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ABSTRACT
HD 38206 is an A0V star in the Columba association, hosting a debris disc first discovered by IRAS. Further observations by
Spitzer and Herschel showed that the disc has two components, likely analogous to the asteroid and Kuiper belts of the Solar
system. The young age of this star makes it a prime target for direct imaging planet searches. Possible planets in the system
can be constrained using the debris disc. Here, we present the first ALMA observations of the system’s Kuiper belt and fit them
using a forward modelling MCMC approach. We detect an extended disc of dust peaking at around 180 au with a width of
140 au. The disc is close to edge on and shows tentative signs of an asymmetry best fit by an eccentricity of 0.25+0.10

−0.09. We use
the fitted parameters to determine limits on the masses of planets interior to the cold belt. We determine that a minimum of four
planets are required, each with a minimum mass of 0.64 MJ, in order to clear the gap between the asteroid and Kuiper belts of
the system. If we make the assumption that the outermost planet is responsible for the stirring of the disc, the location of its
inner edge and the eccentricity of the disc, then we can more tightly predict its eccentricity, mass, and semimajor axis to be
ep = 0.34+0.20

−0.13, mp = 0.7+0.5
−0.3 MJ, and ap = 76+12

−13 au.

Key words: planet–disc interactions – circumstellar matter – stars: individual: HD 38206 – planetary systems – submillimetre:
planetary systems.

1 IN T RO D U C T I O N

As one of the key components of a planetary system, studying debris
discs enables us to understand the current make-up of a planetary
system and its formation and evolution. In recent years, the Atacama
Large Millimeter/submillimeter Array (ALMA) has made it possible
to image these discs at long wavelengths in much finer detail than
was previously possible (for a recent review, see Hughes, Duchêne &
Matthews 2018). Of particular interest are systems where both debris
discs and at least one planet have been observed. Analysis of such
systems is of prime importance for understanding the interaction
between planets and the disc. Examples of such systems include
Fomalhaut (Kalas et al. 2008; Boley et al. 2012), HR 8799 (Marois
et al. 2010; Booth et al. 2016), β Pic (Lagrange et al. 2010; Dent
et al. 2014), and HD 95086 (Rameau et al. 2013; Su et al. 2017).
For systems where no planet has yet been directly imaged, strong
constraints on where the outer planets in the system are can still be
derived from studying the debris disc (e.g. Booth et al. 2017; Marino
et al. 2018b, 2019).

In this paper, we present and analyse the first ALMA image of the
debris disc around HD 38206. HD 38206 is a star of spectral type
A0V. The debris disc around this star was first identified using IRAS
data by Mannings & Barlow (1998) and has also been detected
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by Spitzer/MIPS (Rieke et al. 2005), Spitzer/IRS (Morales et al.
2009), Gemini/T-ReCS (Moerchen, Telesco & Packham 2010), and
Herschel/PACS (Morales et al. 2016). By analysing both the resolved
Herschel images and the full SED, Morales et al. (2016) demonstrate
that the system is seen close to edge on and has two belts at 11 and
160 au. The system is thought to be a member of the Columba
association (Torres et al. 2008), giving it an age of 42+6

−4 Myr (Bell,
Mamajek & Naylor 2015). The young age of this system means that
it is a prime candidate for direct imaging surveys, although no planets
have been detected so far. Shannon et al. (2016) developed a model
for the minimum mass of planets required to clear a gap in a two belt
debris disc system. They use HD 38206 as an example case and show
that the minimum mass of planets is close to the upper limit possible
from VLT/SPHERE observations. By analysing the ALMA data of
this system, we shall re-assess the limits on the masses of potential
planets in the system and make a prediction for the properties of the
hypothetical outermost planet.

2 A L M A O B S E RVAT I O N S

The observation of HD 38206 was carried out by ALMA in band 6
during cycle 1 as part of the project 2012.1.00437.S (PI: David
Rodriguez). It was observed on the 2014 March 7 with a precipitable
water vapour of 1.80 mm and 35.7 min on source time by 23
antennas in a compact configuration. These led to baselines between
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Ø デブリ円盤から惑星の場所を制限できる。
Ø HD38206: Herschel（θ~6"）からi=60°に近く、11 auと160 au（幅11 au）にベルト。Columba 

association (71 pc, 42 Myr、若い)。
Ø ALMA Cy 1, 213, 215, and 228 GHz, 0.97"x0.75"。160 µmと合わせてダストβ=0.6。CO 2-1は検出無し。ALMA observations of HD 38206 1605

Figure 1. Image of HD 38206 at 1.35 mm after processing with the CLEAN
algorithm. The contours show the ±2, 4, 6, and 8σ levels. The white cross
marks the position on the star based on the Gaia DR2 position and accounting
for proper motion.

15 and 365 m. The received data were calibrated using the standard
observatory calibration in CASA version 4.7.74. The quasar J0609-
1542 was used for bandpass and phase calibration and the active
galactic nucleus PKS 0521-36 as flux calibrator. The correlator was
set to provide four spectral windows, processing two polarizations in
each of these. While one spectral window was centred at the CO J =
2–1 line at 230.538 GHz, with 3840 channels of width 0.5 MHz, the
other three had central frequencies of 213, 215, and 228 GHz and
128 channels with a width of 16 MHz to study the dust continuum
emission.

The image of the disc is shown in Fig. 1. This has been created from
the inversely Fourier transformed complex visibilities using natural
weighting and multifrequency synthesis, followed by processing with
the CLEAN algorithm (Högbom 1974). We obtain a synthesized
beam of size 0.97 arcsec × 0.75 arcsec and a beam position angle
of −86.5◦ measured from north to east. We measure the rms to
be σ = 23.5 µJy beam−1. The disc is seen to be edge-on. There
are some signs of asymmetry with a peak in the emission of
0.18 ± 0.02 mJy 2.1 arcsec east of the star, whilst to the west
the emission peaks at 2.9 arcsec from the star, but with a lower
flux density of 0.09 ± 0.02 mJy. We do not expect this to be
due to a pointing issue as the phase centre location agrees well
with the expected position of the star based on the Gaia DR2
(Gaia Collaboration et al. 2018) position after correcting for proper
motion.

The total flux density within an ellipse surrounding the emission is
0.7 ± 0.1 mJy. Morales et al. (2016) found the flux density at 160 µm
to be 188.9+6.5

−6.5 mJy. By assuming a single power law between 160
and 1350 µm, typically formulated as Fν = λ−(2 + β), we find β =
0.6, a typical value for a debris disc (Holland et al. 2017).

To check for CO J = 2–1 emission, we also used CLEAN to create
a data cube of the channels around the expected radial velocity of
the star (25.3 km s−1; Gontcharov 2006). No CO line emission was
detected. By integrating over the pixels where continuum emission
is detected (at >3σ ), we find the 3σ upper limit on an unresolved
emission line to be 1.4 × 10−22 W m−2 (using equation A2 of
Booth et al. 2019). Based on a model of gas production through the
collisional cascade, Kral et al. (2017) predicted that this system would
have a CO J = 2–1 level of 2.2 × 10−25 W m−2. Our upper limit is,

Table 1. Overview of the stellar parameters that have
been used for the analysis.

Parameter Value Reference

d (pc) 71.3 ± 0.4 1
RA (J2000) 05h 43m 21.67s 2
Dec. (J2000) −18◦ 33′ 26.91′′ 2
Age (Myr) 42+6

−4 3
R% (R%) 1.7 ± 0.2 4
Teff (K) 9610+160

−1740 2
L% (L%) 26 ± 7 4
M% (M%) 2.4 ± 0.4 4
log(g) 4.4 ± 0.3 4

References. (1) Bailer-Jones et al. (2018), (2) Gaia
Collaboration et al. (2018), (3) Bell et al. (2015), and
(4) Stassun et al. (2018).

therefore, consistent with this model and much deeper observations
will be necessary to detect any gas in this system.

3 M O D E L L I N G

3.1 Disc set-up

The modelling procedure used here follows that of Marino et al.
(2019). We model the dust radial and vertical distribution in cylin-
drical coordinates, &(r, φ, z), as a Gaussian. Given that the image
shows some signs of asymmetry, we define the radial distribution as
a Gaussian in terms of the semimajor axis, a(r, φ), rather than the
radial distribution, r, where the semimajor axis is determined by

a(r,φ) = r
1 − e cos(φ − ω)

1 − e2
, (1)

where e is the eccentricity and ω is the argument of pericentre. The
surface density distribution is then given by

&(r,φ, z) ∝ exp
(

− (a − a0)2

2σ 2
r

− z2

2h2r2

)
, (2)

σr = )a

2
√

2 log 2
, (3)

where a0 is the mean of the Gaussian, )a is the full width at half-
maximum (FWHM) of the Gaussian, and h is the aspect ratio. Given
the low resolution of these observations, we do not expect to vertically
resolve the disc and so have arbitrarily set h = 0.01.

For the dust grains, we assume a differential size distribution n∝sα ,
with the power-law index α = − 3.5, following Dohnanyi (1969).
Following the spectral energy distribution analysis of Morales et al.
(2016), we set the minimum grain radius to Smin = 5µm. The
maximum grain radius is set to an arbitrarily large value of Sdust =
1 cm. The total mass of dust in the disc is defined by Mdust. For the
optical properties, astrosilicate grains were assumed (Draine 2003)
as these produced the best fit to the photometry (Morales et al. 2016).
We note that, since we are modelling a resolved image at a single
wavelength, these parameters have little effect on the final results,
with the exception of the dust mass that defines the total flux density.

The stellar parameters are given in Table 1. To calculate the stellar
flux, we have used a Kurucz stellar template spectrum (Kurucz 1979)
with values closest to those for HD 38206 (Teff = 9500 K and log(g)
= 4.5).

To create the final image of the disc, we define the inclination with
respect to face-on, I, and the position angle anticlockwise from north,
+, before running a radiative transfer computation using RADMC-
3D(Dullemond et al. 2012).

MNRAS 500, 1604–1611 (2021)
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⻄に⻑い

ALMA observations of HD 38206 1605

Figure 1. Image of HD 38206 at 1.35 mm after processing with the CLEAN
algorithm. The contours show the ±2, 4, 6, and 8σ levels. The white cross
marks the position on the star based on the Gaia DR2 position and accounting
for proper motion.

15 and 365 m. The received data were calibrated using the standard
observatory calibration in CASA version 4.7.74. The quasar J0609-
1542 was used for bandpass and phase calibration and the active
galactic nucleus PKS 0521-36 as flux calibrator. The correlator was
set to provide four spectral windows, processing two polarizations in
each of these. While one spectral window was centred at the CO J =
2–1 line at 230.538 GHz, with 3840 channels of width 0.5 MHz, the
other three had central frequencies of 213, 215, and 228 GHz and
128 channels with a width of 16 MHz to study the dust continuum
emission.

The image of the disc is shown in Fig. 1. This has been created from
the inversely Fourier transformed complex visibilities using natural
weighting and multifrequency synthesis, followed by processing with
the CLEAN algorithm (Högbom 1974). We obtain a synthesized
beam of size 0.97 arcsec × 0.75 arcsec and a beam position angle
of −86.5◦ measured from north to east. We measure the rms to
be σ = 23.5 µJy beam−1. The disc is seen to be edge-on. There
are some signs of asymmetry with a peak in the emission of
0.18 ± 0.02 mJy 2.1 arcsec east of the star, whilst to the west
the emission peaks at 2.9 arcsec from the star, but with a lower
flux density of 0.09 ± 0.02 mJy. We do not expect this to be
due to a pointing issue as the phase centre location agrees well
with the expected position of the star based on the Gaia DR2
(Gaia Collaboration et al. 2018) position after correcting for proper
motion.

The total flux density within an ellipse surrounding the emission is
0.7 ± 0.1 mJy. Morales et al. (2016) found the flux density at 160 µm
to be 188.9+6.5

−6.5 mJy. By assuming a single power law between 160
and 1350 µm, typically formulated as Fν = λ−(2 + β), we find β =
0.6, a typical value for a debris disc (Holland et al. 2017).

To check for CO J = 2–1 emission, we also used CLEAN to create
a data cube of the channels around the expected radial velocity of
the star (25.3 km s−1; Gontcharov 2006). No CO line emission was
detected. By integrating over the pixels where continuum emission
is detected (at >3σ ), we find the 3σ upper limit on an unresolved
emission line to be 1.4 × 10−22 W m−2 (using equation A2 of
Booth et al. 2019). Based on a model of gas production through the
collisional cascade, Kral et al. (2017) predicted that this system would
have a CO J = 2–1 level of 2.2 × 10−25 W m−2. Our upper limit is,

Table 1. Overview of the stellar parameters that have
been used for the analysis.

Parameter Value Reference

d (pc) 71.3 ± 0.4 1
RA (J2000) 05h 43m 21.67s 2
Dec. (J2000) −18◦ 33′ 26.91′′ 2
Age (Myr) 42+6

−4 3
R% (R%) 1.7 ± 0.2 4
Teff (K) 9610+160

−1740 2
L% (L%) 26 ± 7 4
M% (M%) 2.4 ± 0.4 4
log(g) 4.4 ± 0.3 4

References. (1) Bailer-Jones et al. (2018), (2) Gaia
Collaboration et al. (2018), (3) Bell et al. (2015), and
(4) Stassun et al. (2018).

therefore, consistent with this model and much deeper observations
will be necessary to detect any gas in this system.

3 M O D E L L I N G

3.1 Disc set-up

The modelling procedure used here follows that of Marino et al.
(2019). We model the dust radial and vertical distribution in cylin-
drical coordinates, &(r, φ, z), as a Gaussian. Given that the image
shows some signs of asymmetry, we define the radial distribution as
a Gaussian in terms of the semimajor axis, a(r, φ), rather than the
radial distribution, r, where the semimajor axis is determined by
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where a0 is the mean of the Gaussian, )a is the full width at half-
maximum (FWHM) of the Gaussian, and h is the aspect ratio. Given
the low resolution of these observations, we do not expect to vertically
resolve the disc and so have arbitrarily set h = 0.01.

For the dust grains, we assume a differential size distribution n∝sα ,
with the power-law index α = − 3.5, following Dohnanyi (1969).
Following the spectral energy distribution analysis of Morales et al.
(2016), we set the minimum grain radius to Smin = 5µm. The
maximum grain radius is set to an arbitrarily large value of Sdust =
1 cm. The total mass of dust in the disc is defined by Mdust. For the
optical properties, astrosilicate grains were assumed (Draine 2003)
as these produced the best fit to the photometry (Morales et al. 2016).
We note that, since we are modelling a resolved image at a single
wavelength, these parameters have little effect on the final results,
with the exception of the dust mass that defines the total flux density.

