influence of different kinds
of contaminations.

First we examine whether the excess could come
from a background galaxy. Based on the recently
derived double power-law model of the cumulative
number counts of galaxies at millimeter wavelengths

T=14K, κ(1.33mm) = 2.3 cm2/g として，

Md = 0.21±0.03M⨁

※ 同時観測したCO Gasは検出なし：励起温度10-45Kだとして

MCO < (6.8 - 9.4) x 10-6M⨁

※ 遠方銀河等のconfusionの可能性は低い（統計＆SED的に）

※ Luminosity vs. Disk radiusの関係や低いLuminosity，CO poor
な点を総合すると，debris円盤であろう。debris 円盤としてはか
なりの明るさで，同等に明るいのは40pc以内で4つしかない。
nIRで暗い上，fIRの全天サーベイの検出限界ほどは明るくなく，
サブミリ波より長波長でのみ明るいため，見逃されていた。
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As Fig. 5 demonstrates, the disk radius of our target is
comparable to those of HD92945 and HD107146, and is
substantially larger than those of the other three debris
systems. This is especially remarkable when considering
that in the case of CP−72 2713 we displayed the esti-
mated peak radius of the belt instead of the outer ra-
dius (because of the limited angular resolution, the disk
width was fixed in our modelling). Thus, CP−72 2713
is not just very dust-rich, but it is unusually extended.
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Figure 5. Disk outer radius as a function of age. For
CP−72 2713 the best-fit peak disk radius is displayed by
a large dark blue circle. Blue squares denote debris disks.
Protoplanetary disks belonging to the Taurus, Lupus, and
Chamaeleon I star forming regions are marked by green, pur-
ple, and brown diamonds, respectively. The position of the
points does not represent ages but serves to better distin-
guish the stars belonging to different regions. The shaded
region represents the 25–75% quartiles of the disk size distri-
bution. The whiskers correspond to the 0–25% and 75–100%
quartiles.

Assuming that the planetesimal belt in the CP−72 2713
system is still close to its birthplace, we can expect that
the predecessor protoplanetary disk must have con-
tained a concentration of a large amount of material
at the same radius. Thus it is interesting to compare
the size of our disk with the measured outer radii of
protoplanetary disks around similar mass (0.5–1.0 M!)
young stars. Thanks to recent ALMA observations,
there is a growing sample of protoplanetary disks re-
solved at millimeter wavelengths in the continuum. In
Figure 5 we plotted the outer radii of 33 such protoplan-
etary disks belonging to the Lupus, Chamaeleon I, and
Taurus star forming regions. The ages of these groups
range between 1 and 3 Myr. The disk size estimates
of Lupus and Chamaeleon I objects were taken from
Hendler et al. (2020). We used their R90 radii that are

defined as radius containing 90% of the millimeter con-
tinuum flux. For disks in Taurus we used the data from
Long et al. (2018) and Long et al. (2019), who derived
R90 and R95 radii, respectively. In Figure 5, the shaded
orange box shows the 25–75% quartiles of the size dis-
tribution, while the whiskers represent the 0–25% and
75–100% quartiles. The median disk radius is denoted
by a horizontal black line. We note that due to observa-
tional biases towards brighter objects the plotted disks
likely represent the most massive/extended category of
protoplanetary disks. Figure 5 shows that CP−72 2713
is not only the most extended debris disk but its radius
is comparable to the largest protoplanetary disks in the
studied stellar mass range.

4.6. Stirring of the planetesimal belt

After the dispersal of the gas-rich protoplanetary disks
the leftover planetesimals are thought to have nearly
circular orbits, likely resulting in non-destructive, low
velocity collisions between them. To ignite an effec-
tive collisional cascade, that produces a continuous re-
plenishment of dust particles observable at infrared and
millimeter wavelengths, the planetesimal disk needs to
be dynamically excited. The possible reasons of this
dynamical excitation are still debated in the litera-
ture. The most commonly invoked explanations re-
quire the existence of a giant planet or a stellar com-
panion somewhere in the system (planetary or binary
stirring, Mustill & Wyatt 2009) or/and the presence of
large planetesimals embedded in the belt (self-stirring,
Kenyon & Bromley 2008). In our Solar System both
self-stirring and planetary stirring may contribute to the
excitation of the Kuiper-belt, resulting in a high excita-
tion level there (Matthews et al. 2014). However, our
knowledge is limited on the origin of stirring in other
debris disks (Moór et al. 2015; Krivov & Booth 2018).
All proposed stirring mechanisms need time to be ac-
tivated in a given part of the disk. Using the model
predictions thus we can examine their feasibility in the
CP−72 2713 system.

According to the classical version of the self-stirring
model (Kenyon & Bromley 2008), mutual low veloc-
ity collisions between smaller bodies in a dynamically
cold region of the disk lead to the formation of grad-
ually larger planetesimals. Kenyon & Bromley (2008)
found in their simulations that after reaching a ra-
dius of ∼1000 km the largest planetesimals can stir
their environment efficiently. It makes collisions be-
tween their smaller neighbours destructive and leads
to the production of debris material through a col-
lisional cascade. Adopting an initial protoplanetary
disk with a surface density distribution of Σ(a) =



Dust removal mechanisms

強いStellar wind ( )によるmass loss

を考慮すると，サイズ0.1μm以下のダストは

吹き飛ばされうるものの，より大きなダストは


吹き飛ばされない（右図）

·M* = 300M⊙
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infrared wavelengths observed by the WISE satellite and
its far-infrared emission falls below the detection limit
of all-sky surveys performed by the IRAS and AKARI

satellites.

4.2. Dust removal mechanisms

In steady state, the production of dust particles by col-
lisions in debris disks is balanced by grain removal pro-
cesses through radiation and stellar wind forces. In most
known debris disks around main-sequence stars, the stel-
lar radiation pressure plays an important role in con-
trolling the dust dynamics by driving particles on more
eccentric orbits than those of their parent bodies, and
by expelling grains small enough from the system (e.g.
Krivov 2010). In lower luminosity K- and M-type stars,
however, the radiation pressure is not strong enough to
remove grains (Plavchan et al. 2005; Reidemeister et al.
2011; Schüppler et al. 2015).
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Figure 3. The βrad ratio as a function of grain size for
different dust compositions. Influence of the stellar wind
pressure force is also explored for two different wind mass
loss rates. The blowout limit of β=0.5 is marked by a dashed
horizontal line.

Figure 3 shows the ratio of radiation to gravitational
force, βrad = Frad

Fgrav
= 3L∗Qpr

16πGM∗cρs
(Burns et al. 1979), for

compact spherical dust grains with different ρ densities
and s sizes in the CP−72 2713 system. We explored four
different grain compositions, for which the Qpr radia-
tion pressure efficiency was computed by means of Mie
theory using the code developed by Bohren & Huffman
(1983). Assuming parent bodies on a circular orbit the
released grains become unbound if their βrad is >0.5.
As Fig. 3 demonstrates, βrad remains below this critical
value for each tested dust composition, i.e. none of the
particles are expelled by the radiation pressure in the

CP−72 2713 system. We note that as an active star,
CP−72 2713 exhibits excess at UV wavelengths, shows
strong coronal X-ray emission (Sect. 3.2), and during
flares its short wavelength emissions increases further.
Our stellar model does not account for these effects and
thus we likely underestimate the strength of the radia-
tion pressure. In the case of AUMic whose UV, EUV,
and X-ray emission is better constrained by observations
than that of our target, Augereau & Beust (2006) found
that this excess radiation is most important in the flare
state when the βrad value could be even a few times
higher.

The stellar wind mass loss of magnetically active late-
type stars, as CP−72 2713 (Sect. 3.2), is thought to sig-
nificantly exceed the solar value (e.g. Wargelin & Drake
2001; Wood et al. 2002). In such systems wind forces
can dominate the dust removal (Plavchan et al. 2005;
Strubbe & Chiang 2006; Augereau & Beust 2006).
Considering this corpuscular component as well, the ra-
tio of the radiation and wind forces to gravitational force
can be calculated following Strubbe & Chiang (2006):

βrad =
Frad + Fsw

Fgrav
=

3L∗Pswr

16πGM∗cρs
, (3)

where Pswr ≡ Qpr + Qsw
Ṁ∗,windvwindc

L∗
. In this formula

Qsw is the stellar wind coupling coefficient, that gives the
ratio of the effective to geometric cross section, Ṁ∗,wind

is the stellar wind mass loss rate, while vwind is the stel-
lar wind velocity. No data are available on the wind
mass loss rate of our target in the literature. For the
similarly active AU Mic, Augereau & Beust (2006) de-
rived mass loss rates of 50 and 300× higher than that
of our Sun (Ṁ",wind = 2× 10−14M"yr−1) by taking its
quiescent phase and considering the influence of episodic
flare activity, respectively. Using these mass loss rates
and adopting Qsw = 1 and a wind velocity of 400 km s−1

(that corresponds to the average wind velocity of the
Sun) we recomputed the β values for astrosilicate par-
ticles. As Figure 3 shows, particles with sizes smaller
than ∼0.013µm in the Ṁ∗,wind = 50Ṁ",wind scenario
and ∼0.09µm in the Ṁ∗,wind = 300Ṁ",wind scenario
have a β value >0.5. Thus by considering the possi-
ble wind pressure these small grains are blown out from
the system.

The Poynting-Robertson (P-R) drag as well as the
stellar wind drag also affect the dynamics of dust parti-
cles: producing effective forces opposite to the direction
of the orbital motion, these drags result in a gradual
loss of the grains’ angular momentum and lead them
to spiral into the star. Assuming a particle originally
having a circular orbit, the time necessary to reach the
central star from a radius R under the effect of P-R drag
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thus we likely underestimate the strength of the radia-
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and X-ray emission is better constrained by observations
than that of our target, Augereau & Beust (2006) found
that this excess radiation is most important in the flare
state when the βrad value could be even a few times
higher.

The stellar wind mass loss of magnetically active late-
type stars, as CP−72 2713 (Sect. 3.2), is thought to sig-
nificantly exceed the solar value (e.g. Wargelin & Drake
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Qsw is the stellar wind coupling coefficient, that gives the
ratio of the effective to geometric cross section, Ṁ∗,wind

is the stellar wind mass loss rate, while vwind is the stel-
lar wind velocity. No data are available on the wind
mass loss rate of our target in the literature. For the
similarly active AU Mic, Augereau & Beust (2006) de-
rived mass loss rates of 50 and 300× higher than that
of our Sun (Ṁ",wind = 2× 10−14M"yr−1) by taking its
quiescent phase and considering the influence of episodic
flare activity, respectively. Using these mass loss rates
and adopting Qsw = 1 and a wind velocity of 400 km s−1

(that corresponds to the average wind velocity of the
Sun) we recomputed the β values for astrosilicate par-
ticles. As Figure 3 shows, particles with sizes smaller
than ∼0.013µm in the Ṁ∗,wind = 50Ṁ",wind scenario
and ∼0.09µm in the Ṁ∗,wind = 300Ṁ",wind scenario
have a β value >0.5. Thus by considering the possi-
ble wind pressure these small grains are blown out from
the system.

The Poynting-Robertson (P-R) drag as well as the
stellar wind drag also affect the dynamics of dust parti-
cles: producing effective forces opposite to the direction
of the orbital motion, these drags result in a gradual
loss of the grains’ angular momentum and lead them
to spiral into the star. Assuming a particle originally
having a circular orbit, the time necessary to reach the
central star from a radius R under the effect of P-R drag

ただし，Poynting-Robertson Effectや

Stellar windによるdragsがあると，


ダスト粒子の公転運動角運動量が失われ，

中心星に比較的短い時間で落下する。

それを考慮した考察が必要(次ページ)。



Collisional evolution

Analysis of Collisional Evolution 

(ACE, Krirov+ 2006; Lohne+ 2008)を使い


シミュレーション（右図）

ただし，Poynting-Robertson Effectや

Stellar windによるdragsがあると，


ダスト粒子の公転運動角運動量が失われ，

中心星に比較的短い時間で落下する。


それを考慮した考察が必要
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Figure 4. Normalized surface brightness at 100µm and
at 1.3 mm as a function of radial distance at three differ-
ent evolution times. From top to bottom, adopting dif-
ferent stellar wind mass loss rates of (a) Ṁ∗,wind = 0, (b)
Ṁ∗,wind = 50Ṁ",wind, and (c) Ṁ∗,wind = 300 Ṁ",wind.

the uncertainties the difference between the two esti-
mated radii is formally not significant, in the light of
the ACE results it is worth examining whether it could
be the effect of wind drag. We constructed simulated
PACS images from the 100µm thermal model maps by
convolving them with our PSF model (Sect. 2.2). Then,
using these simulated data we derived the disk peak ra-
dius by fitting the same Gaussian ring model as we ap-
plied in the case of the real data (Sect. 2.2). For most
simulations the derived peak radii were around 140 au,
i.e. the surface brightness distribution is dominated by
the parent belt. However, for the most extreme model

with Ṁ∗,wind = 300 Ṁ",wind at 24 Myr we obtained a
peak radius of 114 au.

This result indicates that if the stellar wind is strong
enough, then it may be able to shape the spatial dis-
tribution of grains so that the belt appears smaller
at 100µm. We note, however, that taking into ac-
count that the formation of planetesimals and then the
proper stirring of the disk (see Sect. 4.6) needs time,
the evolutionary time is likely substantially shorter than
24 Myr. Thus, if the differences between the 100µm
and 1.3 mm measurements are real and related to trans-
port processes then this simulation suggests a Ṁ∗,wind >
300 Ṁ",wind for this system.

Thanks to its large angular size and advantageous ori-
entation the disk around CP−72 2713 could be an ideal
target to investigate the influence of wind dominated
transport in the future, however it needs high resolu-
tion multiwavelength observations that allow the study
of the radial profile of the emitting regions.