The stellar parameters are given in Table 1. To calculate the stellar
flux, we have used a Kurucz stellar template spectrum (Kurucz 1979)
with values closest to those for HD 38206 (Teff = 9500 K and log(g)
= 4.5).

To create the final image of the disc, we define the inclination with
respect to face-on, I, and the position angle anticlockwise from north,
+, before running a radiative transfer computation using RADMC-
3D(Dullemond et al. 2012).
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Figure 1. Image of HD 38206 at 1.35 mm after processing with the CLEAN
algorithm. The contours show the ±2, 4, 6, and 8σ levels. The white cross
marks the position on the star based on the Gaia DR2 position and accounting
for proper motion.

15 and 365 m. The received data were calibrated using the standard
observatory calibration in CASA version 4.7.74. The quasar J0609-
1542 was used for bandpass and phase calibration and the active
galactic nucleus PKS 0521-36 as flux calibrator. The correlator was
set to provide four spectral windows, processing two polarizations in
each of these. While one spectral window was centred at the CO J =
2–1 line at 230.538 GHz, with 3840 channels of width 0.5 MHz, the
other three had central frequencies of 213, 215, and 228 GHz and
128 channels with a width of 16 MHz to study the dust continuum
emission.

The image of the disc is shown in Fig. 1. This has been created from
the inversely Fourier transformed complex visibilities using natural
weighting and multifrequency synthesis, followed by processing with
the CLEAN algorithm (Högbom 1974). We obtain a synthesized
beam of size 0.97 arcsec × 0.75 arcsec and a beam position angle
of −86.5◦ measured from north to east. We measure the rms to
be σ = 23.5 µJy beam−1. The disc is seen to be edge-on. There
are some signs of asymmetry with a peak in the emission of
0.18 ± 0.02 mJy 2.1 arcsec east of the star, whilst to the west
the emission peaks at 2.9 arcsec from the star, but with a lower
flux density of 0.09 ± 0.02 mJy. We do not expect this to be
due to a pointing issue as the phase centre location agrees well
with the expected position of the star based on the Gaia DR2
(Gaia Collaboration et al. 2018) position after correcting for proper
motion.

The total flux density within an ellipse surrounding the emission is
0.7 ± 0.1 mJy. Morales et al. (2016) found the flux density at 160 µm
to be 188.9+6.5

−6.5 mJy. By assuming a single power law between 160
and 1350 µm, typically formulated as Fν = λ−(2 + β), we find β =
0.6, a typical value for a debris disc (Holland et al. 2017).

To check for CO J = 2–1 emission, we also used CLEAN to create
a data cube of the channels around the expected radial velocity of
the star (25.3 km s−1; Gontcharov 2006). No CO line emission was
detected. By integrating over the pixels where continuum emission
is detected (at >3σ ), we find the 3σ upper limit on an unresolved
emission line to be 1.4 × 10−22 W m−2 (using equation A2 of
Booth et al. 2019). Based on a model of gas production through the
collisional cascade, Kral et al. (2017) predicted that this system would
have a CO J = 2–1 level of 2.2 × 10−25 W m−2. Our upper limit is,

Table 1. Overview of the stellar parameters that have
been used for the analysis.

Parameter Value Reference

d (pc) 71.3 ± 0.4 1
RA (J2000) 05h 43m 21.67s 2
Dec. (J2000) −18◦ 33′ 26.91′′ 2
Age (Myr) 42+6

−4 3
R% (R%) 1.7 ± 0.2 4
Teff (K) 9610+160

−1740 2
L% (L%) 26 ± 7 4
M% (M%) 2.4 ± 0.4 4
log(g) 4.4 ± 0.3 4

References. (1) Bailer-Jones et al. (2018), (2) Gaia
Collaboration et al. (2018), (3) Bell et al. (2015), and
(4) Stassun et al. (2018).

therefore, consistent with this model and much deeper observations
will be necessary to detect any gas in this system.
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3.1 Disc set-up

The modelling procedure used here follows that of Marino et al.
(2019). We model the dust radial and vertical distribution in cylin-
drical coordinates, &(r, φ, z), as a Gaussian. Given that the image
shows some signs of asymmetry, we define the radial distribution as
a Gaussian in terms of the semimajor axis, a(r, φ), rather than the
radial distribution, r, where the semimajor axis is determined by
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1 − e cos(φ − ω)
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, (1)
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where a0 is the mean of the Gaussian, )a is the full width at half-
maximum (FWHM) of the Gaussian, and h is the aspect ratio. Given
the low resolution of these observations, we do not expect to vertically
resolve the disc and so have arbitrarily set h = 0.01.

For the dust grains, we assume a differential size distribution n∝sα ,
with the power-law index α = − 3.5, following Dohnanyi (1969).
Following the spectral energy distribution analysis of Morales et al.
(2016), we set the minimum grain radius to Smin = 5µm. The
maximum grain radius is set to an arbitrarily large value of Sdust =
1 cm. The total mass of dust in the disc is defined by Mdust. For the
optical properties, astrosilicate grains were assumed (Draine 2003)
as these produced the best fit to the photometry (Morales et al. 2016).
We note that, since we are modelling a resolved image at a single
wavelength, these parameters have little effect on the final results,
with the exception of the dust mass that defines the total flux density.

The stellar parameters are given in Table 1. To calculate the stellar
flux, we have used a Kurucz stellar template spectrum (Kurucz 1979)
with values closest to those for HD 38206 (Teff = 9500 K and log(g)
= 4.5).

To create the final image of the disc, we define the inclination with
respect to face-on, I, and the position angle anticlockwise from north,
+, before running a radiative transfer computation using RADMC-
3D(Dullemond et al. 2012).
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Ø ガウシアン3D離⼼リングモデル。
Ø パラメーターはa0, Δa, Mdust, i, PA, e, ω。

Ø Spwごとのビジビリティをスペクトル指数2.6としてフィット。
Ø null modelでχ2=2Nvisとなるように重みをスケール。RADMC3D, EMCEE。
Ø Herschelより幅広でエッジオン。

1606 M. Booth et al.

To summarize, our model has seven free parameters – a0, !a,
Mdust, I, ", e, and ω.

3.2 MCMC fit

To find the best-fitting parameters, we make use of the EMCEE module
(Foreman-Mackey et al. 2013). It is a PYTHON implementation of
an Affine Invariant Markov chain Monte Carlo (MCMC) Ensemble
Sampler (Goodman & Weare 2010). In this paper, we fit directly to the
visibility data, which has been averaged to one channel per spectral
window. This means that we are fitting images at four different
wavelengths, which is done since the differences between the spectral
windows are large enough that simply averaging to one frequency
could distort the final visibilities. However, this means that the model
must be compared at four different wavelengths. Rather than create
four separate models, one is created and adjusted to each wavelength
assuming a power-law change in the flux density with a β = 0.6
for the disc and β = 0 for the star (see Section 2). The resultant
image output from RADMC-3D is then multiplied by the primary
beam, Fourier transformed and then sampled at the same points in
the Fourier plane as the original data in order to compare the two.
The χ2 statistic is then calculated using

χ2 =
Nvis∑

j=1

(Re(Dj ) − Re(Mj ))2wj

+ (Im(Dj ) − Im(Mj ))2wj , (4)

where Dj and Mj are the observed and model visibilities, respectively,
and wj are the weights.

A known problem with data taken during the early cycles of
ALMA, such as the data analysed here, is that the weights are correct
relative to each other but not necessarily correct in an absolute sense.1

Using the uncorrected weights will still result in determining the best-
fitting model, but the uncertainties on the fitted parameters may be
incorrect. To account for this, we need to determine the factor, f, that
the uncertainties are underestimated by. This could be left as a free
parameter, however, since the SNR per visibility is much less than
1, we can make a very good estimate of f by calculating the χ2 for
a null model. Through this method f =

√
χ2/(2Nvis), where Nvis is the

number of visibilities used in the fit and we are using 2Nvis because
the real and imaginary components are independent (see e.g. section
6.2.2 of Thompson, Moran & Swenson 2017). The weights are then
adjusted so that wj → wj

f 2 .
Assuming Gaussian uncertainties, the likelihood is then

lnL ∝ −χ2/2. (5)

We used uniform priors for all free parameters with limits of 20 au
<r0 < 350 au, 10 au <!r < 2r0, 60◦ < I < 90◦, 50◦ < " < 130◦,
0.0001 M⊕ < Mdust < 0.3 M⊕, 0 < e < 0.9, and −180◦ < ω < 180◦.
The MCMC was run with 200 walkers and for 1000 steps.

3.3 Results

The resulting best-fitting parameters are given in Table 2, whilst the
best-fitting model, residuals, and deprojected visibilities are shown
in Fig. 2. The clearest difference between our results and the analysis
of the Herschel data by Morales et al. (2016) is that we find the disc
to be very wide, whereas they assumed a narrow ring (of ∼20 au) and
found it to be consistent with their data, which had a resolution of

1https://casaguides.nrao.edu/index.php/DataWeightsAndCombination

Table 2. Parameters for the best-fitting model. The uncertainties given for
the parameters are the 16th and 84th percentiles of the posterior distribution.
" is measured anticlockwise from north, whilst ω is measured anticlockwise
from ".

a0 (au) !a (au) Mdust (M⊕) I (◦) " (◦) e ω (◦)

184+19
−17 143+46

−36 0.105+0.016
−0.015 83.3+1.3

−1.3 84.3+1.2
−1.2 0.25+0.10

−0.09 49+22
−25

∼6 arcsec. None the less, our finding that the peak in the emission is
at 184+19

−17 au is consistent with their narrow ring location. Our higher
resolution data also clearly shows that this disc is close to edge on.
Morales et al. (2016) found a lower inclination of 60 ± 4◦, but this
may also be a result of their use of a narrow ring model.

We find that a non-zero eccentricity is preferred by our fit, with a
value of 0.25+0.10

−0.09. However, we cannot completely rule out a circular
ring since that is still within the 3σ uncertainty region (see Fig. 3).
The apocentre location on the west side of the disc allows this model
to explain the extension to the west noted in Section 2. It does not,
however, explain the brightness asymmetry as seen by the 3σ residual
in the residuals image (Fig. 2). This is not surprising as we do not
expect to see any pericentre glow at these wavelengths (e.g. Pan,
Nesvold & Kuchner 2016). Since the residuals image also shows a
number of other 3σ sources away from the disc, it is likely that these
are simply peaks in the noise, although it is also possible that they
are background sources.

Our model uses the dust mass as a free parameter. This can easily
be converted to a flux density by summing the flux in the best-
fitting image. Through this process we find that F1350 µm = 0.81 ±
0.12 mJy, which is consistent with that found from the CLEAN image
in Section 2.

4 D ISCUSSION

When analysing the spatial distribution of a debris disc, the natural
question to ask is what does this mean for the planetary system?
From our and prior observations we know that

(i) the very fact that we see dust at all requires that the plan-
etesimals must have been stirred up enough to initiate a collisional
cascade,

(ii) the radial distribution of the outer belt and the presence of an
inner belt implies gap clearing in between the two,

(iii) there are tentative signs of asymmetry that imply dynamical
interactions.

In the following subsections, we shall discuss whether or not these
features necessitate the presence of planets in the system and make
predictions for the properties of these potential planets.

4.1 Self-stirring

In order to create a debris disc, the planetesimals remaining in a
system after the gas of the protoplanetary disc has dissipated must
be stirred so that the planetesimals can reach the relative velocities
necessary to initiate a collisional cascade. The most likely ways for
this to happen are via the gravitational effects of nearby planets
(planet stirring, e.g. Mustill & Wyatt 2009) or large planetesimals
within the disc (self-stirring, e.g. Kenyon et al. 2008; Krivov & Booth
2018). First we consider whether the disc around HD 38206 can be
self-stirred during the age of the system. If large planetesimals form
quickly in the disc (e.g. by streaming instability), Krivov & Booth
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ALMA observations of HD 38206 1607

Figure 2. Left: Model image for the best-fitting parameters of the model. Middle: Image residuals after subtracting the best-fitting model. The contours show
the 3σ residuals. Right: The deprojected and azimuthally averaged observed visibilities (points) and model visibilities (dashed line).

Figure 3. Posterior distribution for the eccentricity and the argument of
pericentre. Whilst a non-zero eccentricity is clearly preferred, a circular ring is
still consistent within the 3σ uncertainties (defined by the outermost contour).

(2018) show that

Ts = 9.3 Myr
(

1
γ

)(
ρ

1 g cm−3

)−1 ( vfrag

30 m s−1

)4
(

Smax

200 km

)−3

×
(

M$

M#

)−1/2 ( a0

100 au

)7/2
(

%a/a0

0.1

)(
Mdisc

100 M⊕

)−1

(6)

where γ is a constant factor between 1 and 2, ρ is the density, vfrag is
the velocity required for destructive collisions, Smax is the maximum
radius of planetesimals in the collisional cascade and Mdisc is the total
mass in the disc. For the composition we are using, ρ = 3.5 g cm−3.
From Section 3.3, we find that a0 = 184 au and %a = 143 au. We
can estimate Mdisc by extrapolating the dust mass, assuming a single
power-law size distribution from dust grains up to Smax (although note
that estimating the total disc mass is highly uncertain due to a lack
of knowledge in the form of the size distribution and its maximum
extent; see Krivov & Wyatt 2020, for further discussion on the total
mass of debris discs)

Mdisc = S4+α
max − S4+α

min

S4+α
dust − S4+α

min

Mdust. (7)

This results in Mdisc = 420 M⊕. For all other parameters, we use the
standard values used by Krivov & Booth (2018): γ = 1.5, vfrag =
30 m s−1, and Smax = 200 km. This results in Tstir = 13 Myr.

HD 38206 has previously been reported as a member of the
Columba association (Torres et al. 2008). We first check that this
is still the case using the latest Gaia data and the Bayesian inference
association membership code BANYAN ' (Gagné et al. 2018). This
results in a 99.9 per cent chance that this star is a member of the
Columba association. According to Bell et al. (2015), this means
that it has a likely age of 42+6

−4 Myr, longer than the timescale needed
for self-stirring and demonstrating that planets are not required to
stir the disc.

However, we must note that there is a lot of uncertainty in many
of these values. For instance, even a small change in the slope of the
size distribution can result in a large change in total disc mass. The
timescale for stirring is even more strongly dependent on vfrag and
Smax. Laboratory experiments demonstrate that there is an uncertainty
of about an order of magnitude on vfrag (see Blum & Wurm 2008, and
references therein), whilst Smax is dependent on the assumption that
the planetesimals formed through the process of pebble concentration
described in Johansen et al. (2015), Simon et al. (2016), Schäfer, Yang
& Johansen (2017), and Simon et al. (2017). Bearing all this in mind,
there is at least a couple of orders of magnitude uncertainty on the
self-stirring time-scale and so we should also consider the possibility
that planets are required to stir the disc.

4.2 Gap clearing by planets

Like many other debris discs, the one around HD 38206 has a two-
component structure – in addition to the belt on the outer edge of
this system imaged by ALMA, we know from the SED (Morales
et al. 2009, 2016) that there is also warm emission likely originating
from an asteroid belt analogue. Both the origin of the broad gap
between the outer and the inner rings and the nature of the warm
component in such discs are a matter of debate. It is possible that
planetesimals failed to form at intermediate distances, creating a two-
belt architecture by the time of gas dispersal (e.g. Carrera et al. 2017),
although this depends strongly on the planetesimal formation model.
Another conceivable explanation for two-component discs would
be a swarm of planetesimals in eccentric orbits with apocentres in
the outer belt and pericentres in the inner one (Wyatt et al. 2010),
although this implies high eccentricities that would be difficult to
explain.

Nevertheless, by analogy with the Solar system with its Kuiper
and asteroid belts and giant planets in between, it is natural to
expect that the gap between the two rings was carved by as yet
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ABSTRACT
HD 38206 is an A0V star in the Columba association, hosting a debris disc first discovered by IRAS. Further observations by
Spitzer and Herschel showed that the disc has two components, likely analogous to the asteroid and Kuiper belts of the Solar
system. The young age of this star makes it a prime target for direct imaging planet searches. Possible planets in the system
can be constrained using the debris disc. Here, we present the first ALMA observations of the system’s Kuiper belt and fit them
using a forward modelling MCMC approach. We detect an extended disc of dust peaking at around 180 au with a width of
140 au. The disc is close to edge on and shows tentative signs of an asymmetry best fit by an eccentricity of 0.25+0.10

−0.09. We use
the fitted parameters to determine limits on the masses of planets interior to the cold belt. We determine that a minimum of four
planets are required, each with a minimum mass of 0.64 MJ, in order to clear the gap between the asteroid and Kuiper belts of
the system. If we make the assumption that the outermost planet is responsible for the stirring of the disc, the location of its
inner edge and the eccentricity of the disc, then we can more tightly predict its eccentricity, mass, and semimajor axis to be
ep = 0.34+0.20

−0.13, mp = 0.7+0.5
−0.3 MJ, and ap = 76+12

−13 au.

Key words: planet–disc interactions – circumstellar matter – stars: individual: HD 38206 – planetary systems – submillimetre:
planetary systems.

1 IN T RO D U C T I O N

As one of the key components of a planetary system, studying debris
discs enables us to understand the current make-up of a planetary
system and its formation and evolution. In recent years, the Atacama
Large Millimeter/submillimeter Array (ALMA) has made it possible
to image these discs at long wavelengths in much finer detail than
was previously possible (for a recent review, see Hughes, Duchêne &
Matthews 2018). Of particular interest are systems where both debris
discs and at least one planet have been observed. Analysis of such
systems is of prime importance for understanding the interaction
between planets and the disc. Examples of such systems include
Fomalhaut (Kalas et al. 2008; Boley et al. 2012), HR 8799 (Marois
et al. 2010; Booth et al. 2016), β Pic (Lagrange et al. 2010; Dent
et al. 2014), and HD 95086 (Rameau et al. 2013; Su et al. 2017).
For systems where no planet has yet been directly imaged, strong
constraints on where the outer planets in the system are can still be
derived from studying the debris disc (e.g. Booth et al. 2017; Marino
et al. 2018b, 2019).

In this paper, we present and analyse the first ALMA image of the
debris disc around HD 38206. HD 38206 is a star of spectral type
A0V. The debris disc around this star was first identified using IRAS
data by Mannings & Barlow (1998) and has also been detected

" E-mail: markbooth@cantab.net

by Spitzer/MIPS (Rieke et al. 2005), Spitzer/IRS (Morales et al.
2009), Gemini/T-ReCS (Moerchen, Telesco & Packham 2010), and
Herschel/PACS (Morales et al. 2016). By analysing both the resolved
Herschel images and the full SED, Morales et al. (2016) demonstrate
that the system is seen close to edge on and has two belts at 11 and
160 au. The system is thought to be a member of the Columba
association (Torres et al. 2008), giving it an age of 42+6

−4 Myr (Bell,
Mamajek & Naylor 2015). The young age of this system means that
it is a prime candidate for direct imaging surveys, although no planets
have been detected so far. Shannon et al. (2016) developed a model
for the minimum mass of planets required to clear a gap in a two belt
debris disc system. They use HD 38206 as an example case and show
that the minimum mass of planets is close to the upper limit possible
from VLT/SPHERE observations. By analysing the ALMA data of
this system, we shall re-assess the limits on the masses of potential
planets in the system and make a prediction for the properties of the
hypothetical outermost planet.

2 A L M A O B S E RVAT I O N S

The observation of HD 38206 was carried out by ALMA in band 6
during cycle 1 as part of the project 2012.1.00437.S (PI: David
Rodriguez). It was observed on the 2014 March 7 with a precipitable
water vapour of 1.80 mm and 35.7 min on source time by 23
antennas in a compact configuration. These led to baselines between
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⻄に⻑い

の続き

次がわかっている。惑星は必要か？
(i)カスケードでダストができるほど微惑星が撹拌。
(ii)内側と外側のリングのギャップ。
(iii)⾮対称は動的相互作⽤。

Ø 200 kmの微惑星がいくつかあったなら13 Myrで⼗分撹拌（Krivov&Booth18）。
Ø ⼩惑星帯とカイパーベルトのようにギャップは惑星を⽰唆。
Ø 同じ平⾯、同じ質量、円、log uniform spacingのとき必要な個数。

ギリギリ安定な最⼤個数。その2倍の間隔でもギリギリ掃ける（最⼩個数）。
Ø 20 or 16ヒル半径離れた惑星が42 Myr以内に間の微惑星を散らす。

ALMA observations of HD 38206 1607

Figure 2. Left: Model image for the best-fitting parameters of the model. Middle: Image residuals after subtracting the best-fitting model. The contours show
the 3σ residuals. Right: The deprojected and azimuthally averaged observed visibilities (points) and model visibilities (dashed line).

Figure 3. Posterior distribution for the eccentricity and the argument of
pericentre. Whilst a non-zero eccentricity is clearly preferred, a circular ring is
still consistent within the 3σ uncertainties (defined by the outermost contour).

(2018) show that
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where γ is a constant factor between 1 and 2, ρ is the density, vfrag is
the velocity required for destructive collisions, Smax is the maximum
radius of planetesimals in the collisional cascade and Mdisc is the total
mass in the disc. For the composition we are using, ρ = 3.5 g cm−3.
From Section 3.3, we find that a0 = 184 au and %a = 143 au. We
can estimate Mdisc by extrapolating the dust mass, assuming a single
power-law size distribution from dust grains up to Smax (although note
that estimating the total disc mass is highly uncertain due to a lack
of knowledge in the form of the size distribution and its maximum
extent; see Krivov & Wyatt 2020, for further discussion on the total
mass of debris discs)

Mdisc = S4+α
max − S4+α

min

S4+α
dust − S4+α

min

Mdust. (7)

This results in Mdisc = 420 M⊕. For all other parameters, we use the
standard values used by Krivov & Booth (2018): γ = 1.5, vfrag =
30 m s−1, and Smax = 200 km. This results in Tstir = 13 Myr.

HD 38206 has previously been reported as a member of the
Columba association (Torres et al. 2008). We first check that this
is still the case using the latest Gaia data and the Bayesian inference
association membership code BANYAN ' (Gagné et al. 2018). This
results in a 99.9 per cent chance that this star is a member of the
Columba association. According to Bell et al. (2015), this means
that it has a likely age of 42+6

−4 Myr, longer than the timescale needed
for self-stirring and demonstrating that planets are not required to
stir the disc.

However, we must note that there is a lot of uncertainty in many
of these values. For instance, even a small change in the slope of the
size distribution can result in a large change in total disc mass. The
timescale for stirring is even more strongly dependent on vfrag and
Smax. Laboratory experiments demonstrate that there is an uncertainty
of about an order of magnitude on vfrag (see Blum & Wurm 2008, and
references therein), whilst Smax is dependent on the assumption that
the planetesimals formed through the process of pebble concentration
described in Johansen et al. (2015), Simon et al. (2016), Schäfer, Yang
& Johansen (2017), and Simon et al. (2017). Bearing all this in mind,
there is at least a couple of orders of magnitude uncertainty on the
self-stirring time-scale and so we should also consider the possibility
that planets are required to stir the disc.

4.2 Gap clearing by planets

Like many other debris discs, the one around HD 38206 has a two-
component structure – in addition to the belt on the outer edge of
this system imaged by ALMA, we know from the SED (Morales
et al. 2009, 2016) that there is also warm emission likely originating
from an asteroid belt analogue. Both the origin of the broad gap
between the outer and the inner rings and the nature of the warm
component in such discs are a matter of debate. It is possible that
planetesimals failed to form at intermediate distances, creating a two-
belt architecture by the time of gas dispersal (e.g. Carrera et al. 2017),
although this depends strongly on the planetesimal formation model.
Another conceivable explanation for two-component discs would
be a swarm of planetesimals in eccentric orbits with apocentres in
the outer belt and pericentres in the inner one (Wyatt et al. 2010),
although this implies high eccentricities that would be difficult to
explain.

Nevertheless, by analogy with the Solar system with its Kuiper
and asteroid belts and giant planets in between, it is natural to
expect that the gap between the two rings was carved by as yet
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undiscovered planets. It would be interesting to put some constraints
on the number, masses, and location of the alleged planets in the
cavity. Such constraints would be tighter if the disc exhibited strong
asymmetries (e.g. Lee & Chiang 2016; Löhne et al. 2017), or if an
accurate radial profile of the inner edge of the outer disc could be
inferred from the resolved images (e.g. Nesvold & Kuchner 2015;
Booth et al. 2017). Also, for systems with the observed hot dust close
to the star, constraints can be derived by assuming this dust to stem
from comets scattered into the inner system by a chain of planets
interior to the outer belt (e.g. Marino et al. 2018a). However, none of
this is the case for HD 38206, so that we can only use the gap radius
to constrain parameters of the possible planets in this system. This
makes the problem highly degenerate, since the same gap could be
cleared by many different planet configurations.

In view of this degeneracy, we make a number of assumptions.
All of them are arbitrary and do not have to hold in reality, yet
they allow us to make specific estimates. Again by analogy with our
Solar system, we confine ourselves to a simple scenario in which the
presumed planets in the gap are all in nearly-circular, nearly-coplanar
orbits (e.g. Su & Rieke 2014), although alternative scenarios exist,
such as divergent planetesimal-driven migration of pairs of planets
(Morrison & Kratter 2018) or sweeping secular resonances with one
‘lonely’ giant planet in an eccentric orbit (Zheng et al. 2017). For
simplicity, we also assume a log-uniform spacing and equal masses
for all planets in the gap. Finally, we assume that the alleged planets
are dynamically stable against mutual perturbation over the age of
the central star.

Many studies derived stability criteria for both lower mass planets
(e.g. Chambers, Wetherill & Boss 1996; Faber & Quillen 2007; Zhou,
Lin & Sun 2007; Smith & Lissauer 2009, among others) and massive
ones (Morrison & Kratter 2016). One way of applying these criteria
to the gap clearing was proposed by Faber & Quillen (2007). First,
they estimate the maximum number of planets Np in relation to their
mass mp that would still lead to a (marginally) stable system. Since
the planets themselves would already be close to becoming unstable,
they argue that planetesimals would already be completely removed
from the planetary region, ensuring the gap to be devoid of any debris
material. They then also estimate the minimum number of planets.
To do this, they place them at separations that are twice as large
as those that correspond to a marginally stable system. In this case,
the expectation is that a significant fraction of planetesimals residing
between the orbits of neighbouring planets would be removed from
the system. It is only the bodies orbiting exactly half-way between
the planets that would have a chance to survive. The planetary system
would then certainly be stable, whilst the gap would be nearly free of
debris. In order to calculate these extremes, Faber & Quillen (2007)
provide the following formulae:

Np = log10(ain/aw)
log10(1 + gδmin)

(8)

δmin = µ1/4

3.7
(log10(τ/yr) + 1 + log10(µ/10−7)), (9)

where ain is the inner edge of the outer belt, aw is the location of
the inner belt (which is assumed to be narrow), g is a parameter
that equals 1 for calculating the maximum number of planets and 2
for calculating the minimum number of planets, µ is the mass ratio
mp/M#, and τ is the age of the system. The relationship between Np

and mp using the parameters for the HD 38206 system is shown in
Fig. 4 with the grey region representing the allowed parameters.

Based on these results, we might expect between 4 and 7 Jupiter-
mass planets. A larger number of lower mass planets would also do.
Note that there is no stringent lower limit on the mass of a single

Figure 4. Constraints on the possible number of planets in the gap and their
masses. The grey shaded region represents the bounds based on the model
of Faber & Quillen (2007) (see equations 8 and 9). The cross and the dot
represent the minimum number and mass based on the model of Shannon
et al. (2016) and using K = 16 and K = 20, respectively (see equations 10
and 11). The horizontal dashed line represents the minimum number below
which the equations of Shannon et al. (2016) are invalid (see equation 12).

planet in the model, except that the underlying stability criterion was
only established by Faber & Quillen (2007) by numerical integrations
within a certain range of masses and may fail outside that range.