4.5. Location of the planetesimal belt

Up to now about two dozens of debris disks have
been spatially resolved at (sub)millimeter wavelengths,
allowing to constrain the location of the outer plan-
etesimal belts in these systems. Using these data,
Matrà et al. (2018) found a relationship between stellar
luminosity L∗ and disk radius in the form of R(au) =

73+6
−6L∗(L")

0.19+0.04
−0.04 . This formula predicts a disk ra-

dius of 53±6 au for CP−72 2713, which is significantly
smaller than the measured size of 140 au. To further ex-
plore this aspect, in Fig. 5 we displayed the outer radii4

of six debris disks (ε Eri, AU Mic, HD61005, TWA 7,
HD92945, and HD107146) hosted by stars with masses
between 0.5 and 1.0 M" (similar to that of CP−72 2713)
as a function of age. We have selected only objects
that are younger than 1 Gyr and whose estimated radii
are based on spatially resolved millimeter observations
(Booth et al. 2017; Daley et al. 2019; MacGregor et al.
2018; Matrà et al. 2019; Marino et al. 2018, 2019) and
thus thought to represent the outer edge of their plan-
etesimal belts. The age estimates of these systems
are taken from the literature (Mamajek & Hillenbrand
2008; Bell et al. 2015; Zuckerman 2019; Marino et al.
2019; Williams et al. 2004). Similarly to CP−72 2713,
these objects represent the most dust-rich known debris
disks hosted by late-type stars in our neighbourhood.

4 In the case of HD61005, MacGregor et al. (2018) modelled the
observed millimeter data using a two-component model composed
by a planetesimal belt and an outwardly extended halo. In our
study we used the outer radius of the planetesimal belt component
(67 au).

·M* = 300M⊙

·M* = 50M⊙

No stellar wind

50M⨁の微惑星(max. 41km)を126-154auに分布させ，

軌道離心率を適当に与えて


1, 10, 24Myrの進化をさせたあとの表面輝度分布

ACAイメージのリング半径(140±14au)に比べPACS半径(99+22-26au)が

小さいのはstellar windによる小粒子落下促進のせい？



Stirring of 
planetesimal belts

Planetesimal beltからcollisional cascadeを起こしdust小
粒子を連続的に供給しringを作るには，


Planetesimal beltがdynamically excitedなことが必要。
その励起源を検討。円盤ガス散逸後の流れは‥
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Figure 6. Onset time of the stirring as a function of stel-
locentric radius for different stirring scenarios (Sect. 4.6).
The red dot corresponds to the observed property of the
CP−72 2713 system.

0.18(M∗/M")xm(r/30au)−3/2g cm−2, where xm is a
scaling factor (for the minimum-mass solar nebula
xm ≡ 1), Kenyon & Bromley (2008) provided an an-
alytical formula for the formation time of 1000 km-size
planetesimals (the onset time of the stirring) at a stel-
locentric radius r:

tclassicalonset = 145x−1.15
m

(

r

80 au

)3(2M"

M∗

)3/2

Myr. (4)

Realistically, the xm factor could not be higher than 10
(Mustill & Wyatt 2009). Taking a disk with the above-
described radial surface density profile with xm = 10,
and assuming that the location of the planetesimal belt
at 140 au in the CP−72 2713 system corresponds to the
outer edge of the initial protoplanetary disk, the total
initial mass of solids would have been ∼1.2×103 M⊕.
This hugely exceeds the measured dust masses of pro-
toplanetary disks around similar mass stars in the Lu-
pus and Chameleon I star forming regions (Ansdell et al.
2016; Pascucci et al. 2016), further confirming the usage
of xm = 10 as a strong upper limit5. In Figure 6 we plot
the onset time of the stirring at different radii for xm = 1
and xm = 10 (solid cyan lines). A comparison with the
location of the planetesimal belt in the CP−72 2713 sys-
tem (red circle), demonstrates that even with xm = 10

5 We note that Kenyon & Bromley (2008) derived Eq. 4 by
fitting their model results for disks with xm values between 1/3
and 3.

the radius of the predicted stirring front is very far from
the region of the observed planetesimal belt at the age
of the system.

The collisional coagulation model is not the sole
feasible way for the formation of large planetesimals.
Particle concentration models predict a significantly
quicker formation of larger bodies even far from the
star (at r >100 au) through gravitational collapse
of locally concentrated pebbles (Johansen et al. 2015;
Krivov & Booth 2018, and references therein). Accord-
ing to these scenarios large planetesimals are already
present in the disk by the time of the dissipation of
the gas-rich protoplanetary material. Due to the pos-
sibly smaller size of the largest bodies (few hundreds
kilometers, Simon et al. 2016; Schäfer et al. 2017) with
respect to the classical model (where the 1000 km sized
planetesimals can stir the neighbouring disk promptly),
the excitation of the surrounding smaller bodies takes
more time than in the previous scenario. According to
Krivov & Booth (2018), in this scenario the onset time
of effective self-stirring at a radius r can be computed
as

tpebbleonset =

(

129

xm

)(

1

γ

)(

ρ

1gcm−3

)−1( vfrag
30ms−1

)4

(

Smax

200km

)−3(M∗

M"

)−3/2( r

100au

)3

(Myr),

(5)

where γ is a parameter in eq. 20 in Krivov & Booth
(2018), ρ is the bulk density of planetesimals, vfrag is
the minimum collisional velocity needed for fragmenta-
tion, and Smax is the size of the largest planetesimals.
Figure 6 shows – by using the default values proposed
by Krivov & Booth (2018) of γ = 1.5, ρ = 1gcm−3,
vfrag = 30ms−1, and Smax = 200km – that the outer
edge of the possibly stirred region (purple dashed-dotted
line) is close to the position of the planetesimal belt
in the CP−72 2713 system. Here we again adopted
xm = 10. Considering the caveats of the model and
the uncertainties of the fundamental model parameters
(Krivov & Booth 2018), it means that the excitation of
the CP−72 2713 disk can be consistent with the pebble
concentration stirring model. For instance, by adopt-
ing somewhat larger maximum planetesimal sizes of
Smax=230 km, the model would predict exactly 24 Myr
for the onset of stirring at 140 au, the location of the
belt.

Dynamical excitation of a planetesimal disk can also
be caused by a planet via its secular perturbation (Wyatt
2005; Mustill & Wyatt 2009). Similarly to the self-
stirring scenario, the gravitational influence of a planet
located within the planetesimal belt manifests in an out-
ward propagating stirring front. Using the model devel-

Onset of dynamically stirringの時間スケールを

いくつかの場合で検討


- Classical self-stirring（ダスト成長しつつ破片が出る）

- Self-stirring (Pebble concentration: 局所的な自己重力不安定
により，ガス散逸直後から~100kmの微惑星がある場合)


- Planetary stirring (惑星によるexcitation)


 : minimum mass Solar Nebula を基準にした初期質量のス
ケーリングファクター(Kenyon & Bromley 2008)

xm

24Myrという年齢で

比較的遠方でダストリングを作るには


初期質量が大きい円盤で

微惑星より大きな天体による強めの摂動が必要


(classical self-stirringは不可)

微惑星の衝突　→　　衝突カスケード　→　小粒子落下

(Onset of stirring)　　による小粒子生成        

24Myr
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0.18(M∗/M")xm(r/30au)−3/2g cm−2, where xm is a
scaling factor (for the minimum-mass solar nebula
xm ≡ 1), Kenyon & Bromley (2008) provided an an-
alytical formula for the formation time of 1000 km-size
planetesimals (the onset time of the stirring) at a stel-
locentric radius r:

tclassicalonset = 145x−1.15
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Realistically, the xm factor could not be higher than 10
(Mustill & Wyatt 2009). Taking a disk with the above-
described radial surface density profile with xm = 10,
and assuming that the location of the planetesimal belt
at 140 au in the CP−72 2713 system corresponds to the
outer edge of the initial protoplanetary disk, the total
initial mass of solids would have been ∼1.2×103 M⊕.
This hugely exceeds the measured dust masses of pro-
toplanetary disks around similar mass stars in the Lu-
pus and Chameleon I star forming regions (Ansdell et al.
2016; Pascucci et al. 2016), further confirming the usage
of xm = 10 as a strong upper limit5. In Figure 6 we plot
the onset time of the stirring at different radii for xm = 1
and xm = 10 (solid cyan lines). A comparison with the
location of the planetesimal belt in the CP−72 2713 sys-
tem (red circle), demonstrates that even with xm = 10

5 We note that Kenyon & Bromley (2008) derived Eq. 4 by
fitting their model results for disks with xm values between 1/3
and 3.

the radius of the predicted stirring front is very far from
the region of the observed planetesimal belt at the age
of the system.

The collisional coagulation model is not the sole
feasible way for the formation of large planetesimals.
Particle concentration models predict a significantly
quicker formation of larger bodies even far from the
star (at r >100 au) through gravitational collapse
of locally concentrated pebbles (Johansen et al. 2015;
Krivov & Booth 2018, and references therein). Accord-
ing to these scenarios large planetesimals are already
present in the disk by the time of the dissipation of
the gas-rich protoplanetary material. Due to the pos-
sibly smaller size of the largest bodies (few hundreds
kilometers, Simon et al. 2016; Schäfer et al. 2017) with
respect to the classical model (where the 1000 km sized
planetesimals can stir the neighbouring disk promptly),
the excitation of the surrounding smaller bodies takes
more time than in the previous scenario. According to
Krivov & Booth (2018), in this scenario the onset time
of effective self-stirring at a radius r can be computed
as

tpebbleonset =
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where γ is a parameter in eq. 20 in Krivov & Booth
(2018), ρ is the bulk density of planetesimals, vfrag is
the minimum collisional velocity needed for fragmenta-
tion, and Smax is the size of the largest planetesimals.
Figure 6 shows – by using the default values proposed
by Krivov & Booth (2018) of γ = 1.5, ρ = 1gcm−3,
vfrag = 30ms−1, and Smax = 200km – that the outer
edge of the possibly stirred region (purple dashed-dotted
line) is close to the position of the planetesimal belt
in the CP−72 2713 system. Here we again adopted
xm = 10. Considering the caveats of the model and
the uncertainties of the fundamental model parameters
(Krivov & Booth 2018), it means that the excitation of
the CP−72 2713 disk can be consistent with the pebble
concentration stirring model. For instance, by adopt-
ing somewhat larger maximum planetesimal sizes of
Smax=230 km, the model would predict exactly 24 Myr
for the onset of stirring at 140 au, the location of the
belt.

Dynamical excitation of a planetesimal disk can also
be caused by a planet via its secular perturbation (Wyatt
2005; Mustill & Wyatt 2009). Similarly to the self-
stirring scenario, the gravitational influence of a planet
located within the planetesimal belt manifests in an out-
ward propagating stirring front. Using the model devel-
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scaling factor (for the minimum-mass solar nebula
xm ≡ 1), Kenyon & Bromley (2008) provided an an-
alytical formula for the formation time of 1000 km-size
planetesimals (the onset time of the stirring) at a stel-
locentric radius r:
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Realistically, the xm factor could not be higher than 10
(Mustill & Wyatt 2009). Taking a disk with the above-
described radial surface density profile with xm = 10,
and assuming that the location of the planetesimal belt
at 140 au in the CP−72 2713 system corresponds to the
outer edge of the initial protoplanetary disk, the total
initial mass of solids would have been ∼1.2×103 M⊕.
This hugely exceeds the measured dust masses of pro-
toplanetary disks around similar mass stars in the Lu-
pus and Chameleon I star forming regions (Ansdell et al.
2016; Pascucci et al. 2016), further confirming the usage
of xm = 10 as a strong upper limit5. In Figure 6 we plot
the onset time of the stirring at different radii for xm = 1
and xm = 10 (solid cyan lines). A comparison with the
location of the planetesimal belt in the CP−72 2713 sys-
tem (red circle), demonstrates that even with xm = 10

5 We note that Kenyon & Bromley (2008) derived Eq. 4 by
fitting their model results for disks with xm values between 1/3
and 3.

the radius of the predicted stirring front is very far from
the region of the observed planetesimal belt at the age
of the system.

The collisional coagulation model is not the sole
feasible way for the formation of large planetesimals.
Particle concentration models predict a significantly
quicker formation of larger bodies even far from the
star (at r >100 au) through gravitational collapse
of locally concentrated pebbles (Johansen et al. 2015;
Krivov & Booth 2018, and references therein). Accord-
ing to these scenarios large planetesimals are already
present in the disk by the time of the dissipation of
the gas-rich protoplanetary material. Due to the pos-
sibly smaller size of the largest bodies (few hundreds
kilometers, Simon et al. 2016; Schäfer et al. 2017) with
respect to the classical model (where the 1000 km sized
planetesimals can stir the neighbouring disk promptly),
the excitation of the surrounding smaller bodies takes
more time than in the previous scenario. According to
Krivov & Booth (2018), in this scenario the onset time
of effective self-stirring at a radius r can be computed
as
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where γ is a parameter in eq. 20 in Krivov & Booth
(2018), ρ is the bulk density of planetesimals, vfrag is
the minimum collisional velocity needed for fragmenta-
tion, and Smax is the size of the largest planetesimals.
Figure 6 shows – by using the default values proposed
by Krivov & Booth (2018) of γ = 1.5, ρ = 1gcm−3,
vfrag = 30ms−1, and Smax = 200km – that the outer
edge of the possibly stirred region (purple dashed-dotted
line) is close to the position of the planetesimal belt
in the CP−72 2713 system. Here we again adopted
xm = 10. Considering the caveats of the model and
the uncertainties of the fundamental model parameters
(Krivov & Booth 2018), it means that the excitation of
the CP−72 2713 disk can be consistent with the pebble
concentration stirring model. For instance, by adopt-
ing somewhat larger maximum planetesimal sizes of
Smax=230 km, the model would predict exactly 24 Myr
for the onset of stirring at 140 au, the location of the
belt.

Dynamical excitation of a planetesimal disk can also
be caused by a planet via its secular perturbation (Wyatt
2005; Mustill & Wyatt 2009). Similarly to the self-
stirring scenario, the gravitational influence of a planet
located within the planetesimal belt manifests in an out-
ward propagating stirring front. Using the model devel-



40. X-Shooter survey of disk accretion in Upper Scorpius I. Very 
high accretion rates at age>5 Myr 

C.F. Manara et al. A&A, 639, A58;  https://arxiv.org/pdf/2004.14232.pdf

【内容】年齢 >5Myrの範囲にあると言われているUpper Sco (~145pc)に
含まれALMAによるダスト円盤検出があった(つまり比較的massiveな円
盤)36個をλ=300-2500μmで高分散分光，質量降着有無を調査。

【背景】円盤質量の散逸タイムスケールや古典的粘性降着モデルが妥当
かどうかの検証には，1-3Myrの天体だけでなく，年齢の異なる天体も調
査対象に含め，時間軸上での傾向をとらえる必要あり

【キーとなる観測量】質量降着率と，円盤質量や中心星質量との関係，　
およびその分散

Manara et al.: X-Shooter survey of disk accretion in Upper Scorpius

Fig. 1. Disk mass vs stellar mass after correcting the disk masses for the
Gaia estimated distances and using the stellar masses derived here. Or-
ange circles are used for targets observed with X-Shooter, gray symbols
for targets not observed, circles for ALMA detections, downward facing
triangles for ALMA upper limits. The shaded regions delimit the disk
mass ranges where the sample is complete with respect to the Baren-
feld et al. (2016) one. The dashed gray lines delimit the bins used in the
discussion. For the objects not observed with X-Shooter, the distances,
disk, and stellar masses from the literature are adopted.

lution R & 10000 in the VIS and NIR arm (� > 500nm), and
R & 5500 in the UVB arm (300. � . 500 nm), as well as with
5.000 wide slits to correct the narrow slit spectra for slit losses.
The slit was always oriented at parallactic angle, apart from the
visual binary system where the slit was aligned to include both
components. The log of the observations is discussed in App. A
and presented in Table A.1.

2.3. Data reduction

Data reduction was carried out with the X-Shooter pipeline
v2.9.3 (Modigliani et al. 2010) using the Reflex workflow v2.8.5
(Freudling et al. 2013). The pipeline carries out the standard
steps of flat, bias, and dark correction, wavelength calibration,
spectral rectification and extraction of the 1D spectrum, and flux
calibration using a standard star obtained in the same night. The
1D extraction of the spectra was carried out with IRAF from the
rectified 2D spectrum in cases where the S/N of the UVB arm
was low, and for resolved binaries. Telluric correction was done
using telluric standard stars observed close in time and airmass
for the VIS arm, and molecfit (Smette et al. 2015; Kausch et al.
2015) for the NIR arms for both single stars and binaries. Fi-
nally, the spectra obtained with the narrow slits were rescaled to
the wide slit ones to correct for slit losses. This procedure is the
same as that used in previous works, for example, Alcalá et al.
(2017) and Manara et al. (2017a).

3. Data analysis

The analysis of the spectra to derive their stellar and accretion
properties was carried out with the method described by Man-
ara et al. (2013a). In short, the observed spectrum is dereddened
and fit with the sum of a photospheric template spectrum and
a slab model to reproduce the continuum excess emission due
to accretion. The grid of models used to find the best fit com-

Fig. 2. HR diagram for objects in Upper Scorpius observed here. The
evolutionary tracks are from Bara↵e et al. (2015), with isochrones for
1.2, 3, 5, 10, and 30 Myr. The red line is the median of the L? in di↵erent
Te↵ bins.

prises various Class III photospheric templates with di↵erent
spectral types (SpT) from G- to late M-type taken from Manara
et al. (2013a, 2017b), di↵erent slab models, and extinction val-
ues (AV ), assuming the reddening law by Cardelli et al. (1989)
and RV = 3.1. The best fit of the Balmer continuum emission
are shown in Figs. C.1-C.6. The integrated flux of the best fit
slab models gives an estimate of the excess luminosity due to
accretion (Lacc), and the best fit normalization of the Class III
templates gives an estimate of the stellar luminosity (L?). By
converting the SpT to Te↵ using the relation by Luhman et al.
(2003), we are able to position the targets on the HR diagram
(see Fig. 2) and obtain the stellar mass (M?) using the evolution-
ary models by Bara↵e et al. (2015) or Siess et al. (2000) (see
Table 2). We note that our targets are located on the HRD typi-
cally between the 3 Myr and 10 Myr isochrones of the Bara↵e et
al. (2015) models, with large spread at M?.0.4 M�. The location
of the targets on the HRD is thus in line with an age of ⇠5-10
Myr for the region, and with an older age than other well-known
star-forming regions, such as Lupus and Chamaeleon I, which
show typically higher values of L? at any Te↵ for objects with
disks. Finally, Ṁacc was obtained from the relation Ṁacc= 1.25 ·
LaccR?/(GM?). All the stellar and accretion values are given in
Table 2.

As several emission lines are present in the spectra, we mea-
sure their luminosity and convert them in Lacc using the relations
by Alcalá et al. (2017). For the stronger accretors (Lacc& 10�4

L�), the values of Lacc obtained from the fit described above or
from the emission line fluxes are similar within the uncertainties,
as is usually found in accreting young stellar objects (e.g., Her-
czeg, & Hillenbrand 2008; Alcalá et al. 2014, 2017). For lower
values of Lacc and for ⇠20% of the targets, instead, the accretion
luminosity inferred from the line luminosities are systematically
higher than those derived from the excess continuum lumino-
sity, typically by a factor ⇠5-10. This is in line with what was
already observed by Alcalá et al. (2014); that the line emission
is a higher fraction of the excess continuum emission for targets
with low Lacc, with the total line emission being comparable to
the continuum emission at Lacc. 10�4 L�. We defer discussing
this point to a future paper. In the following, we assume that Lacc
is the one measured from the excess continuum emission. Here,
it is su�cient to say that if we were to replace the continuum
excess luminosity with the sum of the continuum excess plus
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Fig. 1. Disk mass vs stellar mass after correcting the disk masses for the
Gaia estimated distances and using the stellar masses derived here. Or-
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triangles for ALMA upper limits. The shaded regions delimit the disk
mass ranges where the sample is complete with respect to the Baren-
feld et al. (2016) one. The dashed gray lines delimit the bins used in the
discussion. For the objects not observed with X-Shooter, the distances,
disk, and stellar masses from the literature are adopted.
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5.000 wide slits to correct the narrow slit spectra for slit losses.
The slit was always oriented at parallactic angle, apart from the
visual binary system where the slit was aligned to include both
components. The log of the observations is discussed in App. A
and presented in Table A.1.

2.3. Data reduction

Data reduction was carried out with the X-Shooter pipeline
v2.9.3 (Modigliani et al. 2010) using the Reflex workflow v2.8.5
(Freudling et al. 2013). The pipeline carries out the standard
steps of flat, bias, and dark correction, wavelength calibration,
spectral rectification and extraction of the 1D spectrum, and flux
calibration using a standard star obtained in the same night. The
1D extraction of the spectra was carried out with IRAF from the
rectified 2D spectrum in cases where the S/N of the UVB arm
was low, and for resolved binaries. Telluric correction was done
using telluric standard stars observed close in time and airmass
for the VIS arm, and molecfit (Smette et al. 2015; Kausch et al.
2015) for the NIR arms for both single stars and binaries. Fi-
nally, the spectra obtained with the narrow slits were rescaled to
the wide slit ones to correct for slit losses. This procedure is the
same as that used in previous works, for example, Alcalá et al.
(2017) and Manara et al. (2017a).

3. Data analysis

The analysis of the spectra to derive their stellar and accretion
properties was carried out with the method described by Man-
ara et al. (2013a). In short, the observed spectrum is dereddened
and fit with the sum of a photospheric template spectrum and
a slab model to reproduce the continuum excess emission due
to accretion. The grid of models used to find the best fit com-
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spectral types (SpT) from G- to late M-type taken from Manara
et al. (2013a, 2017b), di↵erent slab models, and extinction val-
ues (AV ), assuming the reddening law by Cardelli et al. (1989)
and RV = 3.1. The best fit of the Balmer continuum emission
are shown in Figs. C.1-C.6. The integrated flux of the best fit
slab models gives an estimate of the excess luminosity due to
accretion (Lacc), and the best fit normalization of the Class III
templates gives an estimate of the stellar luminosity (L?). By
converting the SpT to Te↵ using the relation by Luhman et al.
(2003), we are able to position the targets on the HR diagram
(see Fig. 2) and obtain the stellar mass (M?) using the evolution-
ary models by Bara↵e et al. (2015) or Siess et al. (2000) (see
Table 2). We note that our targets are located on the HRD typi-
cally between the 3 Myr and 10 Myr isochrones of the Bara↵e et
al. (2015) models, with large spread at M?.0.4 M�. The location
of the targets on the HRD is thus in line with an age of ⇠5-10
Myr for the region, and with an older age than other well-known
star-forming regions, such as Lupus and Chamaeleon I, which
show typically higher values of L? at any Te↵ for objects with
disks. Finally, Ṁacc was obtained from the relation Ṁacc= 1.25 ·
LaccR?/(GM?). All the stellar and accretion values are given in
Table 2.

As several emission lines are present in the spectra, we mea-
sure their luminosity and convert them in Lacc using the relations
by Alcalá et al. (2017). For the stronger accretors (Lacc& 10�4

L�), the values of Lacc obtained from the fit described above or
from the emission line fluxes are similar within the uncertainties,
as is usually found in accreting young stellar objects (e.g., Her-
czeg, & Hillenbrand 2008; Alcalá et al. 2014, 2017). For lower
values of Lacc and for ⇠20% of the targets, instead, the accretion
luminosity inferred from the line luminosities are systematically
higher than those derived from the excess continuum lumino-
sity, typically by a factor ⇠5-10. This is in line with what was
already observed by Alcalá et al. (2014); that the line emission
is a higher fraction of the excess continuum emission for targets
with low Lacc, with the total line emission being comparable to
the continuum emission at Lacc. 10�4 L�. We defer discussing
this point to a future paper. In the following, we assume that Lacc
is the one measured from the excess continuum emission. Here,
it is su�cient to say that if we were to replace the continuum
excess luminosity with the sum of the continuum excess plus
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Table 2. Stellar, disk, and accretion properties for the targets in the Upper Scorpius region

Name disk dist SpT Te↵ AV L? logLacc M? Ṁacc Acc? Mdisk,dust
type [pc] [K] [mag] L� L� M� M�/yr M�

2MASSJ15534211-2049282 Full 136 ± 4 M4 3270 1.2 0.09 -2.6 0.24 3.66·10�10 Y 1.69·10�06

2MASSJ15583692-2257153 Full 166 ± 4 K0 5110 0.0 2.57 -0.5 1.63⇤ 1.59·10�08 Y 1.51·10�04

2MASSJ16001844-2230114 Full 138 ± 9 M4.5 3200 0.8 0.08 -1.9 0.20 2.03·10�09 Y 2.31·10�06

2MASSJ16035767-2031055 Full 143 ± 1 K6 4205 0.7 0.48 -1.8 0.91 8.81·10�10 Y 2.74·10�06

2MASSJ16035793-1942108 Full 158 ± 2 M2 3560 0.3 0.13 -5.1 0.42 6.69·10�13 N 9.16·10�07

2MASSJ16041740-1942287 Full 161 ± 2 M3 3415 0.7 0.14 -4.3 0.31 6.04·10�12 N 7.26·10�07

2MASSJ16041893-2430392 ... 145 M2 3560 0.3 0.45 -3.1 0.37 1.48·10�10 Y ...
2MASSJ16042165-2130284 Transitional 150 ± 1 K3 4730 1.4 0.90 -3.2 1.24 3.09·10�11 N 1.55·10�04

2MASSJ15354856-2958551_E Full (binary) 145 M4.5 3200 0.0 0.10 -2.8 0.20 3.53·10�10 Y 1.27·10�06

2MASSJ15354856-2958551_W ... (binary) 145 M4.5 3200 0.0 0.10 -2.9 0.20 2.73·10�10 Y 1.27·10�06

2MASSJ15514032-2146103 Evolved 142 ± 2 M4.5 3200 0.3 0.05 -3.5 0.19 5.01·10�11 Y 4.82·10�07

2MASSJ15530132-2114135 Full 146 ± 2 M4.5 3200 0.8 0.05 -3.0 0.19 1.52·10�10 Y 3.88·10�06

2MASSJ15582981-2310077 Full 147 ± 3 M4.5 3200 1.0 0.05 -2.3 0.19 7.16·10�10 Y 4.00·10�06

2MASSJ16014086-2258103 Full 145 M3 3415 1.2 0.12 -1.2 0.31 7.42·10�09 Y 2.28·10�06

2MASSJ16020757-2257467 Full 140 ± 1 M2 3560 0.4 0.08 -3.8 0.44 1.08·10�11 Y 3.25·10�06

2MASSJ16024152-2138245 Full 142 ± 2 M5.5 3060 0.6 0.03 -2.9 0.12 2.76·10�10 Y 6.46·10�06

2MASSJ16054540-2023088 Full 145 ± 2 M4.5 3200 0.6 0.10 -2.8 0.20 3.58·10�10 Y 5.05·10�06

2MASSJ16062196-1928445 Transitional 145 M1 3705 0.8 0.34 -1.3 0.46 6.13·10�09 Y 2.69·10�06

2MASSJ16063539-2516510 Evolved 139 ± 3 M4.5 3200 0.0 0.03 -5.1 0.18 8.62·10�13 N 1.03·10�06

2MASSJ16064385-1908056 Evolved 144 ± 7 K7 4060 0.4 0.29 -2.3 0.82 2.65·10�10 Y 5.48·10�07

2MASSJ16072625-2432079 Full 143 ± 2 M3 3415 0.7 0.18 -2.6 0.29 4.56·10�10 Y 8.39·10�06

2MASSJ16081566-2222199 Full 140 ± 2 M2 3560 0.5 0.15 -3.7 0.41 1.99·10�11 N 5.98·10�07

2MASSJ16082324-1930009 Full 138 ± 1 M0 3850 1.1 0.32 -2.0 0.61 7.90·10�10 Y 2.58·10�05

2MASSJ16082751-1949047 Evolved 145 M5.5 3060 0.6 0.06 -3.1 0.14 1.97·10�10 Y 5.01·10�07

2MASSJ16090002-1908368 Full 139 ± 3 M4.5 3200 0.3 0.05 -4.2 0.19 1.02·10�11 Y 1.05·10�06

2MASSJ16090075-1908526 Full 138 ± 1 M0 3850 1.0 0.32 -1.7 0.60 1.74·10�09 Y 2.81·10�05

2MASSJ16095361-1754474 Full 158 ± 5 M4.5 3200 0.5 0.04 -4.5 0.18 4.54·10�12 Y 6.78·10�07

2MASSJ16104636-1840598 Full 143 ± 3 M4.5 3200 1.2 0.04 -3.9 0.19 1.45·10�11 Y 1.14·10�06

2MASSJ16111330-2019029 Full 155 ± 1 M3.5 3340 0.6 0.03 -1.9 0.27 9.77·10�10 Y 3.69·10�06

2MASSJ16123916-1859284 Full 139 ± 2 M1 3705 0.6 0.22 -2.3 0.50 4.75·10�10 Y 3.65·10�06

2MASSJ16133650-2503473 Full 145 M3 3415 1.0 0.11 -1.6 0.32 2.93·10�09 Y 5.80·10�07

2MASSJ16135434-2320342 Full 145 M4.5 3200 0.3 0.12 -2.3 0.20 1.18·10�09 Y 4.97·10�06

2MASSJ16141107-2305362 Full 145 K4 4590 0.3 1.05 -1.4 1.25 2.09·10�09 Y 3.15·10�06

2MASSJ16143367-1900133 Full 142 ± 2 M3 3415 1.9 0.52 -2.7 0.29 5.17·10�10 Y 7.84·10�07

2MASSJ16154416-1921171 Full 132 ± 2 K7 4060 2.8 0.30 -0.3 0.81 2.44·10�08 Y 1.28·10�05

2MASSJ16181904-2028479 Evolved 138 ± 2 M5 3125 1.6 0.05 -3.4 0.16 8.05·10�11 Y 2.76·10�06

Notes. Disk type from Barenfeld et al. (2016); Luhman & Mamajek (2012); Carpenter et al. (2006). Stellar properties obtained using the Bara↵e et
al. (2015) evolutionary models, apart from the target 2MASSJ15583692-2257153, for which Siess et al. (2000) models were used since the stellar
mass was higher than the maximum one modeled by Bara↵e et al. (2015). Disk masses are updated from Barenfeld et al. (2016) using the distance
inferred from the Gaia DR2 (Gaia Collaboration et al. 2018) parallaxes. When no uncertainties on the distance is reported, the mean distance to
the targets of 145 pc was adopted. Possible non-accretors are reported with "N" in the Acc? column. The values reported here for the accretion
rate of non-accretors are considered in this work as upper limits.