Another approach is to put the suspected planets in a configuration
that is spaced widely enough to ensure stability, place planetesimals
between the planetary orbits, and to invoke numerical integrations
and analytic arguments to see whether, and on which time-scales,
these planetesimals will be removed from the system. This idea
was employed by Shannon et al. (2016) who found the clearing
time-scale of the chaotic zone as a function of the planet mass and
semimajor axis using N-body simulations. From these simulations,
they derived a lower limit on the mass of each planet, mp, inside
the gap, assuming equal mass planets with a separation of K mutual
Hill’s radii. Modifying their equations such that K is left as a free
parameter, we find that

mp =
(κ

τ
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)3/2
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m⊕ , (10)

and also the minimum number of planets that are needed to clear the
gap within the age of the system:
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where κ is a parameter dependent on K. They first assumed a wide
spacing, with separation of K = 20 mutual Hill’s radii between the
neighbouring planet orbits, which is close to a typical separation in
Kepler multiplanet systems. In this case, κ = (4 ± 1) × 106 yr. They
also checked a slightly tighter packing, with K = 16, and found the
results to be similar. In this case, κ = (2 ± 0.2) × 106 yr.

Shannon et al. (2016) applied their formulae to the HD 38206
system using the parameters known at the time (τ = 30 Myr, aw =
15 au, ain = 180 au). They found that three planets, each with a mass
of 1.4 MJ, are required to clear the gap.

In their case, ain was determined solely from a fit to the SED
and assumption of a narrow belt. From our results, whilst we do
not resolve the inner edge of the disc, we do resolve the disc well
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undiscovered planets. It would be interesting to put some constraints
on the number, masses, and location of the alleged planets in the
cavity. Such constraints would be tighter if the disc exhibited strong
asymmetries (e.g. Lee & Chiang 2016; Löhne et al. 2017), or if an
accurate radial profile of the inner edge of the outer disc could be
inferred from the resolved images (e.g. Nesvold & Kuchner 2015;
Booth et al. 2017). Also, for systems with the observed hot dust close
to the star, constraints can be derived by assuming this dust to stem
from comets scattered into the inner system by a chain of planets
interior to the outer belt (e.g. Marino et al. 2018a). However, none of
this is the case for HD 38206, so that we can only use the gap radius
to constrain parameters of the possible planets in this system. This
makes the problem highly degenerate, since the same gap could be
cleared by many different planet configurations.

In view of this degeneracy, we make a number of assumptions.
All of them are arbitrary and do not have to hold in reality, yet
they allow us to make specific estimates. Again by analogy with our
Solar system, we confine ourselves to a simple scenario in which the
presumed planets in the gap are all in nearly-circular, nearly-coplanar
orbits (e.g. Su & Rieke 2014), although alternative scenarios exist,
such as divergent planetesimal-driven migration of pairs of planets
(Morrison & Kratter 2018) or sweeping secular resonances with one
‘lonely’ giant planet in an eccentric orbit (Zheng et al. 2017). For
simplicity, we also assume a log-uniform spacing and equal masses
for all planets in the gap. Finally, we assume that the alleged planets
are dynamically stable against mutual perturbation over the age of
the central star.

Many studies derived stability criteria for both lower mass planets
(e.g. Chambers, Wetherill & Boss 1996; Faber & Quillen 2007; Zhou,
Lin & Sun 2007; Smith & Lissauer 2009, among others) and massive
ones (Morrison & Kratter 2016). One way of applying these criteria
to the gap clearing was proposed by Faber & Quillen (2007). First,
they estimate the maximum number of planets Np in relation to their
mass mp that would still lead to a (marginally) stable system. Since
the planets themselves would already be close to becoming unstable,
they argue that planetesimals would already be completely removed
from the planetary region, ensuring the gap to be devoid of any debris
material. They then also estimate the minimum number of planets.
To do this, they place them at separations that are twice as large
as those that correspond to a marginally stable system. In this case,
the expectation is that a significant fraction of planetesimals residing
between the orbits of neighbouring planets would be removed from
the system. It is only the bodies orbiting exactly half-way between
the planets that would have a chance to survive. The planetary system
would then certainly be stable, whilst the gap would be nearly free of
debris. In order to calculate these extremes, Faber & Quillen (2007)
provide the following formulae:

Np = log10(ain/aw)
log10(1 + gδmin)

(8)

δmin = µ1/4

3.7
(log10(τ/yr) + 1 + log10(µ/10−7)), (9)

where ain is the inner edge of the outer belt, aw is the location of
the inner belt (which is assumed to be narrow), g is a parameter
that equals 1 for calculating the maximum number of planets and 2
for calculating the minimum number of planets, µ is the mass ratio
mp/M#, and τ is the age of the system. The relationship between Np

and mp using the parameters for the HD 38206 system is shown in
Fig. 4 with the grey region representing the allowed parameters.

Based on these results, we might expect between 4 and 7 Jupiter-
mass planets. A larger number of lower mass planets would also do.
Note that there is no stringent lower limit on the mass of a single

Figure 4. Constraints on the possible number of planets in the gap and their
masses. The grey shaded region represents the bounds based on the model
of Faber & Quillen (2007) (see equations 8 and 9). The cross and the dot
represent the minimum number and mass based on the model of Shannon
et al. (2016) and using K = 16 and K = 20, respectively (see equations 10
and 11). The horizontal dashed line represents the minimum number below
which the equations of Shannon et al. (2016) are invalid (see equation 12).

planet in the model, except that the underlying stability criterion was
only established by Faber & Quillen (2007) by numerical integrations
within a certain range of masses and may fail outside that range.

Another approach is to put the suspected planets in a configuration
that is spaced widely enough to ensure stability, place planetesimals
between the planetary orbits, and to invoke numerical integrations
and analytic arguments to see whether, and on which time-scales,
these planetesimals will be removed from the system. This idea
was employed by Shannon et al. (2016) who found the clearing
time-scale of the chaotic zone as a function of the planet mass and
semimajor axis using N-body simulations. From these simulations,
they derived a lower limit on the mass of each planet, mp, inside
the gap, assuming equal mass planets with a separation of K mutual
Hill’s radii. Modifying their equations such that K is left as a free
parameter, we find that

mp =
(κ

τ

)( ain

1 au

)3/2
(

M#

M"

)1/2

m⊕ , (10)
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where κ is a parameter dependent on K. They first assumed a wide
spacing, with separation of K = 20 mutual Hill’s radii between the
neighbouring planet orbits, which is close to a typical separation in
Kepler multiplanet systems. In this case, κ = (4 ± 1) × 106 yr. They
also checked a slightly tighter packing, with K = 16, and found the
results to be similar. In this case, κ = (2 ± 0.2) × 106 yr.

Shannon et al. (2016) applied their formulae to the HD 38206
system using the parameters known at the time (τ = 30 Myr, aw =
15 au, ain = 180 au). They found that three planets, each with a mass
of 1.4 MJ, are required to clear the gap.

In their case, ain was determined solely from a fit to the SED
and assumption of a narrow belt. From our results, whilst we do
not resolve the inner edge of the disc, we do resolve the disc well
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undiscovered planets. It would be interesting to put some constraints
on the number, masses, and location of the alleged planets in the
cavity. Such constraints would be tighter if the disc exhibited strong
asymmetries (e.g. Lee & Chiang 2016; Löhne et al. 2017), or if an
accurate radial profile of the inner edge of the outer disc could be
inferred from the resolved images (e.g. Nesvold & Kuchner 2015;
Booth et al. 2017). Also, for systems with the observed hot dust close
to the star, constraints can be derived by assuming this dust to stem
from comets scattered into the inner system by a chain of planets
interior to the outer belt (e.g. Marino et al. 2018a). However, none of
this is the case for HD 38206, so that we can only use the gap radius
to constrain parameters of the possible planets in this system. This
makes the problem highly degenerate, since the same gap could be
cleared by many different planet configurations.

In view of this degeneracy, we make a number of assumptions.
All of them are arbitrary and do not have to hold in reality, yet
they allow us to make specific estimates. Again by analogy with our
Solar system, we confine ourselves to a simple scenario in which the
presumed planets in the gap are all in nearly-circular, nearly-coplanar
orbits (e.g. Su & Rieke 2014), although alternative scenarios exist,
such as divergent planetesimal-driven migration of pairs of planets
(Morrison & Kratter 2018) or sweeping secular resonances with one
‘lonely’ giant planet in an eccentric orbit (Zheng et al. 2017). For
simplicity, we also assume a log-uniform spacing and equal masses
for all planets in the gap. Finally, we assume that the alleged planets
are dynamically stable against mutual perturbation over the age of
the central star.

Many studies derived stability criteria for both lower mass planets
(e.g. Chambers, Wetherill & Boss 1996; Faber & Quillen 2007; Zhou,
Lin & Sun 2007; Smith & Lissauer 2009, among others) and massive
ones (Morrison & Kratter 2016). One way of applying these criteria
to the gap clearing was proposed by Faber & Quillen (2007). First,
they estimate the maximum number of planets Np in relation to their
mass mp that would still lead to a (marginally) stable system. Since
the planets themselves would already be close to becoming unstable,
they argue that planetesimals would already be completely removed
from the planetary region, ensuring the gap to be devoid of any debris
material. They then also estimate the minimum number of planets.
To do this, they place them at separations that are twice as large
as those that correspond to a marginally stable system. In this case,
the expectation is that a significant fraction of planetesimals residing
between the orbits of neighbouring planets would be removed from
the system. It is only the bodies orbiting exactly half-way between
the planets that would have a chance to survive. The planetary system
would then certainly be stable, whilst the gap would be nearly free of
debris. In order to calculate these extremes, Faber & Quillen (2007)
provide the following formulae:

Np = log10(ain/aw)
log10(1 + gδmin)

(8)

δmin = µ1/4

3.7
(log10(τ/yr) + 1 + log10(µ/10−7)), (9)

where ain is the inner edge of the outer belt, aw is the location of
the inner belt (which is assumed to be narrow), g is a parameter
that equals 1 for calculating the maximum number of planets and 2
for calculating the minimum number of planets, µ is the mass ratio
mp/M#, and τ is the age of the system. The relationship between Np

and mp using the parameters for the HD 38206 system is shown in
Fig. 4 with the grey region representing the allowed parameters.

Based on these results, we might expect between 4 and 7 Jupiter-
mass planets. A larger number of lower mass planets would also do.
Note that there is no stringent lower limit on the mass of a single

Figure 4. Constraints on the possible number of planets in the gap and their
masses. The grey shaded region represents the bounds based on the model
of Faber & Quillen (2007) (see equations 8 and 9). The cross and the dot
represent the minimum number and mass based on the model of Shannon
et al. (2016) and using K = 16 and K = 20, respectively (see equations 10
and 11). The horizontal dashed line represents the minimum number below
which the equations of Shannon et al. (2016) are invalid (see equation 12).

planet in the model, except that the underlying stability criterion was
only established by Faber & Quillen (2007) by numerical integrations
within a certain range of masses and may fail outside that range.

Another approach is to put the suspected planets in a configuration
that is spaced widely enough to ensure stability, place planetesimals
between the planetary orbits, and to invoke numerical integrations
and analytic arguments to see whether, and on which time-scales,
these planetesimals will be removed from the system. This idea
was employed by Shannon et al. (2016) who found the clearing
time-scale of the chaotic zone as a function of the planet mass and
semimajor axis using N-body simulations. From these simulations,
they derived a lower limit on the mass of each planet, mp, inside
the gap, assuming equal mass planets with a separation of K mutual
Hill’s radii. Modifying their equations such that K is left as a free
parameter, we find that
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where κ is a parameter dependent on K. They first assumed a wide
spacing, with separation of K = 20 mutual Hill’s radii between the
neighbouring planet orbits, which is close to a typical separation in
Kepler multiplanet systems. In this case, κ = (4 ± 1) × 106 yr. They
also checked a slightly tighter packing, with K = 16, and found the
results to be similar. In this case, κ = (2 ± 0.2) × 106 yr.

Shannon et al. (2016) applied their formulae to the HD 38206
system using the parameters known at the time (τ = 30 Myr, aw =
15 au, ain = 180 au). They found that three planets, each with a mass
of 1.4 MJ, are required to clear the gap.

In their case, ain was determined solely from a fit to the SED
and assumption of a narrow belt. From our results, whilst we do
not resolve the inner edge of the disc, we do resolve the disc well
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undiscovered planets. It would be interesting to put some constraints
on the number, masses, and location of the alleged planets in the
cavity. Such constraints would be tighter if the disc exhibited strong
asymmetries (e.g. Lee & Chiang 2016; Löhne et al. 2017), or if an
accurate radial profile of the inner edge of the outer disc could be
inferred from the resolved images (e.g. Nesvold & Kuchner 2015;
Booth et al. 2017). Also, for systems with the observed hot dust close
to the star, constraints can be derived by assuming this dust to stem
from comets scattered into the inner system by a chain of planets
interior to the outer belt (e.g. Marino et al. 2018a). However, none of
this is the case for HD 38206, so that we can only use the gap radius
to constrain parameters of the possible planets in this system. This
makes the problem highly degenerate, since the same gap could be
cleared by many different planet configurations.

In view of this degeneracy, we make a number of assumptions.
All of them are arbitrary and do not have to hold in reality, yet
they allow us to make specific estimates. Again by analogy with our
Solar system, we confine ourselves to a simple scenario in which the
presumed planets in the gap are all in nearly-circular, nearly-coplanar
orbits (e.g. Su & Rieke 2014), although alternative scenarios exist,
such as divergent planetesimal-driven migration of pairs of planets
(Morrison & Kratter 2018) or sweeping secular resonances with one
‘lonely’ giant planet in an eccentric orbit (Zheng et al. 2017). For
simplicity, we also assume a log-uniform spacing and equal masses
for all planets in the gap. Finally, we assume that the alleged planets
are dynamically stable against mutual perturbation over the age of
the central star.

Many studies derived stability criteria for both lower mass planets
(e.g. Chambers, Wetherill & Boss 1996; Faber & Quillen 2007; Zhou,
Lin & Sun 2007; Smith & Lissauer 2009, among others) and massive
ones (Morrison & Kratter 2016). One way of applying these criteria
to the gap clearing was proposed by Faber & Quillen (2007). First,
they estimate the maximum number of planets Np in relation to their
mass mp that would still lead to a (marginally) stable system. Since
the planets themselves would already be close to becoming unstable,
they argue that planetesimals would already be completely removed
from the planetary region, ensuring the gap to be devoid of any debris
material. They then also estimate the minimum number of planets.
To do this, they place them at separations that are twice as large
as those that correspond to a marginally stable system. In this case,
the expectation is that a significant fraction of planetesimals residing
between the orbits of neighbouring planets would be removed from
the system. It is only the bodies orbiting exactly half-way between
the planets that would have a chance to survive. The planetary system
would then certainly be stable, whilst the gap would be nearly free of
debris. In order to calculate these extremes, Faber & Quillen (2007)
provide the following formulae:

Np = log10(ain/aw)
log10(1 + gδmin)

(8)

δmin = µ1/4

3.7
(log10(τ/yr) + 1 + log10(µ/10−7)), (9)

where ain is the inner edge of the outer belt, aw is the location of
the inner belt (which is assumed to be narrow), g is a parameter
that equals 1 for calculating the maximum number of planets and 2
for calculating the minimum number of planets, µ is the mass ratio
mp/M#, and τ is the age of the system. The relationship between Np

and mp using the parameters for the HD 38206 system is shown in
Fig. 4 with the grey region representing the allowed parameters.