Appendix A: Log of the observations

The observations were carried out in two di↵erent observing pro-
grams. Eight targets were observed in the Service Mode program
Pr.Id. 097.C-0378 (PI Manara) in the period from July to August
2016. Typically, these observations were carried out with image
quality in the VIS arm of ⇠100 (see Table A.1). The standard star
observed at the beginning of the night as part of the standard ca-
libration plan for X-Shooter was used for the flux calibration of
the spectra.

The remaining 28 targets discussed here were observed dur-
ing the Visitor Mode program Pr.Id. 0101.C-0866 (PI Manara)
carried out during the nights of May 19 and 20, 2018. Both
nights had very good seeing, typically <0.500, leading to image
qualities in the VIS arm better than 100 in all cases but two. Small
clouds (THN conditions) were present at the beginning of the
nights, otherwise the nights were clear. We observed flux stan-

dard stars at the beginning and at the end of the night during the
first night, and at the beginning, in the middle, and at the end of
the night during the second night. The reduction led to consistent
results with all standard stars. For the reduction of the data ob-
tained in the first night, we adopted the standard star observed at
the end of the night. For the data obtained in the first part of the
second night we used the standard star observed in the middle of
the night, while we used the one observed at the end of the night
for the spectra obtained in the second half of the night, starting
from and including 2MASS J16072625-2432079.

Appendix A.1: Resolved binaries

During the visitor mode observations, we resolved two close-
by stars: 2MASS J15354856-2958551 and 2MASS J16054540-
2023088. The former system is composed of two stars at about
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Fig. 3. Mass accretion rate vs stellar mass for the targets in the Upper
Scorpius region (orange points, both in the upper and bottom panels)
and for the targets in the Lupus and Chamaeleon I regions (gray sym-
bols, bottom panel). The downward facing triangles are used for non-
accreting objects, transition disk objects are highlighted with a circle
around their symbols. The cross indicates the typical errors on the mea-
surements.

line emission the results discussed in the following would not
be a↵ected. We nevertheless note that Ṁacc could be underesti-
mated for the objects with the lowest accretion rates, which are
typically below the chromospheric noise.

For some of the targets with the lowest measured accretion
rates, the ratio Lacc/L? falls below the typical values for chromo-
spheric emission for their spectral type (Manara et al. 2013a,
2017b). In particular, five targets are significantly below this
chromospheric emission noise when considering the continuum
emission, and below or compatible with this noise when consid-
ering the line emission. We define these five targets as possible
non-accretors (see Table 2), in line with previous work (e.g., Al-
calá et al. 2014, 2017; Manara et al. 2016a, 2017a). The mea-
sured excess emission in these objects is considered in the ana-
lysis as an upper limit on the accretion rate, however, as dis-
cussed by Manara et al. (2017a), the measured excess emission
could be contaminated by other processes, in particular chro-
mospheric emission. No excess in the Balmer continuum region
with respect to a photosphere is detectable for these targets (see

Fig. 4. Mass accretion rate vs disk mass for the targets in the Up-
per Scorpius region (orange points, both in the upper and bottom pan-
els) and for the targets in the Lupus and Chamaeleon I regions (gray
symbols, bottom panel). The dot-dashed lines report di↵erent ratios of
Mdisk/Ṁacc: 0.1 Myr, 1 Myr, and 10 Myr, as labelled. Symbols as in
Fig. 3.

Figs. C.1-C.6), in line with other estimates to confirm the ac-
cretion status of a young stellar object (e.g., Herczeg, & Hil-
lenbrand 2008; de Albuquerque et al. 2020). We note that for
the non-accreting targets in the Upper Scorpius region, the mea-
sured upper limit on Lacc, and thus Ṁacc, is generally lower by
⇠0.5-1 dex than what is measured in similarly non-accreting tar-
gets in the Lupus and Chamaeleon I regions. Since this estimate
comes from the continuum emission fit and we noticed that the
contribution of the lines is an higher fraction of the total excess
emission at low Lacc, a small additional contribution from the
line emission is also possible and would make these upper limits
slightly higher, but still lower than those in younger regions.

The analysis of the spectra with the ROTFIT tool (Frasca et
al. 2017) leads to values of Te↵ for the targets in line with those
from the fitting procedure described before. The discussion of
these results is deferred to a future work.
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年齢が異なる領域間で大きな違いなし 

の中央値が必ずしも低下していない 

 も年齢が若いものと同じ
くらい大きな分散があり，この傾向は
古典的質量降着モデルで説明できない
（分散がもっと小さくなるはず）
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Fig. 5. Mass accretion rates vs disk dust masses for the targets in the Lupus and Chamaeleon I star-forming regions, and in the Upper Scorpius
region. The dashed lines report the 16th and 84th percentiles, and the solid line the median of the distributions.

Table 1. Median values for the Ṁacc- Mdisk relation

Disk mass bin Lupus Chamaeleon I Upper Sco Viscous 1 Myr Viscous 8 Myr

Median Spr. Ndata Median Spr. Ndata Median Spr. Ndata Median Spr. Median Spr.

4.8 · 10�5 � 1.7 · 10�4 �9.77 0.55 5/0/1 �10.26 1.22 14/0/11 �10.30 1.87 15/4/0 �10.01 1.11 �11.04 1.56

1.7 · 10�4 � 6.47 · 10�4 �9.94 1.58 15/0/0 �9.48 2.56 20/4/4 �9.10 1.12 14/0/0 �9.53 0.76 �10.50 1.18

6.47 · 10�4 � 1.55 · 10�2 �9.17 1.13 32/4/0 �8.39 1.93 36/1/0 �8.93 1.81 6/1/0 �8.91 1.35 �9.65 1.08

Notes. Mdisk= 100 * Mdisk,dustin M�. The table reports the values of logṀacc, reported in M�/yr, for the median, and for the spread of the distribution,
defined as the di↵erence between the 16th and 84th percentile of the distribution in a given bin of Mdisk. The latter is equivalent to a 2� spread. The
Ndata columns report the total number of tagets included in the bin / the number of non accretors in the bin / the number of undetected disks in the
bin.

region of Chamaeleon I, and larger than the viscous evolution
model evolved at 8 Myr. This is particularly true when we com-
pare the spread obtained fitting the model at 8 Myr using the
linmix tool, � = 0.4 dex, with the data in the Upper Scorpius
region, that have a spread with this method of � = 1.3 dex (see
Sect. 4). We thus observe that the models able to reproduce the
observed Ṁacc-Mdisk relation with pure viscous evolution for the
Lupus region are not in agreement with the observations in the
Upper Scorpius region, assuming only an age evolution from one
region to another.

5.2. The impact of photoevaporation and variable accretion

The observations are even more discrepant from models predict-
ing the Ṁacc-Mdisk relation by means of both viscous evolution
and internal photoevaporation. As shown by Somigliana et al.
(2020), the e↵ect of photoevaporation is the reduction in the
number of accreting targets at low disk masses and mass ac-
cretion rates to an extent that, by ⇠10 Myr, only a fraction of
massive disks still survive. This is not observed here, where we
see low-mass disks with high Ṁacc. It is unclear whether this
disagreement is due to the fact that the models assume only one
stellar mass and two fixed mass-loss rates, or whether this is an
issue of internal photoevaporation models in general.

On the other hand, external photoevaporation would pre-
dict that the disks have low mass, while still low values of
Mdisk/Ṁacc⇠0.1 Myr (see Fig. 4, and Rosotti et al. 2017; Sellek
et al. 2020), more in line with what is observed here. In this con-
text, it is worth mentioning that the environment of Upper Scor-
pius is di↵erent than the one of Chamaeleon I and Lupus, having
more nearby massive stars (e.g., de Zeeuw et al. 1999). In such
an environment, the e↵ect of external photoevaporation could
have been relevant for the evolution of disks, possibly more than
dynamical interactions (e.g., Winter et al. 2018). Whether this
e↵ect has been dominant for the evolution of the disks observed
here is still an open question. Further modeling is mandatory
here, but it is nevertheless puzzling how the mass accretion rates
can be retained for such long time with so little disk mass avail-
able.

A possible solution to the fact that the accretion rates mea-
sured here are high given the measured Mdisk might be vari-
able accretion. However, studies in younger star-forming regions
have shown that, in general, typical variation of Ṁacc are <0.4
dex in most disks (e.g., Costigan et al. 2014; Venuti et al. 2014),
with only a small fraction of targets showing extreme variabil-
ity of Ṁacc>1-2 dex (e.g., Audard et al. 2014). We could imag-
ine that the variability is larger in the old region of Upper Scor-
pius, but in this case we could expect a larger dispersion in ac-
cretion rates than in younger regions, which, however, was not
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Manara et al.: X-Shooter survey of disk accretion in Upper Scorpius

Fig. 6. Comparison between median and percentiles of the mass accretion rates as a function of disk mass for the Lupus and Upper Scorpius
regions (left), and for the Upper Scorpius region and the expectations from viscous models at 1 Myr and 8 Myr (right).

observed. Further studies on variability in older star-forming re-
gions is needed. The mass-budget issue given the observed Ṁacc
and Mdisk is therefore important. Indeed, under the assumption
that Ṁacc is constant with time, these high values of Ṁacc would
imply that over the lifetime of the disk 10�8M�/yr ·107 yr ⇠ 0.1
M� of disk gas mass is accreted from the disk onto the star.
Assuming a gas-to-dust ratio of 100, this means that a total of
Mdisk,dust⇠ 10�3 M� was accreted. This value is in line with the
most massive disks observed in the Lupus and Chamaeleon I
disks, which could indeed be the progenitors of the survived
disks observed here. Such high mass would probably imply that
these disks were gravitationally unstable at the beginning of their
lives (e.g., Kratter & Lodato 2016). One possibility could be
that accretion becomes active at later ages, as predicted by some
models of MHD disk winds driven accretion (e.g., Armitage et
al. 2013, for the case of a constant di↵erential magnetic flux).

5.3. The need to account for dust evolution

It is worth mentioning again that the assumption Mdisk=
100·Mdisk,dust even after ⇠5-10 Myr of disk evolution is possibly
incorrect. As shown by global models of dust and gas evolution
(e.g., Birnstiel et al. 2010; Rosotti et al. 2019), dust radial drift
is in general more e�cient than gas accretion, implying that the
dust-to-gas ratio is a decreasing function of time. Depending on
the disk parameters (such as the e�ciency of grain growth and
the disk size), there can be an initial period of time, lasting ⇠1-
2 Myr, in which the assumption Mdisk⇠ 100·Mdisk,dust is almost
reasonable. However, this could not be the case for the Upper
Scorpius targets, which are significantly older.

At an age of ⇠5-10 Myr, models tend to predict that the dust
is depleted by a factor ranging from ⇠10 to ⇠100 (e.g., Birn-
stiel et al. 2010; Rosotti et al. 2019). Such an increase in the
gas-to-dust ratio to 1000 or more would make the median values
of Mdisk/Ṁacc more in line with expectations from viscous evo-
lution by implying that the disks are substantially more massive
than assumed here. A dedicated modeling e↵ort would be needed
to assess whether this is indeed a viable explanation, but this
falls outside the scope of this paper. While this could reconcile
the median values of Ṁacc with viscous evolution models while

making the disks in Upper Scorpius as massive as the younger
disks in Chamaeleon I and Lupus, it is unclear whether a better
match with the observed age-independent spread could be ob-
tained with such models. Mulders et al. (2017) already showed
that a simple scatter in the values of the gas-to-dust ratio alone
cannot reproduce the observed scatter in the Ṁacc-Mdisk relation
with no need for other sources of scatter, such as accretion vari-
ability.

5.4. Does the mass accretion rate decrease with time?

The detection of strong accretors at later ages, and the connected
hint of a lack of a general decrease of accretion rates with time
when the targeted stars are still hosting a disk, has already been
observed in di↵erent older star-forming regions: the nearby loose
associations TWA (Venuti et al. 2019) and ⌘-Cha (Rugel et al.
2018), the more distant �-Velorum cluster (Frasca et al. 2015),
Orion OB1b and Orion OB1a associations (Ingleby et al. 2014),
and even the very massive regions like NGC3603 or 30 Doradus
(De Marchi et al. 2017). Individual targets have also been found
to be still accreting at age>20 Myr (e.g., Mamajek et al. 2002;
Zuckerman et al. 2014; Murphy et al. 2018; Lee et al. 2020).
While this appears to be in contrast with evidence of a decrease
of Ṁacc with individual ages of young stars (e.g., Hartmann et al.
1998; Sicilia-Aguilar et al. 2010; Antoniucci et al. 2014; Hart-
mann et al. 2016), it should be noted that Da Rio et al. (2014)
showed that correlated uncertainties on the determination of stel-
lar parameters from the HR diagram can lead to spurious corre-
lations between Ṁacc and individual ages. Also, it is well known
that the exact values of individual ages su↵er from many uncer-
tainties (e.g., Soderblom et al. 2014). The incompleteness of our
sample does not allow us to draw final statements on this finding.

We nevertheless would like to stress that we sampled only
the older surviving disks. Indeed, it is well known that the frac-
tion of disks and accretors decreases with time (e.g., Haisch et al.
2001; Hernández et al. 2007; Fedele et al. 2010). Here, we can
only consider the accretion rates of those disks that have sur-
vived until the age of the Upper Scorpius region, while the mass
accretion rates of the other targets without IR- or mm-detected
disk is by this age probably below the chromospheric activity
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We introduce new analysis methods for studying the star cluster formation processes in Orion A, especially examining
the scenario of a cloud-cloud collision. We utilize the CARMA-NRO Orion survey 13CO (1-0) data to compare
molecular gas to the properties of YSOs from the SDSS III IN-SYNC survey. We show that the increase of v13CO−vYSO

and Σ scatter of older YSOs can be signals of cloud-cloud collision. SOFIA-upGREAT 158µm [Cii] archival data
toward the northern part of Orion A are also compared to the 13CO data to test whether the position and velocity
offsets between the emission from these two transitions resemble those predicted by a cloud-cloud collision model.
We find that the northern part of Orion A, including regions ONC-OMC-1, OMC-2, OMC-3 and OMC-4, shows
qualitative agreements with the cloud-cloud collision scenario, while in one of the southern regions, NGC1999, there
is no indication of such a process in causing the birth of new stars. On the other hand, another southern cluster,
L1641N, shows slight tendencies of cloud-cloud collision. Overall, our results support the cloud-cloud collision process
as being an important mechanism for star cluster formation in Orion A.
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Using the star cluster catalogs from the Hubble Space Telescope program Legacy ExtraGalactic UV survey (LEGUS)
and 8 µm images from the IRAC camera on the Spitzer Space Telescope for 5 galaxies within 5 Mpc, we investigate
how the 8 µm dust luminosity correlates with the stellar age on the 30–50 pc scale of star forming regions. We
construct a sample of 97 regions centered at local peaks of 8 µm emission, each containing one or more young star
cluster candidates from the LEGUS catalogs. We find a tight anti-correlation with a Pearson correlation coefficient
of r = −0.84± 0.05 between the mass-normalized dust-only 8 µm luminosity and the age of stellar clusters younger
than 1 Gyr; the 8 µm luminosity decreases with increasing age of the stellar population. Simple assumptions on a
combination of stellar and dust emission models reproduce the observed trend. We also explore how the scatter of the
observed trend depends on assumptions of stellar metallicity, PAH abundance, fraction of stellar light absorbed by
dust, and instantaneous versus continuous star formation models. We find that variations in stellar metallicity have
little effect on the scatter, while PAH abundance and the fraction of dust-absorbed light bracket the full range of the
data. We also find that the trend is better explained by continuous star formation, rather than instantaneous burst
models. We ascribe this result to the presence of multiple star clusters with different ages in many of the regions.
Upper limits of the dust-only 8 µm emission as a function of age are provided.
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Figure 4. ⌫L⌫,8/M⇤ as a function of ageM⇤ for all 146 identified IRAC4 counterparts (left) and our final sample (right). The
cyan circles, magenta upward-pointing triangles, orange squares, green diamonds, and gray pentagons indicate IRAC4 sources
included in our final sample from NGC 7793, NGC 4395, NGC 4449, NGC 1313, and NGC 3738, respectively. In the left panel,
the pink hexagons, blue stars, and yellow downward-pointing triangles are sources excluded by three additional criteria; see the
text for more details. The uncertainties in ageM⇤ are not plotted in the left panel in order to show the distribution clearly.

for the aperture. To decrease the mismatch between
the age of the clusters and the age of the population
within the IRAC4 aperture, we require the sum of the
U -band (F336W) fluxes of the YSCs not to be smaller
than 10% of the total flux enclosed by the aperture,
i.e., fU,sel/fU,ap � 10%. Finally, only IRAC4 sources
with reliable 8 µm detections, i.e., L⌫,8/�8 � 3, are
considered. Here, �8 is the uncertainty of L⌫,8 due to
local background subtraction and aperture correction.
The number of IRAC4 regions that cannot satisfy the
above criteria are 24, 27, and 1 for agemax/agemin  3,
fU,sel/fU,ap � 10%, and L⌫,8/�8 � 3, respectively. Some
of them do not meet more than one criterion. Our final
sample includes 97 IRAC4 sources from all 5 galaxies.

In Figure 4, we present the relation between ⌫L⌫,8/M⇤
and ageM⇤ for all 146 identified IRAC4 sources (left
panel) and our final sample (right panel). The num-
bers of IRAC4 counterparts identified and included in
our final sample for each galaxy are listed in Table 1. In
the left panel, a negative correlation in the ⌫L⌫,8/M⇤ vs.
ageM⇤ plane is observed although the scatter around the
correlation is fairly large. In the right panel, it is evident
that our final sample shows a tight negative relation be-
tween ⌫L⌫,8/M⇤ and ageM⇤ , with the exception of two
outliers located at the lower-left corner of the panel. To
test the robustness of this anticorrelation, we perform a
resampling 5000 times with a bootstrap method to cal-
culate the Pearson linear correlation coe�cient (r). The
resulting r has a mean and a standard deviation of -0.77
and 0.08, respectively, indicating a strong and reliable
negative linear relation between ageM⇤ and ⌫L⌫,8/M⇤.

The exclusion of the two outliers gives a slightly stronger
correlation with r = �0.84 ± 0.05. Thus, older popula-
tions heat the dust (and the PAHs) but result in lower
luminosities than younger stellar populations contain-
ing massive, UV-bright stars, as may be expected from
heuristic considerations. The trend is followed even by
the less reliable sources removed from our sample (Fig-
ure 4, left).

The F657N (H↵), optical RGB, and IRAC4 images
of the two outliers of Figure 4, right, are shown in Fig-
ure 5. The F657N (H↵) images of NGC 4395 and NGC
1313 (Program: GO–13773; PI: Rupali Chandar) are
retrieved from the Hubble Legacy Archive6 (HLA). The
optical RGB images are created by combining F275W
(blue), F555W (green), and F814W (red) images. Both
outliers are located in crowded regions where the light
from the YSCs provides a minor contribution and the
other sources within the apertures show a range of colors
that may be indicative of a large range of ages. There-
fore, the stellar properties of the identified YSCs might
be not representative of other stellar objects within the
same IRAC4 aperture. Shell-like structures in the H↵
images and the green channel (F555W) of the optical
RGB images also suggest that they are both in regions
where the (ionized) gas and dust seem to have been

6
Based on observations made with the NASA/ESA Hub-

ble Space Telescope, and obtained from the HLA, which is

a collaboration between the Space Telescope Science Institute

(STScI/NASA), the Space Telescope European Coordinating Fa-

cility (ST-ECF/ESA), and the Canadian Astronomy Data Centre

(CADC/NRC/CSA).
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Figure 1. GALEX two-color (far-UV and near-UV) images for our five galaxies. The name of each galaxy is listed at the
upper-left corner of each panel. The white bar indicates the 10 scale for each panel.

Table 1. Properties of Selected Galaxies

Properties NGC 7793 NGC 4395 NGC 4449 NGC 1313 NGC 3738

Morph.a SAd SAm IBm SBd Im

Dist. (Mpc)b 3.44 4.30 4.31 4.39 4.90

12+ log(O/H)c 8.50 8.19 8.26 8.21 8.10

M⇤ (M�)d 3.2⇥ 109 6.0⇥ 108 1.1⇥ 109 2.6⇥ 109 2.4⇥ 108

N(YSC)e 378 108 284 674 164

N(IRAC4 clumps)f 48 17 25 47 9

N(final)g 39 17 16 23 2

aMorphological type as listed in the NASA/IPAC Extragalactic Database.
bRedshift-independent or flow-corrected redshift-dependent distance in Mpc, taken from Calzetti et al. (2015).
cCentral oxygen abundances of the galaxies derived from the empirical calibrations (Pilyugin & Thuan 2005; Pilyugin et al.
2012; Pilyugin et al. 2013) or the direct method (Pilyugin et al. 2010, 2012). The values for NGC 7793, NGC 4395, and NGC
1313 are taken from Pilyugin et al. (2014), while the ones for NGC 4449 and NGC 3738 are taken from Pilyugin et al. (2015).

dStellar masses in M�, taken from Calzetti et al. (2015).
eNumber of identified YSCs; see Section 2.2.
fNumber of IRAC4 sources identified as YSC counterparts; see Section 3.2.
gNumber of IRAC4 sources in the final sample; see Section 4.

cluster candidates with class=1, 2, or 3) in our sample,
indicating that the best-fit models are acceptable (Press
et al. 2007). The resulting sample has a median and
68% scatter of 0.31+0.49

�0.28 and 1.20+1.89
�0.87 for Q and �2

red
,

respectively. See Adamo et al. (2017) for more details.

3. IMAGE PROCESSING AND PHOTOMETRY

3.1. IRAC Image Processing

The IRAC1 (3.6 µm) and IRAC4 (8.0 µm) images for
our sample galaxies are taken from the Spitzer Local
Volume Legacy (LVL; Dale et al. 2009) survey,2 which
provides IRAC and MIPS images for 258 galaxies out to

2 https://irsa.ipac.caltech.edu/data/SPITZER/LVL/

11 Mpc. Most of the LEGUS galaxies with public YSC
catalogs are also included in the LVL sample by design.
The IRAC images are resampled to a pixel scale of 0.0075,
and the FWHMs of their PSFs are ⇠ 1.006 and ⇠ 1.009 for
IRAC1 and IRAC4, respectively (Dale et al. 2009).

The IRAC1 images are convolved to match the PSF
of IRAC4 images using the Photutils package (Bradley
et al. 2019). Under the assumption that all the 3.6 µm
emission is from stars, we remove stellar emission from
the IRAC4 images using the formula of Helou et al.
(2004). A small fraction (about 5%–33%) of the 3.6
µm flux is due to 3.3 µm PAH emission (Meidt et al.
2012; Robitaille et al. 2012). We ignore this small con-
tribution, which is expected to have negligible impact
(. 1.5% for our sample) on the dust-only 8 µm images.
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NGC 4395-S 622

F275W
F555W
F814W

IRAC4

F657N

NGC 1313-E 640

F275W
F555W
F814W

IRAC4

Figure 5. F657N (H↵; left), optical RGB (middle), and IRAC4 (right) images of two outliers in the right panel of Figure 4:
NGC 4395-S 622 (top) and NGC 1313-E 640 (bottom). NGC 4395-S and NGC 1313-E indicate the pointings, while the following
numbers are source IDs of the central clusters in the corresponding Adamo et al. (2017) catalogs. The colors of the source IDs
are the same as those of the corresponding points in the right panel of Figure 4. The RGB images are composed of the F275W
(blue), F555W (green), and F814W (red) images. The small red circles and large cyan circles are the same as Figure 2.

cleared away, resulting in low PAH/dust luminosities.
In the following analysis, we will focus on the main se-
quence formed by the final sample except the outliers.

Based on observations of z ⇠ 2 SFGs, Shivaei et al.
(2017) reported an excess of ⌫L⌫,8/LTIR (L7.7/LIR in
their paper) by a factor of ⇠ 3 for galaxies older than
900 Myr compared to younger systems, which was at-
tributed to the delayed injection of carbon dust by AGB
stars (Galliano et al. 2008). Due to the lack of LTIR mea-
surement, we are unable to examine how the ⌫L⌫,8/LTIR

varies with age in our sample. However, we note that
the reported transition age (⇠ 900 Myr) is larger than
most of the ageM⇤ of our final sample, suggesting that
the local PAH abundance of our sources might not be
enriched by the current generation yet, even if the de-
layed injection of carbon dust indeed exists. Therefore,
in the following analysis, we assume an age-independent
PAH abundance for our sample.

5. COMPARISON WITH MODELS

To understand the main drivers of the trend and the
scatter of the observed ageM⇤–⌫L⌫,8/M⇤ correlation, we
combine models of stellar populations with models of
dust emission through a simple set of assumptions. The
Starburst99 stellar population evolution model (Lei-

therer et al. 1999, 2010, 2014; Vázquez & Leitherer 2005)
is used to generate SEDs of YSCs with di↵erent ages.
We consider an energy-balance argument in which the
total luminosity of stellar light absorbed by dust is equal
to that of the dust emission in the mid-IR and far-
IR. Thus, by assuming a fixed dust absorption fraction
(fabs), we integrate the SEDs from UV to NIR (912 Å–2
µm) to obtain the total IR luminosity, i.e.,

LTIR = fabs

Z
2µm

912Å

L� d�, (1)

in which L� represents the SED of the YSC. The Draine
& Li (2007) dust models are adopted to calculate the
8 µm luminosity fraction from the total IR luminosity
(⌫L⌫,8/LTIR). We choose the dust models with size
distributions that can reproduce the observed shape of
the Milky Way extinction curve but with di↵erent PAH
abundances (qPAH), i.e., MW3.1 00 (qPAH = 0.47%),
MW3.1 10 (1.12%), MW3.1 20 (1.77%), MW3.1 30
(2.50%), MW3.1 40 (3.19%), MW3.1 50 (3.90%), and
MW3.1 60 (4.58%) in Draine & Li (2007)7. The qPAH

is defined as the mass fraction of the dust grains in the

7
The su�xes of model labels represent the total C abundance

(per H nucleus) in ppm, e.g., MW3.1 60 means 60 ppm C/H in
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Figure 2. (Continued)
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Figure 2. Dust continuum and magnetic orientation maps. The Stokes I of the ALMA 1.3 mm continuum is shown in gray
scales and in contours. The ALMA 1.3 mm continuum of three clumps are also shown in contours. The contour levels are (±3,
6, 10, 20, 30, 40, 50, 70, 90, 110, 150, 180, 210, 250, 290, 340, 390, 450) ⇥�I , where �I is the rms noise of the Stokes I maps
(see Section 2). Line segments represent the orientation of the plane-of-sky magnetic field and have arbitrary length. Red and
cyan line segments correspond to data with PI/�PI > 2 and PI/�PI > 3, respectively. Blue dashed regions indicate the areas
of MM1-Core1 and MM4-Core4 in which the polarization data are used for the angular dispersion function analysis. The size
of the synthesized beam are indicated in the lower left corner of each panel.
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Validating Scattering-Induced (Sub)millimeter Disk Polarization through the Spectral
Index, Wavelength-Dependent PolarizationPattern, and Polarization Spectrum: The
Case of HD 163296