Based on these results, we might expect between 4 and 7 Jupiter-
mass planets. A larger number of lower mass planets would also do.
Note that there is no stringent lower limit on the mass of a single

Figure 4. Constraints on the possible number of planets in the gap and their
masses. The grey shaded region represents the bounds based on the model
of Faber & Quillen (2007) (see equations 8 and 9). The cross and the dot
represent the minimum number and mass based on the model of Shannon
et al. (2016) and using K = 16 and K = 20, respectively (see equations 10
and 11). The horizontal dashed line represents the minimum number below
which the equations of Shannon et al. (2016) are invalid (see equation 12).

planet in the model, except that the underlying stability criterion was
only established by Faber & Quillen (2007) by numerical integrations
within a certain range of masses and may fail outside that range.

Another approach is to put the suspected planets in a configuration
that is spaced widely enough to ensure stability, place planetesimals
between the planetary orbits, and to invoke numerical integrations
and analytic arguments to see whether, and on which time-scales,
these planetesimals will be removed from the system. This idea
was employed by Shannon et al. (2016) who found the clearing
time-scale of the chaotic zone as a function of the planet mass and
semimajor axis using N-body simulations. From these simulations,
they derived a lower limit on the mass of each planet, mp, inside
the gap, assuming equal mass planets with a separation of K mutual
Hill’s radii. Modifying their equations such that K is left as a free
parameter, we find that
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where κ is a parameter dependent on K. They first assumed a wide
spacing, with separation of K = 20 mutual Hill’s radii between the
neighbouring planet orbits, which is close to a typical separation in
Kepler multiplanet systems. In this case, κ = (4 ± 1) × 106 yr. They
also checked a slightly tighter packing, with K = 16, and found the
results to be similar. In this case, κ = (2 ± 0.2) × 106 yr.

Shannon et al. (2016) applied their formulae to the HD 38206
system using the parameters known at the time (τ = 30 Myr, aw =
15 au, ain = 180 au). They found that three planets, each with a mass
of 1.4 MJ, are required to clear the gap.

In their case, ain was determined solely from a fit to the SED
and assumption of a narrow belt. From our results, whilst we do
not resolve the inner edge of the disc, we do resolve the disc well
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ALMA observations of HD 38206 1609

enough to determine that it must be much wider than previously
assumed. For our purposes, we shall approximate the edges of the
disc with the FWHM of the fitted Gaussian. In other words, ain =
a0 − !a/2 = 110 ± 30 au. Whilst follow-up, higher resolution
observations may determine that the real distribution is different to
this, the uncertainties on the inner edge measured here are still quite
large and so likely to contain the real inner edge.2 In addition, we
also update the other two parameters, now using τ = 42+6

−4 Myr (Bell
et al. 2015) and aw = 8.7 au (Morales et al. 2016). From this, we
find (assuming Gaussian uncertainty propagation) Np = 3.3 ± 1.4
and mp = 0.6 ± 0.3MJ for K = 20 and Np = 4.8 ± 2.0 and mp =
0.28 ± 0.14MJ for K = 16 (large filled circle and cross, respectively,
in Fig. 4). In other words, since our data allow us to determine that the
disc is wide – something that was not possible with the Herschel data
– we find that the gap is smaller than the gap assumed by Shannon
et al. (2016) and so the masses required to clear the gap are lower
than given by their analysis.

However, these results should be treated with caution. Shannon
et al. (2016) showed that at some point equation (10) breaks down,
and increasing the planet mass beyond this point no longer reduces
the clearing time (their figs 2 and 4). Systems are particularly
susceptible to this effect if they are young, or have a distant outer
belt. Specifically, this happens when:

Np/2 − 1 > log10

(
ain

aw

)
. (12)

For our parameters, we find that at least four planets are necessary to
satisfy this condition. This criterion is, therefore, satisfied when we
assume K = 16, but not when we assume K = 20. This implies that for
a wide spacing of planets, it is not possible for any planetary system
to clear the gap in such a short time, no matter how massive they are.
None the less, even in this case, there are reasonable uncertainties
on several parameters in equations (10) and (11), and planets with
masses at the lower end of the uncertainty interval would satisfy
equation (12) and could therefore clear the gap within the system
age. In summary, if multiple equal-mass planets are to have cleared
the gap, then this implies that either the location of the inner edge
of the outer disc lies at the lower end of our calculated uncertainty
interval that the system age and/or stellar mass is at the upper end of
the allowed range, or that the planets have a spacing that is smaller
than 20 mutual Hill’s radii.

These estimates are very conservative compared to those obtained
with the Faber & Quillen (2007) method, providing a very lower
limit on the total number of planets in the cavity. The reason is a
wide spacing of K = 16 or 20 is assumed by Shannon et al. (2016).
For comparison, the Faber & Quillen (2007) curve for the maximum
number of planets corresponds to values of K between 6 and 7, and
the curve for the minimum number of planets to values of K between
12 and 14.

4.3 Constraints on the outermost planet

As noted in Section 4.1, an alternative possibility to the disc being
stirred by the largest planetesimals is that the disc is stirred by planets
in the system. This is most likely to be due to secular perturbations

2For example, if the real distribution was closer to a boxcar function with
sharp edges, then it can be demonstrated that fitting a Gaussian function to
this results in an inner edge located at a0 − (0.85!a)/2 = 123 au. Therefore,
in this example the estimates of the mass and number of planets would be
closer to the upper limit of the predictions we have made.

from the outermost planet. The timescale for planet stirring is defined
by Mustill & Wyatt (2009) as

tp ≈ 1.53 × 103

(
1 − e2

p

)3/2

ep

( aout

10 au

)9/2

×
(

M#

M$

)1/2 (
mp

M$

)−1 ( ap

1 au

)−3
yr, (13)

where aout = a0 + !a, ep is the eccentricity of the planet, and ap is
the semimajor axis of the planet. Therefore, if we assume that this
time-scale is equivalent to the age of the system and the outermost
planet in the system is solely responsible for stirring the disc out to its
outer edge, we can find a family of solutions for its mass, semi-major
axis, and eccentricity. Strictly speaking, these are all lower limits
since a more massive, more distant, or more eccentric planet could
stir the disc on a time-scale shorter than the age of the system.

In addition, following Section 4.2, we can consider the impact that
the outermost planet will have on the inner edge of the disc. This is a
problem that has been studied by multiple authors over the years (see
e.g. Wisdom 1980; Mustill & Wyatt 2012; Pearce & Wyatt 2014;
Nesvold & Kuchner 2015). Here, we use the formulas of Pearce &
Wyatt (2014), which take into account the eccentricity of the planet.
Combining their equations (9) and (10), we find

mp = 1
125

(
ain

ap(1 + ep)
− 1

)3

(3 − ep)M#. (14)

Thus, we now have two equations, with three unknowns.
One of the unknowns is the planet eccentricity. If the planet is

eccentric, then this will affect the disc eccentricity. Therefore, our
constraints on the disc eccentricity can provide constraints on the
planet eccentricity. The two can be related through the equation
(Mustill & Wyatt 2009):

ep = 4
5

a

ap
e. (15)

In our modelling, we have assumed a single eccentricity for the disc.
In fact, as can be seen from this equation, the influence of a planet on
a planetesimal’s eccentricity is stronger the closer the planetesimal
is to the planet. Therefore, for a wide disc, such as that of HD 38206,
the disc will have a greater eccentricity at its inner edge than at its
outer edge. However, the resolution of our observations is not good
enough to detect such a variation in the eccentricity and so we assume
a single eccentricity throughout and set a = a0.

Therefore, if we make the assumption that the outermost planet is
simultaneously responsible for the stirring of the disc, the clearing
of the inner edge and the eccentricity of the disc, then we can solve
equations (13)–(15). Due to the large uncertainty in our knowledge
of the disc parameters, we make use of all of the samples from
our MCMC run, solving the simultaneous equations for each set of
disc parameters. Doing so we determine that such a planet would
have ep = 0.34+0.20

−0.13, mp = 0.7+0.5
−0.3 MJ and ap = 76+12

−13 au. The full
posterior distribution is shown in Fig. 5.

An attempt to find planets in the system has been made by the
NaCo Imaging Survey for Planets around Young stars (ISPY), using
the Very Large Telescope (Launhardt et al. 2020). No planets were
detected, none the less they find that the most stringent limits are
for planets at distances of !70 au, for which they rule out planets of
masses !7 MJ (Launhardt et al. in preparation). Interior to this the
upper limits are less constraining. It is also important to note that,
given that the disc is close to edge on, this only applies to planets that
are close to the disc ansae. Assuming that any planets are coplanar
with the disc, planets more massive than these limits could have
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enough to determine that it must be much wider than previously
assumed. For our purposes, we shall approximate the edges of the
disc with the FWHM of the fitted Gaussian. In other words, ain =
a0 − !a/2 = 110 ± 30 au. Whilst follow-up, higher resolution
observations may determine that the real distribution is different to
this, the uncertainties on the inner edge measured here are still quite
large and so likely to contain the real inner edge.2 In addition, we
also update the other two parameters, now using τ = 42+6

−4 Myr (Bell
et al. 2015) and aw = 8.7 au (Morales et al. 2016). From this, we
find (assuming Gaussian uncertainty propagation) Np = 3.3 ± 1.4
and mp = 0.6 ± 0.3MJ for K = 20 and Np = 4.8 ± 2.0 and mp =
0.28 ± 0.14MJ for K = 16 (large filled circle and cross, respectively,
in Fig. 4). In other words, since our data allow us to determine that the
disc is wide – something that was not possible with the Herschel data
– we find that the gap is smaller than the gap assumed by Shannon
et al. (2016) and so the masses required to clear the gap are lower
than given by their analysis.

However, these results should be treated with caution. Shannon
et al. (2016) showed that at some point equation (10) breaks down,
and increasing the planet mass beyond this point no longer reduces
the clearing time (their figs 2 and 4). Systems are particularly
susceptible to this effect if they are young, or have a distant outer
belt. Specifically, this happens when:
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For our parameters, we find that at least four planets are necessary to
satisfy this condition. This criterion is, therefore, satisfied when we
assume K = 16, but not when we assume K = 20. This implies that for
a wide spacing of planets, it is not possible for any planetary system
to clear the gap in such a short time, no matter how massive they are.
None the less, even in this case, there are reasonable uncertainties
on several parameters in equations (10) and (11), and planets with
masses at the lower end of the uncertainty interval would satisfy
equation (12) and could therefore clear the gap within the system
age. In summary, if multiple equal-mass planets are to have cleared
the gap, then this implies that either the location of the inner edge
of the outer disc lies at the lower end of our calculated uncertainty
interval that the system age and/or stellar mass is at the upper end of
the allowed range, or that the planets have a spacing that is smaller
than 20 mutual Hill’s radii.

These estimates are very conservative compared to those obtained
with the Faber & Quillen (2007) method, providing a very lower
limit on the total number of planets in the cavity. The reason is a
wide spacing of K = 16 or 20 is assumed by Shannon et al. (2016).
For comparison, the Faber & Quillen (2007) curve for the maximum
number of planets corresponds to values of K between 6 and 7, and
the curve for the minimum number of planets to values of K between
12 and 14.

4.3 Constraints on the outermost planet

As noted in Section 4.1, an alternative possibility to the disc being
stirred by the largest planetesimals is that the disc is stirred by planets
in the system. This is most likely to be due to secular perturbations

2For example, if the real distribution was closer to a boxcar function with
sharp edges, then it can be demonstrated that fitting a Gaussian function to
this results in an inner edge located at a0 − (0.85!a)/2 = 123 au. Therefore,
in this example the estimates of the mass and number of planets would be
closer to the upper limit of the predictions we have made.

from the outermost planet. The timescale for planet stirring is defined
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where aout = a0 + !a, ep is the eccentricity of the planet, and ap is
the semimajor axis of the planet. Therefore, if we assume that this
time-scale is equivalent to the age of the system and the outermost
planet in the system is solely responsible for stirring the disc out to its
outer edge, we can find a family of solutions for its mass, semi-major
axis, and eccentricity. Strictly speaking, these are all lower limits
since a more massive, more distant, or more eccentric planet could
stir the disc on a time-scale shorter than the age of the system.

In addition, following Section 4.2, we can consider the impact that
the outermost planet will have on the inner edge of the disc. This is a
problem that has been studied by multiple authors over the years (see
e.g. Wisdom 1980; Mustill & Wyatt 2012; Pearce & Wyatt 2014;
Nesvold & Kuchner 2015). Here, we use the formulas of Pearce &
Wyatt (2014), which take into account the eccentricity of the planet.
Combining their equations (9) and (10), we find
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Thus, we now have two equations, with three unknowns.
One of the unknowns is the planet eccentricity. If the planet is

eccentric, then this will affect the disc eccentricity. Therefore, our
constraints on the disc eccentricity can provide constraints on the
planet eccentricity. The two can be related through the equation
(Mustill & Wyatt 2009):

ep = 4
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ap
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In our modelling, we have assumed a single eccentricity for the disc.
In fact, as can be seen from this equation, the influence of a planet on
a planetesimal’s eccentricity is stronger the closer the planetesimal
is to the planet. Therefore, for a wide disc, such as that of HD 38206,
the disc will have a greater eccentricity at its inner edge than at its
outer edge. However, the resolution of our observations is not good
enough to detect such a variation in the eccentricity and so we assume
a single eccentricity throughout and set a = a0.

Therefore, if we make the assumption that the outermost planet is
simultaneously responsible for the stirring of the disc, the clearing
of the inner edge and the eccentricity of the disc, then we can solve
equations (13)–(15). Due to the large uncertainty in our knowledge
of the disc parameters, we make use of all of the samples from
our MCMC run, solving the simultaneous equations for each set of
disc parameters. Doing so we determine that such a planet would
have ep = 0.34+0.20

−0.13, mp = 0.7+0.5
−0.3 MJ and ap = 76+12

−13 au. The full
posterior distribution is shown in Fig. 5.