Zhe-Yu Daniel Lin1, Zhi-Yun Li1, Haifeng Yang2, Leslie Looney3, Ian Stephens4 and Charles L. H.
Hull5,6
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A number of young circumstellar disks show strikingly ordered (sub)millimeter polarization orientations along the
minor axis, which is strong evidence for polarization due to scattering by ∼ 0.1 mm-sized grains. To test this
mechanism further, we model the ALMA dust continuum and polarization data of HD 163296 using RADMC-3D.
We find that scattering by grains with a maximum size of 90 µm simultaneously reproduces the polarization observed
at Band 7 and the unusually low spectral index (α ∼ 1.5) between Band 7 and Band 6 in the optically thick inner
disk as a result of more efficient scattering at the shorter wavelength. The low spectral index of ∼ 2.5 inferred for
the optically thin gaps is reproduced by the same grains, as a result of telescope beam averaging of the gaps (with
an intrinsic α ∼ 4) and their adjacent optically thick rings (where α << 2). The tension between the grain sizes
inferred from polarization and spectral index disappears because the low α values do not require large mm-sized
grains. In addition, the polarization fraction has a unique azimuthal variation: higher along the major axis than the
minor axis in the gaps, but vice versa in the rings. We find a rapidly declining polarization spectrum (with p ∝ λ−3

approximately) in the gaps, which becomes flattened or even inverted towards short wavelengths in the optically thick
rings. These contrasting behaviors in the rings and gaps provide further tests for scattering-induced polarization via
resolved multi-wavelength observations.
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Magnetic fields in the early stages of massive star formation as revealed by ALMA
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60 Garden Street, Cambridge, MA 02138, USA; 4 Academia Sinica Institute of Astronomy and Astrophysics, P.O. Box
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We present 1.3 mm ALMA dust polarization observations at a resolution of ∼0.02 pc of three massive molecular clumps,
MM1, MM4, and MM9, in the infrared dark cloud G28.34+0.06. With the sensitive and high-resolution continuum
data, MM1 is resolved into a cluster of condensations. The magnetic field structure in each clump is revealed by the
polarized emission. We found a trend of decreasing polarized emission fraction with increasing Stokes I intensities
in MM1 and MM4. Using the angular dispersion function method (a modified Davis-Chandrasekhar-Fermi method),
the plane-of-sky magnetic field strength in two massive dense cores, MM1-Core1 and MM4-Core4, are estimated to
be ∼1.6 mG and ∼0.32 mG, respectively. The virial parameters in MM1-Core1 and MM4-Core4 are calculated to
be ∼0.76 and ∼0.37, respectively, suggesting that massive star formation does not start in equilibrium. Using the
polarization-intensity gradient-local gravity method, we found that the local gravity is closely aligned with intensity
gradient in the three clumps, and the magnetic field tends to be aligned with the local gravity in MM1 and MM4
except for regions near the emission peak, which suggests that the gravity plays a dominant role in regulating the gas
collapse. Half of the outflows in MM4 and MM9 are found to be aligned within 10◦ of the condensation-scale (<0.05

25

pc) magnetic field, indicating that the magnetic field could play an important role from condensation to disk scale in
the early stage of massive star formation. We found that the fragmentation in MM1-Core1 cannot be solely explained
by thermal Jeans fragmentation or turbulent Jeans fragmentation.
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VLT/SPHERE survey for exoplanets around young, early-type stars including systems
with multi-belt architectures
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Dusty debris disks around pre- and main-sequence stars are potential signposts for the existence of planetesimals
and exoplanets. Giant planet formation is therefore expected to play a key role in the evolution of the disk. This
is indirectly confirmed by extant sub-millimeter near-infrared images of young protoplanetary and cool dusty debris
disks around main sequence stars usually showing substantial spatial structures. A majority of recent discoveries
of imaged giant planets have been obtained around young, early-type stars hosting a circumstellar disk. In this
context, we have carried out a direct imaging program designed to maximize our chances of giant planet discovery
and targeting twenty-two young, early-type stars. About half of them show indication of multi-belt architectures.
Using the IRDIS dual-band imager and the IFS integral field spectrograph of SPHERE to acquire high-constrast
coronagraphic differential near-infrared images, we have conducted a systematic search in the close environment of
these young, dusty and early-type stars. We confirmed that companions detected around HIP 34276, HIP 101800 and
HIP 117452 are stationary background sources and binary companions. The companion candidates around HIP 8832,
HIP 16095 and HIP 95619 are determined as background contamination. For stars for which we infer the presence
of debris belts, a theoretical minimum mass for planets required to clear the debris gaps can be calculated . The
dynamical mass limit is at least 0.1 MJ and can exceed 1 MJ. Direct imaging data is typically sensitive to planets
down to ∼3.6 MJ at 1′′, and 1.7 MJ in the best case. These two limits tightly constrain the possible planetary systems
present around each target. These systems will be probably detectable with the next generation of planet imagers.
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半数でmulti-belt architecture発見，

惑星らしき新検出はなし
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Fig. 8. Constraints on planetary systems for 12 targets in our survey. The positions of the inner and the outer debris belts are shown
in orange by shading the regions inside the inner and beyond the outer. Our mass contrast limits are based on SPHERE/IRDIS and
COND model predictions. Dynamical mass constraints for a slightly closer planet spacing of 20 mutual Hill radii from Shannon
et al. (2016) are shown in green with masses below this value shaded. Np is the number of planets with the mass (indicated in green)
required to open the gap. The uncertainties for debris belt position and dynamical mass limit are calculated based on the uncertainty
in debris belt temperature, and indicated with hatching.

The existence of the planetary perturbers beyond 5 au, and
potentially these architectures will be explored in futur obser-
vations: i/ observations combining radial velocity, astrometry
with GAIA for the inner parts ( 5 au), ii/ observations with the
next generation of planet imagers from the ground (SCExAO,
KPIC, SPHERE+, GPI2.0 on 10m-class Telescopes, then with
the ELTs) and space (JWST, WFIRST).

8. Conclusions

We reported the observations and analysis of a survey of 22 stars
with VLT/SPHERE with IRDIS in the DBI mode with K1K2 fil-
ters and J2J3 for the follow-up observations, and IFS in the Y�H

filters, with the goal of detecting and characterizing giant plan-
ets on wide orbits. The selected sample favors young, that is to
say 100 Myr, nearby,  100 pc, dusty, and early-type stars to
maximize the range of mass and separation, over which the ob-
servations are sensitive. The optimized observation strategy with
the angular di↵erential imaging in thermal bands and a dedicated
data reduction using various algorithms allow us to reach a typi-

cal contrast 12.5 mag at 0.25 and 14 mag at 1.0 in IRDIS. These
contrasts are converted to mass limits for each target. Despite
the good sensitivity of our survey, we did not detect any new
giant planets. We confirmed that the sources detected around
HIP 34276, HIP 101800, HIP 16095, and HIP 95619 are station-
ary background sources by analyzing K1-band, K2-band, J2-
band, and J3-band images and their relative motions. The status
of the candidate around HIP 8832 still requires further follow-up.
HIP 117452 BaBb is resolved and confirmed as a binary com-
panion (De Rosa et al. 2011; Matthews et al. 2018). For 12 tar-
gets of our survey, where we determined the radii of the debris
belt, we derived upper and lower mass limits. We used Monte
Carlo simulations to estimate the sensitivity survey performance
in terms of planetary mass and semi-major axis to perform the
upper limit. We additionally calculated the minimum required
mass for planets in the system to have cleared the observed de-
bris gap to perform the lower mass limit. Combining our upper
and lower mass limits, we are able to tightly constrain the unex-
plored parameter space around these systems: typically, planets
must be at least ⇠ 0.1MJ in main cases to clear the observed gap
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Fig. 3. Left: IRDIS reduced full-frame image of HIP 16095 in the K1 and K2 combined filters using SpeCal with the TLOCI algo-
rithm (Galicher et al. 2011). A bright companion candidate is well identified at a few arcseconds to the east of the star. North is up,
and east is left. Right: IFS image reduced in PCA ASDI of HIP 41307.
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Fig. 4. Left: absolute magnitude in K1-band versus K1-K2 color for brown dwarfs with discovered companions. Right: same, but for
absolute magnitude in J3-band versus J3 � J2 color. The targets from our survey are noted in red.

5. Companion candidate detection and
characterization

Using the IRDIS and IFS S/N maps provided by SpeCal, we
identified a total of eight companion candidates by eye at
relatively large separation (� 3.000) in the IRDIS fields of view
of six targets (HIP 16095, HIP 95619, HIP 101800, HIP 34276,
HIP 117452, and HIP 8832) of the complete survey. One com-
panion candidate was identified at relatively close separation in
the IFS field of view of HIP 41307, but later flagged as a bright
quasi-static speckle through various processing tests, and was
therefore discarded.

Figure 3 shows the IRDIS image reduced in TLOCI ADI
of HIP 16095 (bright companion located at 3.300 in the K1 and
K2 combined filters), and the IFS image reduced in PCA ASDI
of HIP 41307 (quasi-static speckle discarded located at 0.500 in
the combined YJH-bands) as an illustration of the detection pro-
cess. All companion candidates were then characterized using
SpeCal with the TLOCI algorithm in ADI only, and according
to a template approach. The relative astrometry and photometry
are reported in Table 3. As first diagnostics, in Figure 4 (Left),
we reported the location of all our companion candidates in the
K1-band- and K2-band-based color-magnitude diagram (CMD).
Details on the diagrams are given in Mesa et al. (2016); Samland
et al. (2017); Chauvin et al. (2018); Bonnefoy et al. (2018). We
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#41 IRAS16293-2422 A-B原始星システムのうち，
近接連星系をなしているとみられる16293-
2422 Aの多波長観測。固有運動から中心星質量
を議論。分子輝線によるガス運動も議論。

Italy; 13 Department of the Geophysical Sciences, The University of Chicago, 5734 South Ellis Avenue, Chicago, IL
60637, USA; 14 INAF - Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, I-35122, Padova, Italy; 15 In-
stitute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK; 16 Max Planck Institute
for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany

E-mail contact: cmanara at eso.org

Determining the mechanisms that drive the evolution of protoplanetary disks is a necessary step to understand how
planets form. Here we measure the mass accretion rate for young stellar objects with disks at age >5 Myr, a critical
test for the current models of disk evolution. We present the analysis of the spectra of 36 targets in the ∼5-10 Myr
old Upper Scorpius star-forming regions for which disk masses were measured with ALMA. We find that the mass
accretion rates in this sample of old but still survived disks are similarly high as those of the younger (∼1 ? 3 Myr
old) star-forming regions of Lupus and Chamaeleon I, when considering the dependence on stellar and disk mass. In
particular, several disks show high mass accretion rates > 10−9M"/yr while having low disk masses. Furthermore,
the median values of the measured mass accretion rates in the disk mass ranges where our sample is complete at a
level ∼60 - 80% are compatible in these three regions. At the same time, the spread of mass accretion rates at any
given disk mass is still >0.9 dex even at age>5 Myr. These results are in contrast with simple models of viscous
evolution, which would predict that the values of the mass accretion rate diminish with time, and a tighter correlation
with disk mass at age>5 Myr. Similarly, simple models of internal photoevaporation cannot reproduce the observed
mass accretion rates, while external photoevaporation might explain the low disk masses and high accretion rates. A
partial possible solution to the discrepancy with the viscous models is that the gas-to-dust ratio of the disks at ∼5-10
Myr is significantly different and higher than the canonical 100, as suggested by some dust and gas disk evolution
models. The results shown here require the presence of several inter-playing processes, such as detailed dust evolution,
external photoevaporation and possibly MHD winds, to explain the secular evolution of protoplanetary disks.
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Orbital and mass constraints of the young binary system IRAS 16293-2422 A
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Universidad Nacional Autónoma de México Morelia, 58089, Mexico; 5 Instituto de Astronomia, Universidad Nacional
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We present 3 mm ALMA continuum and line observations at resolutions of 6.5 au and 13 au respectively, toward the
Class 0 system IRAS 16293-2422 A. The continuum observations reveal two compact sources towards IRAS 16293-2422
A, coinciding with compact ionized gas emission previously observed at radio wavelengths (A1 and A2), confirming the
long-known radio sources as protostellar. The emission towards A2 is resolved and traces a dust disk with a FWHM
size of ∼12 au, while the emission towards A1 sets a limit to the FWHM size of the dust disk of ∼4 au. We also detect
spatially resolved molecular kinematic tracers near the protostellar disks. Several lines of the J = 5 − 4 rotational
transition of HNCO, NH2CHO and t-HCOOH are detected, with which we derived individual line-of-sight velocities.
Using these together with the CS (J = 2 − 1), we fit Keplerian profiles towards the individual compact sources and
derive masses of the central protostars. The kinematic analysis indicates that A1 and A2 are a bound binary system.
Using this new context for the previous 30 years of VLA observations, we fit orbital parameters to the relative motion
between A1 and A2 and find the combined protostellar mass derived from the orbit is consistent with the masses
derived from the gas kinematics. Both estimations indicate masses consistently higher (0.5 < M1 < M2 < 2 M")
than previous estimations using lower resolution observations of the gas kinematics. The ALMA high-resolution data
provides a unique insight into the gas kinematics and masses of a young deeply embedded bound binary system.
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What did the seahorse swallow? APEX 170 GHz observations of the chemical conditions
in the Seahorse infrared dark cloud

Oskari Miettinen1
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Context. Infrared dark clouds (IRDCs) are useful target sources for the studies of molecular cloud substructure
evolution and early stages of star formation. Determining the chemical composition of IRDCs helps to constrain the
initial conditions and timescales (via chemical clocks) of star formation in these often filamentary, dense interstellar
clouds.
Aims. We aim to determine the fractional abundances of multiple different molecular species in the filamentary IRDC
G304.74+01.32, nicknamed the Seahorse IRDC, and to search for relationships between the abundances and potential
evolutionary trends.
Methods. We used the Atacama Pathfinder EXperiment (APEX) telescope to observe spectral lines occurring at about
170 GHz frequency towards 14 positions along the full extent of the Seahorse filament. The sample is composed of five
clumps that appear dark in the mid-IR, eight clumps that are associated with mid-IR sources, and one clump that
is already hosting an HII region and is, hence, likely to be in the most advanced stage of evolution of all the target
sources. We also employed our previous 870 µm dust continuum imaging data of the Seahorse.
Results. Six spectral line transitions were detected (≥ 3σ) altogether, namely, SO(NJ = 44 − 33), H13CN(J = 2− 1),
H13CO+(J = 2 − 1), SiO(J = 4 − 3), HN13C(J = 2 − 1), and C2H(N = 2 − 1). While SO, H13CO+, and HN13C
were detected in every source, the detection rates for C2H and H13CN were 92.9% and 85.7%, respectively. Only one
source (SMM 3) showed detectable SiO emission (7.1% detection rate). Three clumps (SMM 5, 6, and 7) showed the
SO, H13CN, H13CO+, HN13C, and C2H lines in absorption. Of the detected species, C2H was found to be the most
abundant one with respect to H2 (a few times 10−9 on average), while HN13C was found to be the least abundant
species (a few times 10−11). We found three positive correlations among the derived molecular abundances, of which
those between C2H and HN13C and HN13C and H13CO+ are the most significant (correlation coefficient r # 0.9).
The statistically most significant evolutionary trends we uncovered are the drops in the C2H abundance and in the
[HN13C]/[H13CN] ratio as the clump evolves from an IR dark stage to an IR bright stage and then to an HII region.
Conclusions. The absorption lines detected towards SMM 6 and SMM 7 could arise from continuum radiation from
an embedded young stellar object and an extragalactic object seen along the line of sight. However, the cause of
absorption lines in the IR dark clump SMM 5 remains unclear. The correlations we found between the different
molecular abundances can be understood as arising from the gas-phase electron (ionisation degree) and atomic carbon
abundances. With the exception of H13CN and H13CO+, the fractional abundances of the detected molecules in the
Seahorse are relatively low compared to those in other IRDC sources. The [C2H] evolutionary indicator we found
is in agreement with previous studies, and can be explained by the conversion of C2H to other species (e.g. CO)
when the clump temperature rises, especially after the ignition of a hot molecular core in the clump. The decrease of
[HN13C]/[H13CN] as the clump evolves is also likely to reflect the increase in the clump temperature, which leads to
an enhanced formation of HCN and its 13C isotopologue. Both single-dish and high-resolution interferometric imaging
of molecular line emission (or absorption) of the Seahorse filament are required to understand the large-scale spatial
distribution of the gas and to search for possible hot, high-mass star-forming cores in the cloud.
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moving group
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Figure 1. ALMA High angular resolution images of the multiple protostellar system IRAS 16293. Left: 3 mm continuum
observations showing the triple nature of IRAS16293. Source B to the north, hosts a single protostar, embedded within a 40
au across close to face-on disk-like structure. The flux from the two compact 3 mm sources to the south remain significant
after removing contamination from free-free, unambiguously confirming the radio sources A1 and A2 as a binary protostellar
system. Right: Zoom-in view towards source A. The bright and compact (major axis <12 au) sources, separated by 54 au,
likely correspond to two individual circumstellar disks. Extended dust structures surrounding the circumstellar disks are also
revealed.

Table 1. Fit to the 3mm compact sources A1 and A2

Source R.A. Decl. Deconvolved Size P.A. Peak Flux Density Integrated Flux

(J2000) (J2000) (marcsec) (�) (mJy beam�1) (mJy)

A1 16:32:22.878 -24:28:36.684 (24.6 ± 0.8 , 12.8 ± 1.2) 119.8 ± 3.6 4.18 ± 0.02 4.91 ± 0.04

A2 16:32:22.851 -24:28:36.647 (87.3 ± 2.5 , 23.7 ± 2.0) 137.9 ± 1.0 1.73 ± 0.03 4.23 ± 0.11

coming from the point source (taken as the unresolved
free-free) than the above extrapolation (Appendix Sec-
tion B). Thus, at least half of the flux in both sources
comes from thermal dust emission tracing the location
of two protostars.
The 3 mm compact emission towards A2 is perpen-

dicular to the bipolar ejecta observed at cm wavelengths
within 100 au (Loinard et al. 2007; Pech et al. 2010). Re-
cent ⇠100 au resolution water maser observations also
show blueshifted emission from A2, moving along the
bipolar ejecta direction (Dzib et al. 2018). The bipolar
ejecta is also aligned with a 0.1 pc scale CO molecular
outflow (Mizuno et al. 1990; Stark et al. 2004), but this
molecular outflow has no clear counterpart below ⇠700
au (Yeh et al. 2008; Girart et al. 2014; van der Wiel
et al. 2019) and the blueshifted lobe is at the opposite

side of the blueshifted water maser emission (Dzib et al.
2018). Despite the confusion with the molecular out-
flow, the evidence from the ejecta and the flux coming
from thermal dust emission support that the compact
structure revealed in the 3 mm observations towards A2
is tracing a dust circumstellar disk with an approximate
size of 12 au (from the FWHM in Table 1).

The emission towards A1 is not well resolved. There
are no previous observations of ejecta from A1 and this
source also has not been unambiguously associated with
an individual molecular outflow yet. However, besides
the CO outflow mentioned above and possibly related to
A2, there are two other CO outflows powered within A
(Mizuno et al. 1990; Kristensen et al. 2013; Girart et al.
2014; van der Wiel et al. 2019); one oriented East-West
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Figure 7. Motions of A1 and A2 over a 30 year period. All observations prior to 2017 correspond to VLA observations recently
compiled in Hernández-Gómez et al. (2019), and in which by visual inspection the two sources were resolved and free from ejecta
contamination. Left: Absolute motions of A1 and A2 overlaid on the ALMA 3 mm observation. Right: Relative motions of A1
with respect to A2 overlaid on the ALMA 3 mm observation. When errors are not visible, it is because they are smaller than
the symbol.

Mi corresponds to the mass of source i, vi is the ve-
locity of source i, vcom is the velocity of the center of
mass and |~r1� ~r2| is the separation between the sources.
The minimum total mass can be thus calculated as:

1

2

(~v1 � ~v2)2

G/|~r1 � ~r2|
6 M1 +M2 (5)

Assuming that the point sources lie in the plane of
the circumbinary disk-like material for which we calcu-
lated a P.A. of 50� and inclination with respect to the
plane-of-sky of 64� (Section 3.1), the deprojected dis-
tance between A1 and A2 is 0.678” or 95.6 au. This
results in a minimum mass of 2.2 ± 0.3 M�. As dis-
cuss in Section 3.3, the line of sight velocity di↵erence
between A1 and A2 might be smaller. If we consider
the line of sight velocity di↵erence to be zero we obtain
a strict minimum mass of 1.7±0.3 M� for the system
to be bound. In Section 3.4 we used the gas kinemat-
ics and estimated a combined A1+A2 mass of 2.2± 0.5,
suggesting that the pair is indeed bound.

4.2. Motion of the protostars

Further insight into the dynamics of this now bound
binary system can be obtained through the study of
their proper motion. We examined all VLA positions
preceding the ALMA measurement and reported in
Hernández-Gómez et al. (2019). We selected from this
work (and references therein) only those observations
for which by eye the two sources were resolved and free
from ejecta contamination. These criteria resulted in

twelve VLA observations with the epochs listed in Ap-
pendix Table 4. Ejecta emission from A2 is routinely
seen in VLA 22 GHz observations since 2006 (Loinard
et al. 2007). As a result of this, all selected observations
after 2005 correspond to frequencies >33 GHz. The left
panel in Figure 7 shows our selected absolute positions
for A1 and A2 through time, overlaid on the most recent
ALMA 3 mm continuum observation. A1 has moved
faster in the plane of the sky than A2, resulting not only
in a change in orientation but also in the separation be-
tween the sources. The separation has changed from 47
au in the first observation to 54 au in the most recent
one. These changes are clearly seen in the right panel
in Figure 7 showing the relative position of A1 with
respect to A2 through time. We note that the relative
positions are not a↵ected by di↵erences in the absolute
astrometry accuracy of the observations. The change
in time of the relative positions is important since if
A1 and A2 are orbiting around their center of mass,
the relative trajectory of A1 with respect to A2 is also
described by a Keplerian orbit which parameters also
provide the total mass of the system, including contribu-
tions from both protostars+compact disks, and the gas
mass enclosed within the orbit in the case of this young
embedded system. The relative motions in Figure 7 fur-
ther suggest they are tracing a bound orbital trajectory.
In agreement with this expectation, Hernández-Gómez
et al. (2019) tried a quadratic fit to the relative A1-A2
positions. Although that parabolic trajectory provided
a better fit to their data (particularly their most recent
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IRDC G304.74+01.32の
ガス化学に関する包括的
な仕事。APEXによる。

分子間のアバンダンスの
相関解析から，[C2H]の
低下などが良い進化の指
標になりそう。
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What did the seahorse swallow? APEX 170 GHz observations of the chemical conditions
in the Seahorse infrared dark cloud
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Context. Infrared dark clouds (IRDCs) are useful target sources for the studies of molecular cloud substructure
evolution and early stages of star formation. Determining the chemical composition of IRDCs helps to constrain the
initial conditions and timescales (via chemical clocks) of star formation in these often filamentary, dense interstellar
clouds.
Aims. We aim to determine the fractional abundances of multiple different molecular species in the filamentary IRDC
G304.74+01.32, nicknamed the Seahorse IRDC, and to search for relationships between the abundances and potential
evolutionary trends.
Methods. We used the Atacama Pathfinder EXperiment (APEX) telescope to observe spectral lines occurring at about
170 GHz frequency towards 14 positions along the full extent of the Seahorse filament. The sample is composed of five
clumps that appear dark in the mid-IR, eight clumps that are associated with mid-IR sources, and one clump that
is already hosting an HII region and is, hence, likely to be in the most advanced stage of evolution of all the target
sources. We also employed our previous 870 µm dust continuum imaging data of the Seahorse.
Results. Six spectral line transitions were detected (≥ 3σ) altogether, namely, SO(NJ = 44 − 33), H13CN(J = 2− 1),
H13CO+(J = 2 − 1), SiO(J = 4 − 3), HN13C(J = 2 − 1), and C2H(N = 2 − 1). While SO, H13CO+, and HN13C
were detected in every source, the detection rates for C2H and H13CN were 92.9% and 85.7%, respectively. Only one
source (SMM 3) showed detectable SiO emission (7.1% detection rate). Three clumps (SMM 5, 6, and 7) showed the
SO, H13CN, H13CO+, HN13C, and C2H lines in absorption. Of the detected species, C2H was found to be the most
abundant one with respect to H2 (a few times 10−9 on average), while HN13C was found to be the least abundant
species (a few times 10−11). We found three positive correlations among the derived molecular abundances, of which
those between C2H and HN13C and HN13C and H13CO+ are the most significant (correlation coefficient r # 0.9).
The statistically most significant evolutionary trends we uncovered are the drops in the C2H abundance and in the
[HN13C]/[H13CN] ratio as the clump evolves from an IR dark stage to an IR bright stage and then to an HII region.
Conclusions. The absorption lines detected towards SMM 6 and SMM 7 could arise from continuum radiation from
an embedded young stellar object and an extragalactic object seen along the line of sight. However, the cause of
absorption lines in the IR dark clump SMM 5 remains unclear. The correlations we found between the different
molecular abundances can be understood as arising from the gas-phase electron (ionisation degree) and atomic carbon
abundances. With the exception of H13CN and H13CO+, the fractional abundances of the detected molecules in the
Seahorse are relatively low compared to those in other IRDC sources. The [C2H] evolutionary indicator we found
is in agreement with previous studies, and can be explained by the conversion of C2H to other species (e.g. CO)
when the clump temperature rises, especially after the ignition of a hot molecular core in the clump. The decrease of
[HN13C]/[H13CN] as the clump evolves is also likely to reflect the increase in the clump temperature, which leads to
an enhanced formation of HCN and its 13C isotopologue. Both single-dish and high-resolution interferometric imaging
of molecular line emission (or absorption) of the Seahorse filament are required to understand the large-scale spatial
distribution of the gas and to search for possible hot, high-mass star-forming cores in the cloud.
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Sanhueza et al. 2012; Vasyunina et al. 2014; Gerner et al. 2014;
Zeng et al. 2017; Colzi et al. 2018; Taniguchi et al. 2019).

Observations of IRDCs have shown that they often ap-
pear to be filamentary structures, which could be the re-
sults of converging atomic gas flows or collisions be-
tween precursor interstellar clouds that led to the forma-
tion of the IRDC filament (e.g. Jiménez-Serra et al. 2010;
cf. Heitsch et al. 2006). Moreover, the IRDC filaments appear
to be fragmented along their longest axis, potentially via the
so-called sausage-type fluid instability in cylindrical geome-
try, and the substructures thus formed, known as clumps, are
found to be hierarchically fragmented down to smaller units,
the dense cores (e.g. Jackson et al. 2010; Wang et al. 2011;
Beuther et al. 2015; Mattern et al. 2018; Svoboda et al. 2019).
Some of the dense substructures of IRDCs are found to
be associated with early stages of high-mass star forma-
tion (e.g. Rathborne et al. 2006; Beuther & Steinacker 2007;
Chambers et al. 2009; Battersby et al. 2010). This makes IRDCs
very useful targets for the star formation research because the
process(es) of high-mass star formation still remains inconclu-
sive (e.g. Motte et al. 2018 for a review; Padoan et al. 2020).

In this paper, we present a study of the chemical properties of
the filamentary IRDC G304.74+01.32. This IRDC has been the
target of submillimetre and millimetre dust continuum studies
(Beltrán et al. 2006; Miettinen & Harju 2010; Miettinen 2018),
and molecular spectral line observations (Miettinen 2012). Most
recently, Miettinen (2018) found that 36% of the clumps
along G304.74+01.32 are fragmented into smaller cores, and
that 65% of those cores are associated with IR sources de-
tected with the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010). Those results strongly point to a hierarchical
fragmentation of the filament. Miettinen (2018) also found that
G304.74+01.32 has a seahorse-like morphology in the Herschel1

(Pilbratt et al. 2010) far-IR and submillimetre images (Fig. 1;
cf. Fig. 2 in Miettinen 2018) and, therefore, proposed the nick-
name Seahorse Nebula for the cloud. Moreover, there appear
to be elongated, dusty striations that are roughly perpendicu-
larly projected with respect to the main Seahorse filament. The
striations are also seen in absorption in the WISE mid-IR im-
ages (Fig. 2; cf. Fig. 3 in Miettinen 2018). Such features could
be an indication that the filament is still accreting gas from its
surrounding medium, but this hypothesis needs to be tested via
spectral line imaging observations.