An attempt to find planets in the system has been made by the
NaCo Imaging Survey for Planets around Young stars (ISPY), using
the Very Large Telescope (Launhardt et al. 2020). No planets were
detected, none the less they find that the most stringent limits are
for planets at distances of !70 au, for which they rule out planets of
masses !7 MJ (Launhardt et al. in preparation). Interior to this the
upper limits are less constraining. It is also important to note that,
given that the disc is close to edge on, this only applies to planets that
are close to the disc ansae. Assuming that any planets are coplanar
with the disc, planets more massive than these limits could have
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enough to determine that it must be much wider than previously
assumed. For our purposes, we shall approximate the edges of the
disc with the FWHM of the fitted Gaussian. In other words, ain =
a0 − !a/2 = 110 ± 30 au. Whilst follow-up, higher resolution
observations may determine that the real distribution is different to
this, the uncertainties on the inner edge measured here are still quite
large and so likely to contain the real inner edge.2 In addition, we
also update the other two parameters, now using τ = 42+6

−4 Myr (Bell
et al. 2015) and aw = 8.7 au (Morales et al. 2016). From this, we
find (assuming Gaussian uncertainty propagation) Np = 3.3 ± 1.4
and mp = 0.6 ± 0.3MJ for K = 20 and Np = 4.8 ± 2.0 and mp =
0.28 ± 0.14MJ for K = 16 (large filled circle and cross, respectively,
in Fig. 4). In other words, since our data allow us to determine that the
disc is wide – something that was not possible with the Herschel data
– we find that the gap is smaller than the gap assumed by Shannon
et al. (2016) and so the masses required to clear the gap are lower
than given by their analysis.

However, these results should be treated with caution. Shannon
et al. (2016) showed that at some point equation (10) breaks down,
and increasing the planet mass beyond this point no longer reduces
the clearing time (their figs 2 and 4). Systems are particularly
susceptible to this effect if they are young, or have a distant outer
belt. Specifically, this happens when:

Np/2 − 1 > log10

(
ain

aw

)
. (12)

For our parameters, we find that at least four planets are necessary to
satisfy this condition. This criterion is, therefore, satisfied when we
assume K = 16, but not when we assume K = 20. This implies that for
a wide spacing of planets, it is not possible for any planetary system
to clear the gap in such a short time, no matter how massive they are.
None the less, even in this case, there are reasonable uncertainties
on several parameters in equations (10) and (11), and planets with
masses at the lower end of the uncertainty interval would satisfy
equation (12) and could therefore clear the gap within the system
age. In summary, if multiple equal-mass planets are to have cleared
the gap, then this implies that either the location of the inner edge
of the outer disc lies at the lower end of our calculated uncertainty
interval that the system age and/or stellar mass is at the upper end of
the allowed range, or that the planets have a spacing that is smaller
than 20 mutual Hill’s radii.

These estimates are very conservative compared to those obtained
with the Faber & Quillen (2007) method, providing a very lower
limit on the total number of planets in the cavity. The reason is a
wide spacing of K = 16 or 20 is assumed by Shannon et al. (2016).
For comparison, the Faber & Quillen (2007) curve for the maximum
number of planets corresponds to values of K between 6 and 7, and
the curve for the minimum number of planets to values of K between
12 and 14.

4.3 Constraints on the outermost planet

As noted in Section 4.1, an alternative possibility to the disc being
stirred by the largest planetesimals is that the disc is stirred by planets
in the system. This is most likely to be due to secular perturbations

2For example, if the real distribution was closer to a boxcar function with
sharp edges, then it can be demonstrated that fitting a Gaussian function to
this results in an inner edge located at a0 − (0.85!a)/2 = 123 au. Therefore,
in this example the estimates of the mass and number of planets would be
closer to the upper limit of the predictions we have made.

from the outermost planet. The timescale for planet stirring is defined
by Mustill & Wyatt (2009) as

tp ≈ 1.53 × 103
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×
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where aout = a0 + !a, ep is the eccentricity of the planet, and ap is
the semimajor axis of the planet. Therefore, if we assume that this
time-scale is equivalent to the age of the system and the outermost
planet in the system is solely responsible for stirring the disc out to its
outer edge, we can find a family of solutions for its mass, semi-major
axis, and eccentricity. Strictly speaking, these are all lower limits
since a more massive, more distant, or more eccentric planet could
stir the disc on a time-scale shorter than the age of the system.

In addition, following Section 4.2, we can consider the impact that
the outermost planet will have on the inner edge of the disc. This is a
problem that has been studied by multiple authors over the years (see
e.g. Wisdom 1980; Mustill & Wyatt 2012; Pearce & Wyatt 2014;
Nesvold & Kuchner 2015). Here, we use the formulas of Pearce &
Wyatt (2014), which take into account the eccentricity of the planet.
Combining their equations (9) and (10), we find

mp = 1
125

(
ain

ap(1 + ep)
− 1

)3

(3 − ep)M#. (14)

Thus, we now have two equations, with three unknowns.
One of the unknowns is the planet eccentricity. If the planet is

eccentric, then this will affect the disc eccentricity. Therefore, our
constraints on the disc eccentricity can provide constraints on the
planet eccentricity. The two can be related through the equation
(Mustill & Wyatt 2009):

ep = 4
5

a

ap
e. (15)

In our modelling, we have assumed a single eccentricity for the disc.
In fact, as can be seen from this equation, the influence of a planet on
a planetesimal’s eccentricity is stronger the closer the planetesimal
is to the planet. Therefore, for a wide disc, such as that of HD 38206,
the disc will have a greater eccentricity at its inner edge than at its
outer edge. However, the resolution of our observations is not good
enough to detect such a variation in the eccentricity and so we assume
a single eccentricity throughout and set a = a0.

Therefore, if we make the assumption that the outermost planet is
simultaneously responsible for the stirring of the disc, the clearing
of the inner edge and the eccentricity of the disc, then we can solve
equations (13)–(15). Due to the large uncertainty in our knowledge
of the disc parameters, we make use of all of the samples from
our MCMC run, solving the simultaneous equations for each set of
disc parameters. Doing so we determine that such a planet would
have ep = 0.34+0.20

−0.13, mp = 0.7+0.5
−0.3 MJ and ap = 76+12

−13 au. The full
posterior distribution is shown in Fig. 5.

An attempt to find planets in the system has been made by the
NaCo Imaging Survey for Planets around Young stars (ISPY), using
the Very Large Telescope (Launhardt et al. 2020). No planets were
detected, none the less they find that the most stringent limits are
for planets at distances of !70 au, for which they rule out planets of
masses !7 MJ (Launhardt et al. in preparation). Interior to this the
upper limits are less constraining. It is also important to note that,
given that the disc is close to edge on, this only applies to planets that
are close to the disc ansae. Assuming that any planets are coplanar
with the disc, planets more massive than these limits could have
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enough to determine that it must be much wider than previously
assumed. For our purposes, we shall approximate the edges of the
disc with the FWHM of the fitted Gaussian. In other words, ain =
a0 − !a/2 = 110 ± 30 au. Whilst follow-up, higher resolution
observations may determine that the real distribution is different to
this, the uncertainties on the inner edge measured here are still quite
large and so likely to contain the real inner edge.2 In addition, we
also update the other two parameters, now using τ = 42+6

−4 Myr (Bell
et al. 2015) and aw = 8.7 au (Morales et al. 2016). From this, we
find (assuming Gaussian uncertainty propagation) Np = 3.3 ± 1.4
and mp = 0.6 ± 0.3MJ for K = 20 and Np = 4.8 ± 2.0 and mp =
0.28 ± 0.14MJ for K = 16 (large filled circle and cross, respectively,
in Fig. 4). In other words, since our data allow us to determine that the
disc is wide – something that was not possible with the Herschel data
– we find that the gap is smaller than the gap assumed by Shannon
et al. (2016) and so the masses required to clear the gap are lower
than given by their analysis.

However, these results should be treated with caution. Shannon
et al. (2016) showed that at some point equation (10) breaks down,
and increasing the planet mass beyond this point no longer reduces
the clearing time (their figs 2 and 4). Systems are particularly
susceptible to this effect if they are young, or have a distant outer
belt. Specifically, this happens when:

Np/2 − 1 > log10

(
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For our parameters, we find that at least four planets are necessary to
satisfy this condition. This criterion is, therefore, satisfied when we
assume K = 16, but not when we assume K = 20. This implies that for
a wide spacing of planets, it is not possible for any planetary system
to clear the gap in such a short time, no matter how massive they are.
None the less, even in this case, there are reasonable uncertainties
on several parameters in equations (10) and (11), and planets with
masses at the lower end of the uncertainty interval would satisfy
equation (12) and could therefore clear the gap within the system
age. In summary, if multiple equal-mass planets are to have cleared
the gap, then this implies that either the location of the inner edge
of the outer disc lies at the lower end of our calculated uncertainty
interval that the system age and/or stellar mass is at the upper end of
the allowed range, or that the planets have a spacing that is smaller
than 20 mutual Hill’s radii.

These estimates are very conservative compared to those obtained
with the Faber & Quillen (2007) method, providing a very lower
limit on the total number of planets in the cavity. The reason is a
wide spacing of K = 16 or 20 is assumed by Shannon et al. (2016).
For comparison, the Faber & Quillen (2007) curve for the maximum
number of planets corresponds to values of K between 6 and 7, and
the curve for the minimum number of planets to values of K between
12 and 14.

4.3 Constraints on the outermost planet

As noted in Section 4.1, an alternative possibility to the disc being
stirred by the largest planetesimals is that the disc is stirred by planets
in the system. This is most likely to be due to secular perturbations

2For example, if the real distribution was closer to a boxcar function with
sharp edges, then it can be demonstrated that fitting a Gaussian function to
this results in an inner edge located at a0 − (0.85!a)/2 = 123 au. Therefore,
in this example the estimates of the mass and number of planets would be
closer to the upper limit of the predictions we have made.

from the outermost planet. The timescale for planet stirring is defined
by Mustill & Wyatt (2009) as
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where aout = a0 + !a, ep is the eccentricity of the planet, and ap is
the semimajor axis of the planet. Therefore, if we assume that this
time-scale is equivalent to the age of the system and the outermost
planet in the system is solely responsible for stirring the disc out to its
outer edge, we can find a family of solutions for its mass, semi-major
axis, and eccentricity. Strictly speaking, these are all lower limits
since a more massive, more distant, or more eccentric planet could
stir the disc on a time-scale shorter than the age of the system.

In addition, following Section 4.2, we can consider the impact that
the outermost planet will have on the inner edge of the disc. This is a
problem that has been studied by multiple authors over the years (see
e.g. Wisdom 1980; Mustill & Wyatt 2012; Pearce & Wyatt 2014;
Nesvold & Kuchner 2015). Here, we use the formulas of Pearce &
Wyatt (2014), which take into account the eccentricity of the planet.
Combining their equations (9) and (10), we find

mp = 1
125

(
ain

ap(1 + ep)
− 1

)3

(3 − ep)M#. (14)

Thus, we now have two equations, with three unknowns.
One of the unknowns is the planet eccentricity. If the planet is

eccentric, then this will affect the disc eccentricity. Therefore, our
constraints on the disc eccentricity can provide constraints on the
planet eccentricity. The two can be related through the equation
(Mustill & Wyatt 2009):

ep = 4
5

a

ap
e. (15)

In our modelling, we have assumed a single eccentricity for the disc.
In fact, as can be seen from this equation, the influence of a planet on
a planetesimal’s eccentricity is stronger the closer the planetesimal
is to the planet. Therefore, for a wide disc, such as that of HD 38206,
the disc will have a greater eccentricity at its inner edge than at its
outer edge. However, the resolution of our observations is not good
enough to detect such a variation in the eccentricity and so we assume
a single eccentricity throughout and set a = a0.

Therefore, if we make the assumption that the outermost planet is
simultaneously responsible for the stirring of the disc, the clearing
of the inner edge and the eccentricity of the disc, then we can solve
equations (13)–(15). Due to the large uncertainty in our knowledge
of the disc parameters, we make use of all of the samples from
our MCMC run, solving the simultaneous equations for each set of
disc parameters. Doing so we determine that such a planet would
have ep = 0.34+0.20

−0.13, mp = 0.7+0.5
−0.3 MJ and ap = 76+12

−13 au. The full
posterior distribution is shown in Fig. 5.

An attempt to find planets in the system has been made by the
NaCo Imaging Survey for Planets around Young stars (ISPY), using
the Very Large Telescope (Launhardt et al. 2020). No planets were
detected, none the less they find that the most stringent limits are
for planets at distances of !70 au, for which they rule out planets of
masses !7 MJ (Launhardt et al. in preparation). Interior to this the
upper limits are less constraining. It is also important to note that,
given that the disc is close to edge on, this only applies to planets that
are close to the disc ansae. Assuming that any planets are coplanar
with the disc, planets more massive than these limits could have
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ABSTRACT

We analysed archival molecular line data of pre-main sequence (PMS) stars in the Lupus and Taurus
star-forming regions obtained with ALMA surveys with an integration time of a few minutes per
source. We stacked the data of 13CO and C18O (J = 2–1 & 3–2) and CN (N = 3–2, J = 7/2–5/2)
lines to enhance the signal-to-noise ratios, and measured the stellar masses of 45 out of 67 PMS stars
from the Keplerian rotation in their circumstellar disks. The measured dynamical stellar masses were
compared to the stellar masses estimated from the spectroscopic measurements with seven di↵erent
stellar evolutionary models. We found that the magnetic model of Feiden (2016) provides the best
estimate of the stellar masses in the mass range of 0.6 M�  M?  1.3 M� with a deviation of <0.7�
from the dynamical masses, while all the other models underestimate the stellar masses in this mass
range by 20% to 40%. In the mass range of <0.6 M�, the stellar masses estimated with the magnetic
model of Feiden (2016) have a larger deviation (> 2�) from the dynamical masses, and other, non-
magnetic stellar evolutionary models of Siess et al. (2000), Bara↵e et al. (2015) and Feiden (2016) show
better agreements with the dynamical masses with the deviations of 1.4� to 1.6�. Our results show
the mass dependence of the accuracy of these stellar evolutionary models.

Keywords: Pre-main sequence stars (1290), Circumstellar disks (235), Stellar masses (1614), Stellar
evolutionary models (2046)

1. INTRODUCTION

The mass is an important characteristic of a star. It
determines not only the luminosity and temperature of
the star, but also its evolution and feedback to the inter-
stellar medium (Burkert 2004; Ceverino & Klypin 2009).
Furthermore, mass determination of a large sample of
young stars is essential to constrain the initial mass
function (IMF). The IMF is a key to understand the
physics of star formation and is also important to un-
derstand the evolution of stellar clusters and galaxies
(Je↵ries 2012; Hopkins 2018).
One method widely adopted to determine stellar

masses uses the information of the luminosity and e↵ec-
tive temperature of a star. By incorporating the physical
processes acting on a star, theoretical models were es-
tablished to describe the relationship between luminos-
ity, e↵ective temperature, mass and age of a star (e.g.,
D’Antona & Mazzitelli 1997; Bara↵e et al. 1998; Palla &
Stahler 1999; Siess et al. 2000; Bressan et al. 2012; Chen
et al. 2014; Bara↵e et al. 2015; Feiden 2016). The loca-
tion of a star in the Hertzsprung Russel Diagram (HR

Diagram) is compared to the theoretical evolutionary
tracks from the stellar evolutionary models to constrain
the mass and age of the star. The advantage of this ap-
proach is the large number of stars that it can be applied
to. With existing facilities it is possible to perform sur-
veys on large samples of stars and provide data for the
spectroscopic method to determine stellar masses (e.g.,
Rigliaco et al. 2012; Herczeg & Hillenbrand 2014; Alcalá
et al. 2017; Manara et al. 2017).
The di↵erent stellar evolutionary models are in good

agreement for main sequence (MS) stars and have been
compared with various precise direct measurements of
stellar mass (e.g., from orbital motion of binaries).
Therefore, this method is considered reliable for MS
stars (Hillenbrand & White 2004). However, the spec-
troscopic method has larger uncertainties for pre-main
sequence (PMS) stars. The age and mass of a PMS star
estimated with di↵erent models can show discrepancies
of 10% to more than 50% (Sheehan et al. 2019). The
theoretical models adopt di↵erent assumptions of con-
vection, atmosphere, opacities and the equation of state
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0Ø 正確なIMFのためにMspec（PMSでばらつく）をMdynで校正。
Ø ALMA, 0.12"-0.25", 1-3 Myr, Lupus & Taurus (~150 pc)。
Ø ダスト円盤からi, PAを決められるもの30 (Lupus) + 37 (Taurus)。
Ø 輝線の感度が不⼗分でも13CO, C18O J=2-1, 3-2（あればCNも）をスタック。
Ø 薄いケプラー円盤を基準としたラインプロファイルをスタックして最⾼のS/NになるM*とvsys。
Ø プロファイルをガウシアンフィットしてガウシアンの重みで±1σを積分して信号とする。
Ø ピーク<4σや線幅<3 chansは不採⽤。空間は95%フラックス半径。エラーバーはχ2で50%まで。
Ø 3DモデルDALIでチェック。i>70°ではM*を30%過⼤評価。
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Table 5. Measured parameters for face-on disks in the Lupus region

Name RA Dec i PA dist

[�] [�] [pc]

Sz83 15:56:42.29 -37:49:15.82 16.0+6.0
�4.0 120.0±15.0 160

Sz113 16:08:57.78 -39:02:23.21 · · · · · · 163

Sz114 16:09:01.83 -39:05:12.79 16.0+6.0
�4.0 160.0+25.0

�10.0 162

Note—We measured the inclination and position angles with the
molecular-line data for face-on disks whose inclination angles were
measured to be  30� with the continuum data.

Figure 2. Ratio between our measurements of dynamical stellar masses Mdyn and the spectroscopically determined stellar
masses Mspec as a function of di↵erent disk properties: (a) the inclination angle, (b) the radius, (c) the disk gas mass and (d)
the mean surface density. No clear dependence on the disk properties is observable. In Figures (c) and (d) only sources in the
Lupus star-forming region are included, for which the disk masses were measured by Ansdell et al. (2016). The stars, marked
with grey circles, are found to be possibly unresolved binaries (see Section 6.1). Triangles indicate upper limits of the disk mass.

M*とi, R, Mgas, Σに相関はないのでバイアス無し。

13

Figure 3. Comparison between the results of the mass measurement using di↵erent molecular lines. Comparison of the
measurements obtained with (a) the 13CO and C18O data, (b) the 13CO and CN data and (c) the CN and C18O data.

Sz68, which was detected in Yen et al. (2018), could not
be detected in this work with higher S/N data, and thus
it could be a false detection in Yen et al. (2018). For
the sources detected in both works, all measurements
are consistent within the 2� uncertainty, except Sz84,
for which the deviation is 3.4�.
Eleven of our detected sources were also studied by

Simon et al. (2000, 2019). In those studies, disk models
were fitted to the velocity channel maps in the visibil-
ity domain to measure the dynamical stellar mass. The
results depend on the adopted inclination angle and dis-
tance. To compare our results with the literature, the
measured stellar masses in the literature were scaled

with the distances and inclination angles adopted in our
analysis. The relation of stellar mass M?, inclination
angle i and distance D is as follows (Simon et al. 2000):

M? / D

sin2 i
(4)

The stellar masses obtained from the literature after
scaling are listed in Table 8. For seven out of the eleven
(64%) sources, our results agree with the literature on
a level better than 1�. There are two and one YSOs
with their results consistent with the literature within
2� and 3�, respectively. The only exception is IQTau,
where our estimated stellar mass is 50% di↵erent from

分⼦種による差も無し。
Ø ⾼感度観測とも合う（Dとiをスケール後）。
Ø Teffを５つに分けてMdynが中央値より3倍外

れるものは連星候補。
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ABSTRACT

We analysed archival molecular line data of pre-main sequence (PMS) stars in the Lupus and Taurus
star-forming regions obtained with ALMA surveys with an integration time of a few minutes per
source. We stacked the data of 13CO and C18O (J = 2–1 & 3–2) and CN (N = 3–2, J = 7/2–5/2)
lines to enhance the signal-to-noise ratios, and measured the stellar masses of 45 out of 67 PMS stars
from the Keplerian rotation in their circumstellar disks. The measured dynamical stellar masses were
compared to the stellar masses estimated from the spectroscopic measurements with seven di↵erent
stellar evolutionary models. We found that the magnetic model of Feiden (2016) provides the best
estimate of the stellar masses in the mass range of 0.6 M�  M?  1.3 M� with a deviation of <0.7�
from the dynamical masses, while all the other models underestimate the stellar masses in this mass
range by 20% to 40%. In the mass range of <0.6 M�, the stellar masses estimated with the magnetic
model of Feiden (2016) have a larger deviation (> 2�) from the dynamical masses, and other, non-
magnetic stellar evolutionary models of Siess et al. (2000), Bara↵e et al. (2015) and Feiden (2016) show
better agreements with the dynamical masses with the deviations of 1.4� to 1.6�. Our results show
the mass dependence of the accuracy of these stellar evolutionary models.
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1. INTRODUCTION

The mass is an important characteristic of a star. It
determines not only the luminosity and temperature of
the star, but also its evolution and feedback to the inter-
stellar medium (Burkert 2004; Ceverino & Klypin 2009).
Furthermore, mass determination of a large sample of
young stars is essential to constrain the initial mass
function (IMF). The IMF is a key to understand the
physics of star formation and is also important to un-
derstand the evolution of stellar clusters and galaxies
(Je↵ries 2012; Hopkins 2018).
One method widely adopted to determine stellar

masses uses the information of the luminosity and e↵ec-
tive temperature of a star. By incorporating the physical
processes acting on a star, theoretical models were es-
tablished to describe the relationship between luminos-
ity, e↵ective temperature, mass and age of a star (e.g.,
D’Antona & Mazzitelli 1997; Bara↵e et al. 1998; Palla &
Stahler 1999; Siess et al. 2000; Bressan et al. 2012; Chen
et al. 2014; Bara↵e et al. 2015; Feiden 2016). The loca-
tion of a star in the Hertzsprung Russel Diagram (HR

Diagram) is compared to the theoretical evolutionary
tracks from the stellar evolutionary models to constrain
the mass and age of the star. The advantage of this ap-
proach is the large number of stars that it can be applied
to. With existing facilities it is possible to perform sur-
veys on large samples of stars and provide data for the
spectroscopic method to determine stellar masses (e.g.,
Rigliaco et al. 2012; Herczeg & Hillenbrand 2014; Alcalá
et al. 2017; Manara et al. 2017).
The di↵erent stellar evolutionary models are in good

agreement for main sequence (MS) stars and have been
compared with various precise direct measurements of
stellar mass (e.g., from orbital motion of binaries).
Therefore, this method is considered reliable for MS
stars (Hillenbrand & White 2004). However, the spec-
troscopic method has larger uncertainties for pre-main
sequence (PMS) stars. The age and mass of a PMS star
estimated with di↵erent models can show discrepancies
of 10% to more than 50% (Sheehan et al. 2019). The
theoretical models adopt di↵erent assumptions of con-
vection, atmosphere, opacities and the equation of state
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Figure 6. Deviation between the spectroscopic and dynamical stellar masses. The name of the model is labelled in the upper
right corner of each diagram. Red crosses mark the mean deviations of the measurements in the respective mass ranges, and
dashed vertical lines denote the three mass ranges. The calculated mean deviations are shown in Table 10. The stars, marked
with grey circles, are candidates of unresolved binaries and are excluded from the comparisons. Stars marked with blue crosses
are highly inclined sources (i > 70�). The error bars for individual sources are not plotted here for clarity. The error bars
range from 3% to 53% for all models except for the magnetic F16 and C14, for which the uncertainties go up to 80% and
108%, respectively. The shown uncertainties in the averaged deviations were calculated by propagating the uncertainties of the
individual sources.

Ø M*<0.6 MsunではBHAC15, F16, SFD00が1.6σで
合う。

Ø 0.6 ‒ 1.3 Msunはmagnetic F16のみ合う。他は20-
40%過⼩評価。

Ø magnetic F16が正しい場合、磁場でゆっくり収縮
するのでT Tauri期が⻑い可能性。

Ø しかし、magnetic F16は<0.6 Msunを説明できな
いので、星進化の物理がM*に依ることを⽰唆。

C14, BHAC15, F16: non-gray boundary、オパシ
ティが周波数で違う。
PS99, Br12: gray boundary。
SFD00: non-grayの解析的フィット。
ü 対流のmixing lengthもそれぞれ違う。
ü magnetic F16以外non-magnetic。
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ABSTRACT

Context. Previous numerical studies have shown that in protostellar outflows, the outflowing gas mass per unit velocity, or mass–
velocity distribution m(v), can be well described by a broken power law / v��. On the other hand, recent observations of a sample of
outflows at various stages of evolution show that the CO intensity–velocity distribution, closely related to m(v), follows an exponential
law / exp(�v/v0).
Aims. In the present work, we revisit the physical origin of the mass–velocity relationship m(v) in jet-driven protostellar outflows. We
investigate the respective contributions of the different regions of the outflow, from the swept-up ambient gas to the jet.
Methods. We performed 3D numerical simulations of a protostellar jet propagating into a molecular cloud using the hydrodynamical
code Yguazú-a. The code takes into account the most abundant atomic and ionic species and was modified to include the H2 gas heating
and cooling.
Results. We find that by excluding the jet contribution, m(v) is satisfyingly fitted with a single exponential law, with v0 well in the
range of observational values. The jet contribution results in additional components in the mass–velocity relationship. This empirical
mass–velocity relationship is found to be valid locally in the outflow. The exponent v0 is almost constant in time and for a given level of
mixing between the ambient medium and the jet material. In general, v0 displays only a weak spatial dependence. A simple modeling of
the L1157 outflow successfully reproduces the various components of the observed CO intensity–velocity relationship. Our simulations
indicate that these components trace the outflow cavity of swept-up gas and the material entrained along the jet, respectively.
Conclusions. The CO intensity–velocity exponential law is naturally explained by the jet-driven outflow model. The entrained material
plays an important role in shaping the mass–velocity profile.

Key words. stars: formation – ISM: jets and outflows

1. Introduction

Outflows from young stellar objects (YSOs) can exhibit a
great variety of morphological and physical characteristics. In
the youngest (104 yr) and deeply embedded Class 0 proto-
stars (André et al. 2000), outflows are easily traced using the
CO molecule and their presence is ubiquitous in star forming
regions, indicating that they are a common manifestation of both
low- and high-mass star formation processes (Wu et al. 2004;
Lee 2020). On the other hand, protostellar jets were first associ-
ated with more evolved Class II objects, that is, optically revealed
pre-main sequence objects that are still accreting (or classical
T-Tauri stars). These jets are observed mainly through forbid-
den atomic emission lines, like [S II] and [N II], as well in H↵
(Reipurth & Bally 2001). In between these two limiting cases,
Class I protostars, with a typical age of 105, may show evidence
for both molecular outflows and protostellar jets at the same time
(e.g., L1448 IRS 2 and IRS 3, see Bally et al. 1997). Some-
times a fast and collimated molecular jet is also observed, as in
Cep E-mm (Lefloch et al. 2015) or HH 212, which are associated
with a Class 0 source (Zinnecker et al. 1998; Lee et al. 2017).