Only one of the clumps in the Seahorse IRDC appears to
be associated with high-mass star formation, namely the one as-
sociated with the IR source IRAS 13039-6108. Sánchez-Monge
et al. (2013) found that IRAS 13039-6108 shows radio contin-
uum emission characteristic of an optically thin H ii region. The
IRAS 13039-6108 region is also surrounded by extended and
diffuse IR emission, most notably seen in the WISE 12 µm im-
age (Fig. 2), which suggests that the H ii region is surrounded by
a photodissociation region (PDR).

The present follow-up study of the chemistry in the Sea-
horse IRDC is based on observations done with the the Atacama
Pathfinder EXperiment (APEX2; Güsten et al. 2006). The obser-
vations and data reduction are described in Sect. 2. The anal-
ysis and the corresponding results are presented in Sect. 3. In
Sect. 4, we discuss the results and in Sect. 5 we summarise our
results and present our main conclusions. Throughout this pa-

1 Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.
2 http://www.apex-telescope.org/

per, we adopt a distance of d = 2.54 kpc to the Seahorse IRDC
(Miettinen 2012, 2018).

Fig. 1. Herschel/SPIRE (Spectral and Photometric Imaging REceiver)
350 µm image towards the IRDC G304.74+01.32 (the Seahorse IRDC)
and its surroundings. The image is displayed using a non-linear (log-
arithmic) stretch to improve the visibility of the faint, extended dust
emission. There appear to be dusty striations on the western side of the
Seahorse filament. A scale bar of 3 pc projected length is shown in the
bottom left corner.

2. Observations and data reduction

Using the Large APEX BOlometer CAmera (LABOCA;
Siringo et al. 2009), the 870 µm peak positions of the clumps
in the Seahorse IRDC were observed with the 12 m APEX tele-
scope at a frequnecy of ν = 173.68831 GHz, that is, at the fre-
quency of the SiO(J = 4 − 3) rotational transition. The target
positions are shown in Fig. 2, and the source list is given in Ta-
ble 1.

The observations were carried out on 2 September and 15-
16 December 2019, and the amount of precipitable water vapour
(PWV) during the observations was measured to be between
0.5 mm and 1.2 mm, which corresponds to a zenith atmo-
spheric transmission range of about 96%–91% at the observed
frequency3.

As a front end, we used Band 5 of the Swedish ESO PI
receiver for APEX (SEPIA; Belitsky et al. 2018). The SEPIA
Band 5, or SEPIA180, is a sideband separating (2SB) dual po-
larisation receiver, which operates in the frequency range 159–
211 GHz. The backend was a Fast Fourier Transform fourth-
Generation spectrometer (FFTS4G) that consists of two side-
bands. Each sideband has two spectral windows of 4 GHz
bandwidth, which provides both orthogonal polarisations and
leads to a total bandwidth of 8 GHz. The observed fre-
quency ν = 173.68831 GHz was tuned in the upper sideband
(USB). This setting allowed us to probe the frequency ranges
159.69-–163.69 GHz in the lower sideband (LSB) and 171.69-
–175.69 GHz in the USB. The 65 536 channels of the spectrom-
eter yielded a spectral resolution of 61 kHz, which corresponds
to 105.4 m s−1 at the observed frequency of 173.68831 GHz

3 The APEX atmospheric transmission calculator is available at
http://www.apex-telescope.org/sites/chajnantor/
atmosphere/transpwv/.
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Fig. 4. Scatter plots between the variables that were found to be linearly correlated with a Pearson correlation coefficient of r > 0.7. The arrows
pointing down indicate upper limits. The dashed lines show the linear regression fits to the uncensored data points (i.e. the upper limits were not
taken into account).

the sight-line towards SMM 5, but this is highly speculative at
present. Spectral line imaging of the Seahorse and its surround-
ings are needed to quantitatively study these issues.

We note that the C17O(2− 1) lines were detected in emission
towards SMM 5, SMM 6, and SMM 7 by Miettinen (2012; Fig. 2
therein), but the beam size of those observations was 1.3 times
smaller than that of the present observations, and the target po-
sitions towards the aforementioned clumps were offset from the
present ones by 5′′.7 − 25′′.6 because they were based on an ear-
lier version of our LABOCA map and different method of clump
extraction (Miettinen & Harju 2010; Miettinen 2018).

Aside being visible in absorption, the H13CO+ and HN13C
lines towards SMM 6 exhibit a double-peaked profile with a
stronger blueshifted peak compared to the redshifted peak. Such
blue asymmetric profiles were also detected by Miettinen (2012)
in the 13CO(2−1) lines towards clumps in the southern half of the
Seahorse IRDC, most notably towards (SMM 2; Fig. 3 therein),
and they are indicative of large-scale infall gas motions. This
supports the hypothesis that the Seahorse IRDC is still accreting
mass from its surrounding gas reservoirs (Sect. 1).

Finally, the spectral line profile of H13CO+ towards SMM 3
shows an absorption-like feature next to the actual spectral
line, while the H13CO+ and HN13C absorption lines towards
SMM 5, H13CN absorption line towards SMM 6 (below the de-
tection threshold), and the C2H absorption lines towards SMM 5
and SMM 6 exhibit emission-like features next to the actual
lines. These are indications of the presence of H13CN, H13CO+,
HN13C, and C2H gas in the observations’ off-position (50′′ az-
imuthal offset from the target position). If there is molecular
gas emission in the observations’ off-position, then, owing to
the wobbler switching technique, when the off-spectrum is sub-
tracted from the on-source spectrum, one can see an absorption-
like feature in the final spectrum. Similarly, an absoprtion line
in the off-position can appear as an emission-like feature in the
final spectrum.

4.2. Relationships between the molecular abundances

We found three potential cases of correlation between fractional
abundances of two molecular species (Fig. 4). Below, we discuss
each of these in the order of decreasing significance (as quanti-
fied by the Pearson correlation coefficient).

The strongest correlation was found between the abundances
of HN13C and C2H (r = 0.93). According to the gas-phase chem-
istry models, the most abundant isotopologue of HN13C, HNC,
is primarily formed through the dissociative recombination reac-
tion HCNH++e− → HNC+H (e.g. Herbst 1978). Other dissocia-

Fig. 5. Zoom-in of Fig. 2 towards SMM 5, 6, and 7 for which some of
the spectral lines are seen in absorption. Only the 3σ and 6σ LABOCA
contours are plotted for clarity. Besides the clumps SMM 5, 6, and 7,
also the striation seen as a dark absorption feature is labelled (cf. Fig. 1,
where the striation is seen in dust emission). The red plus signs indicate
the target positions of the present spectral line observations, while the
yellow diamond symbols show the positions of the WISE sources seen
towards SMM 6 and SMM 7. The latter one is likely to be an extragalac-
tic object, that is a star-forming galaxy or an active galactic nucleus, and
hence SMM 7 is considered an IR dark clump (Miettinen 2018). A scale
bar of 0.5 pc projected length, and the beam size at the tuning frequency
of the present spectral line observations are shown in the bottom left
corner.

tive recombination reactions that can form HNC are H2CN+ +e−
and H2NC+ + e− (Pearson & Schaefer 1974; Allen et al. 1980).
The neutral-neutral reaction NH2 + C → HNC + H can also
act as the source of HNC (e.g. Herbst et al. 2000). In the PDRs,
C2H can form as a result of the photodissociation of C2H2
(C2H2 + hν → C2H + H; e.g. Fuente et al. 1993). The C2H
molecules can also form via the dissociative recombination reac-
tion C2H+3 + e− → C2H + H2 (e.g. Turner et al. 2000). Hence, if
C2H is predominantly formed via the aforementioned dissocia-
tive recombination reaction, the correlation we found between
HN13C and C2H could reflect the gas-phase electron abundance
(i.e. ionisation degree). If C2H is mainly formed via the pho-
todissociation of C2H2, the positive relationship with HN13C
could be linked to photoionisation that yields free electrons
from which HN13C can form. On the other hand, when ul-
traviolet (UV) photons destroy CO via photodissociation (e.g.
Visser et al. 2009), the resulting C atoms can react with CH2 to
form C2H (e.g. Turner et al. 2000). The aforementioned correla-
tion could therefore also reflect the gas-phase abundance of C
atoms (and hence the importance of UV photodissociation in the
formation of both HNC (and HN13C) and C2H).
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Table 5. HN13C/H13CN and HN13C/H13CO+ abundance ratios.

Source [HN13C]/[H13CN] [HN13C]/[H13CO+]
SMM 1 0.63 ± 0.21 0.03 ± 0.002
SMM 2 0.21 ± 0.09 0.06 ± 0.01
SMM 3 0.19 ± 0.16 0.04 ± 0.01
BLOB 2 0.54 ± 0.12 0.04 ± 0.003
BLOB 1 0.05 ± 0.02 0.06 ± 0.002
SMM 4 0.61 ± 0.10 0.05 ± 0.02
SMM 5 0.04 ± 0.02 0.03 ± 0.002

IRAS 13037-6112 0.015 ± 0.004 0.02 ± 0.002
SMM 6 > 0.15 0.09 ± 0.02
SMM 7 > 0.09 0.05 ± 0.01

IRAS 13039-6108 0.05 ± 0.03 0.03 ± 0.002
SMM 8 0.03 ± 0.02 0.03 ± 0.002
SMM 9 0.26 ± 0.06 0.03 ± 0.001

IRAS 13042-6105 > 0.26 0.05 ± 0.01
IR dark clumps

Mean 0.38 ± 0.11 0.04 ± 0.004
Median 0.54 0.04

IR bright clumpsa

Mean 0.27 ± 0.10 0.05 ± 0.008
Median 0.19 0.05

Full sample
Mean 0.30 ± 0.07 0.04 ± 0.005

Median 0.21 0.04

Notes. The abundance ratios were calculated from the molecular col-
umn densities. The quoted lower limits take the derived uncertainties
into account. Survival analysis based on the K-M method was used to
calculate the mean and median value of the [HN13C]/[H13CN] ratio to
take the right-censored values (i.e. lower limits) into account.(a) The
source IRAS 13039-6108 was not included in the sub-sample of IR
bright sources because it is associated with an H ii region and represents
a third type of clumps included in the present study.

Fig. 3. Box plot (or box-and-whisker plot) showing the distributions of
the derived molecular fractional abundances. The boxes are arranged in
ascending order according to the median value. The height of the box
represents the interquartile range IQR ≡ [Q1, Q3] (i.e. from the 25th to
75th percentile). A horizontal line that goes through the box shows the
median abundance (Q2 or the 50th percentile). The whiskers are defined
to extend from Q1 − 1.5 × IQR to Q3 + 1.5 × IQR unless the minimum
and maximum values of the distribution are encountered before that (in
which case the whiskers extend to the minimum and maximum values).
We note that only the uncensored data are used to plot the distributions
(i.e. the upper limits are ignored), and SiO was detected in only one of
the target sources (SMM 3).

3.4. Correlation analysis

To search for correlations between the fractional molecular
abundances and abundance ratios derived in the present study
and the dust temperatures and H2 number densities listed in
Table 1, we first created a correlation matrix where each cell
shows the linear or Pearson correlation coefficient, r, between
two variables. We note that in this analysis we used the loga-
rithms of the abundances and densities. The relationship between
two variables is generally considered strong when |r| > 0.7 (e.g.
Moore et al. 2018). Hence, as a threshold for potential correla-
tion, we adopted a value of |r| > 0.7. Such correlations were
found between the H13CO+ abundance and those of HN13C and
C2H, and between the abundances of HN13C and C2H. The cor-
responding scatter plots are shown in Fig. 4.

In Fig. 4, the IR dark, IR bright, and the H ii sources are
shown in different colours (blue, red, and green, respectively) to
better illustrate how the corresponding data points populate the
plotted parameter spaces. Linear regression fits were made to the
aforementioned relationships, and the derived formulas together
with the r values are provided in Table 6. The y error bars were
taken into account in the linear fits, but the upper limits were
omitted.

4. Discussion

4.1. Detection rates and spectral line profiles

The observed spectral lines of SO, H13CO+, and HN13C were
detected in all the target sources. The next highest detection rates
were for C2H (92.9%) and H13CN (85.7%). The SiO line was
detected in only one of the target sources, SMM 3, which means
that the corresponding detection rate was only 7.1%. The clump
SMM 3 was also the only source in the Searhorse IRDC that was
found to show a hint of SiO(5−4) emission (∼ 2σ) by Miettinen
(2012).

Interestingly, the SO, H13CN, H13CO+, HN13C, and C2H
lines are seen in absorption towards SMM 5, SMM 6, and
SMM 7. However, the H13CN line towards SMM 6 and the
H13CN and C2H lines towards SMM 7 were not found to fulfil
our detection threshold of ≥ 3σ, but there is clearly a hint of line
absorption, which is further supported by the positive detection
of SO, H13CO+, and HN13C absorption.

A zoom-in version of Fig. 2 towards SMM 5, 6, and 7
is shown in Fig. 5. As indicated in the figure, SMM 6 is as-
sociated with an embedded young stellar object (YSO) seen
in the mid-IR. Hence, the detected absorption lines might be
caused by the outer layers of the clump absorbing the millimetre-
wavelength continuum photons emitted by the warm or hot
(∼ 100 K; Rathborne et al. 2011) dust close to the central YSO
(e.g. Doty & Neufeld 1997). There is also an IR source detected
with WISE only at 22 µm towards SMM 7, but the source,
J130704.50-612620.6, is likely a chance projection of a star-
forming galaxy or an active galactic nucleus (Miettinen 2018).
This extragalactic object seen towards SMM 7 could act as the
continuum source against which the absorption lines are gen-
erated by the clump medium. The clump SMM 5 appears to
not have any IR point sources within the ∼ 36′′ beam of the
present line observations, and hence the detection of absorption
lines towards it is somewhat surprising. As can be seen in Fig. 2,
SMM 5 is associated with an elongated IR dark feature that could
be associated with the striation on its western side. In principle,
the system’s geometry could be such that the dense gas associ-
ated with the striation acts as a foreground absorbing layer for
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