Nevertheless, the origin of the molecular outflows associ-
ated with YSOs is still debated (see Lee 2020, for a recent
review). They are believed to be the by-product of an interac-
tion between a more collimated jet and/or wind, produced in or
by the star–disk interaction, and its surrounding medium (Bally
2016). As the wind and/or jet bow shock propagate into the ambi-
ent medium, the gas of the excavated cavity walls advances and
excites a profusion of molecular emission lines. For low mass
YSOs in particular, this can take place via one of three main
mechanisms (see Arce et al. 2007, for a comprehensive review):
(i) in wind-driven shell models, a wide-angle wind is supposed
to accelerate the ambient medium gas. In this class of models,
both the wind and the surrounding medium are assumed to be
stratified in density. (ii) In turbulent jet models, a jet subject to
dynamical Kelvin-Helmholtz instability can entrain gas through
a growing turbulent layer, giving rise to an outflow. This mech-
anism can also operate at the leading working surface. (iii) In
jet bow-shock models, a collimated jet produces a leading bow
shock that accelerates the ambient medium gas. Also, an inter-
mittent jet may develop a set of internal working surfaces that
can help in the process (Raga & Cabrit 1993).
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Ø ジェット/ウインドが分⼦流を作るシナリオはm(v)∝v‒γor exp(‒v/v0)を説明できるか。
Ø collimated jetとambientの相互作⽤が有⼒。化学流体シミュレーションYguazu-aで混ざり具合も調べる。
Ø 2, 2, 8x104 au, 256x256x1024、5層、Δx=78.13 au。半径5Δxのジェット。
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both on a global and local scale. The question arises as to how
this general property of molecular outflows is related with the
outflow mechanism itself. In order to address this question, we
carried out three-dimensional (3D) hydrodynamics (HD) sim-
ulations of the evolution of ouflowing gas in a dense medium
representing the parental molecular cloud/surrounding protostar
envelope. Specifically, we present a new methodology based on
distinguishing the mixing level between the ambient medium and
the jet gas, which helped us to disentangle the distinct compo-
nents that arise in the H2 mass–velocity relationship. The article
is organized as follows. In Sects. 3.1 and 3.2 we provide details
of the numerical setup and initial parameters for the simulations.
In Sect. 3.4 we briefly compare our results with some previous
numerical studies of molecular jets. In Sects. 4 and 5 we present
the results of our numerical simulations and we discuss their
implications for observations of molecular outflows using L1157
as a reference. In Sect. 6 we present our conclusions.

3. Numerical simulations

3.1. Numerical setup

The simulations presented here were performed using the
Yguazú-a code (Raga et al. 2000, 2002; Cerqueira et al. 2006).
In its original version, the code was designed to solve hydro-
dynamic problems with a chemical network for the following
atomic and ionic species: HI, HII, HeI, HeII, HeIII, CII, CIII,
CIV, NI, NII, NIII, OI, OII, OIII, OIV, SII and SIII. For the
present work, we introduced the H2 molecule as a new species
and added three dissociation reactions for molecular hydrogen:

H + H2 ! 3H , (1)

H2 + H2 ! 2H + H2 , (2)

e + H2 ! e + 2H . (3)

We used the collisional dissociation rates of molecular
hydrogen provided in Shapiro & Kang (1987) for these three
reactions. We also calculated the cooling function considering
both the radiative and the dissociative processes. For the radia-
tive cooling rate, we used the fit proposed by Lepp & Shull
(1983), which considers both the rotational and vibrational cool-
ing from the two reactions, H-H2 and H2-H2, in both high-
and low-density regimes (n < ncr ⇡ 104 cm�3). The dissocia-
tive cooling function was taken from Shapiro & Kang (1987). In
Fig. 1 we show the different cooling functions: atomic (blue line)
and molecular dissociative (green line) and radiative cooling (red
line)1.

Together with H2, CO and H2O have long been known to
play an important role in shocked gas cooling (Hollenbach &
McKee 1979; Kaufman & Neufeld 1996; Flower & Pineau 2010).
Detailed observational studies have confirmed that line cooling
from CO and H2O can be as important as that from H2 in pro-
tostellar outflows (see e.g. Nisini et al. 2010a; Busquet et al.
2014). Modeling of the structure of outflow shocks may be sig-
nificantly modified by the inclusion of additional terms such as
CO, H2O, or even charged grains (see e.g. Flower & Pineau
2010), all of which are not taken into account here. In the present
work, we have not included either the H2O or the CO chemi-
cal networks or their related cooling terms. This would represent
1 In order to calculate each one of these curves we considered the initial
values for the numerical densities for the different species (atomic, ionic
and molecular).

Fig. 1. Different contributions for the cooling: atomic emission lines
(blue line), H2 dissociative cooling (green line), and H2 radiative cool-
ing (red line). The cooling functions were calculated using the starting
values (i.e., at t = 0) for the numerical densities, or nHI = 8.31 cm�3,
nHII = 0.08 cm�3, nHe = 15.94 cm�3 and nH2 = 75.51 cm�3.

an effort which is well beyond the state of the art of 2D and
3D chemo-hydrodynamical codes such as WALKIMYA-2D
(Castellanos-Ramírez et al. 2018a; Rivera-Ortiz et al., in prep.).
However, we note that Rosen & Smith (2004a) included equi-
librium C and O chemistry in their numerical scheme in order
to calculate the CO, OH, and H2O abundances, as well as to
estimate the cooling expected from these molecules. They con-
cluded that the mass–velocity relationship is always shallower
than the intensity–velocity relationship, confirming previous
results based only on H2 (Downes & Cabrit 2003)2. For that
reason, the present work focuses on the entrained gas properties
and we aim to revisit the H2 mass–velocity relationships, whose
properties can be accessed following the present prescription.

Our computational domain is a Cartesian 3D rectangular box
with the following dimensions:

(x, y, z) = (2, 2, 8) ⇥ 104 au , (4)

and the jet propagates along the z-direction.
The Yguazú-a is a multi-level binary adaptive grid code.

Here we use a five-level grid which has (x, y, z) = (256, 256,
1024) cells in its high-resolution mode. This gives a maximum
resolution of �x = �y = �z = 78.13 au. The jet radius is ini-
tially always given by Rj = 391 au or ⇠5�x. The jet radius is
therefore compatible with those adopted in previous numerical
simulations (Downes & Ray 1999; Downes & Cabrit 2003) as
well as with estimates for the HH jet radius (Reipurth et al. 2000,
2002; Podio et al. 2006).

3.2. Physical conditions

Three cases were considered, which are summarized in Table 1:
– model DR: an intermittent jet model for comparison

with previously published simulations in the literature (DC03,
Downes & Ray 1999);

– model DR_SS: a steady state jet;
– model DR_P: an intermittent, precessing jet model.

2 The CO intensity–velocity is calculated implicitly in Downes &
Cabrit (2003) using an analytical prescription and the local density,
assuming that CO density is 10�4 of the H2 density.
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Table 1. Jet models.

Model vj,0 A na nj ⌘ Ta Tj ⌧P ✓ Ntot ⌧e

(km s�1) (cm�3) (cm�3) (K) (K) (yr) (�) (yr)

DR_SS 212 0 100 100 1 100 1000 – – – –
DR 212 0.15 100 100 1 100 1000 – – 4 5, 10, 20 and 50

DR_P 212 0.15 100 100 1 100 1000 200 6 4 5, 10, 20 and 50

Notes. vj,0 is the jet velocity in km s�1; A is the amplitude of variation in the jet velocity; na and nj are the ambient medium and jet (numerical
particle) density; ⌘ = nj/na is the jet to ambient medium density ratio; Ta and Tj are the ambient medium and jet temperatures (in K); ⌧P is the
precession period, Ntot the number of different jet injection period, and ⌧e is the jet velocity variability period.

With model DR_P, we aim to investigate the properties of
the L1157 outflow, kinematical studies of which have revealed
convincing evidence of precession (Gueth et al. 1996; Podio et al.
2016). In this simulation (and for model DR) we assume that the
jet velocity varies periodically with time, according to:

v j = v j,0 ·

1 + A

NtotX

i=1

sin
✓ 2⇡
⌧e,i
· t
◆�
, (5)

where v j,0 is the jet velocity, A = �v/v j,0 is the adopted amplitude
variation for the jet velocity variation, and ⌧e is the variabil-
ity period (t is the time). In our time-varying models, Ntot = 1
or 4, and 5 . ⌧e,i . 50 yr (see Table 1). We note that although
Eq. (5) has been used here in an attempt to reproduce the model
presented in DC03, the idea that Herbig-Haro objects can be
generically explained by successive internal knots promoted by
a sinusoidal jet velocity variability is well established (e.g.,
Reipurth & Bally 2001). However, a detailed source modeling
can require a superposition of different sinusoidal terms, which
have been discussed by Castellanos-Ramírez et al. (2018b; see
also Bally 2016), indicating that a multimode jet velocity vari-
ability may be important to explain the observed morphology
and kinematics in some sources. For the precessing case DR_P,
we adopted a precessing angle of ✓ = 6� and a precessing period
of ⌧P = 200 yr. The DR model has the same parameters as the
model presented in DC03.

In all models, we assume solar elemental abundances for
both ambient and jet material. The ratio nH2/nH = 9 (here and
after, nH = nHI + nHII) is initially imposed for both the jet
and the ambient medium (Downes & Ray 1999; Nisini et al.
2010b). The helium fraction per hydrogen nuclei is assumed to be
nHe/[nH + 2nH2 ] = 0.1 With these choices, the equation of state
is calculated for a gas with a mean molecular weight of µ = 2.23
and CV = 2.25. The ionization fraction of hydrogen in the jet is
initially taken as fH = 0.01 for Tj = 103 K in agreement with the
values inferred from atomic line observations of HH jets in the
optical (Podio et al. 2006).

The ambient medium and jet parameters such as numerical
density n, temperature T , and jet velocity are all given in Table 1,
along with the jet precessional and intermittence periods of the
simulated models.

Observationally, the jet temperature and density determina-
tions span a wide range of values depending on the tracer used.
Optical atomic line observations yield Tj ⇠ 5 ⇥ 103�2 ⇥ 104 K
(Podio et al. 2006) while molecular line observations indicate
lower values of about 103�3 ⇥ 103 K from near-infrared H2
rovibrational transitions (e.g., Caratti et al. 2006), and Tj ⇠ 100–
500 K from (submillimeter) CO and SiO rotational lines (Nisini
et al. 2007; Lefloch et al. 2015). In the optical, inferred jet den-
sities have values of nj ⇠ 103�104 cm�3, while (sub)millimeter

line observations yield high values, nj & 105 cm�3. This wide
range of physical conditions reflects the intrinsic complexity
of the jet, which is often associated with internal shocks that
drive the formation of strong temperature and density gradients.
Adopting single initial values for temperature and density is most
likely an oversimplified description of the jet physical structure.
We note however that the initial jet temperature value adopted
in the simulations are consistent with those obtained from jet
molecular line observations (H2, SiO, CO). The initial jet den-
sity in our simulations is 100 cm�3 (same as in DC03), which
is lower than the values determined observationally. However, it
is the jet-to-ambient density ratio which carries the most weight
in modeling the dynamical evolution of the outflow. This point
was investigated in detail by Rosen & Smith (2004b). Based on
their results, we do not expect significant differences in the sim-
ulations when adopting a higher density for the jet, provided that
the jet-to-ambient density ratio is kept constant.

3.3. Mass–velocity profiles

Our primary diagnostics are the mass–velocity relationship for
both the total mass m(v) and the molecular mass, mH2 (v), which
are computed for the whole computational domain or for a given
spatial region. In order to obtain the mass–velocity profiles, we
first compute the column density N as the sum of particle density
along the line of sight per velocity interval:

N(y0, z0)
�����
v=vCM

=
X

n0�x0, (6)

where

v = vxcos i � vzsin i. (7)

In Eq. (6), �x0 is the projection of the x-coordinate along the line
of sight and n0 is the numerical particle density (total or molec-
ular) in the radial velocity range (v � �v/2) < v < (v + �v/2),
where we set �v = 1 km s�1. In Eq. (7), i is the inclination angle
with respect to the plane of the sky (see Fig. 2), meaning that v
corresponds to the (observed) radial velocity.

As the jet propagates, interaction with the ambient gas leads
to the formation of a mixed gas layer from jet and ambient mate-
rial. In order to estimate the relative contribution of the different
regions of the outflow, namely the swept-up ambient medium
and the mixed (jet plus ambient medium) material, we tagged the
jet material with a passive scalar or tracer j. This passive scalar
is set to j = 0 in the ambient medium and to j = 1 in the jet,
and is advected by the flow. As the jet interacts with the ambient
medium and mixing occurs, the local value of the scalar repre-
sents the relative fraction of initially jet material within a given

A135, page 4 of 15

歳差や正弦パルス。

分⼦は原⼦の9倍
イオンは原⼦の1％

Ø 視線x⽅向からi傾ける。Δv=1 km/sでm(v)を計算。
Ø 初めにjetとambientをj=0, 1で区別して、混ざり具

合を⾒る。 j<jmixを取り出せる。

A&A 645, A135 (2021)

Fig. 3. Model DR at t = 400 yr. Distributions in the plane x = 0 of (a) jmix (tracer), (b) temperature, (c) vz, (d) vy, (e) total density n, and ( f )
molecular gas density nH2 . The white line in each panel separates the region in the computational system filled by the ambient medium – where the
tracer is equal to zero – from the mixing region and the jet itself.

mass–velocity relationship, we obtain a best fit with a power law
with a shallower index of � = 2.89, which is very close to that
found by Downes & Ray (1999). This results also holds when we
take into account all the material along the line of sight while
assuming full mixing between the jet and the ambient material
( jmix = 1.0).

We conclude that our simulations are in very good agree-
ment with those of Downes & Ray (1999). We can retrieve their
results with excellent accuracy in the limit of large mixing degree
( jmix � 0.6). Our results suggest that the jet contribution must
also be taken into account when studying the mass–velocity
distribution.

3.4.2. Comparison with Downes & Cabrit (2003)

Using a numerical code very similar to that of Downes & Ray
(1999) and with similar initial conditions, DC03 further inves-
tigated the mass–velocity and intensity–velocity relations in the
CO J = 2–1 and H2 S(1) v= 1–0 lines for jet-driven molecular
outflows.

In Fig. 5 we show maps of H2 molecular column density (left
panels) and the mass–velocity relationships (right panels): the
molecular mH2 (v) (black lines) and the total mass–velocity rela-
tions m(v) (blue lines). For the sake of direct comparison with the
results presented by DC03 (see their Fig. 2), the molecular mass
mH2 (v) and mass m(v) velocity relationships have been extracted

from the DR model at t = 400 yr, considering an inclination
angle of i = 30� and different values of the jet and ambient gas
mixing ratio jmix = 0, 0.3, 0.6, 1.0. In order to obtain the molec-
ular mass distribution of the outflow–jet system, we integrated
over the full range of velocity, between +0 and +150 km s�1,
and excluding the emission of the quiescent gas at rest veloc-
ity (v= 0). By doing so, the contrast of the image is enhanced,
easily revealing the geometry of the cavity and the presence of
the internal working surfaces produced by the jet.

Comparison of the mass–velocity relationships obtained for
different values of jmix in Fig. 5 with respect to the swept-up
gas (top panel) shows the presence of gas accelerated at v >
10 km s�1 already for jmix = 0.3 and jmix = 0.6, which results
in a shallower mass–velocity distribution. This change of slope
is mainly caused by the contribution of the massive gas clump
that develops near the apex of the bow shock inside the mixing
layer. This effect can be seen in Fig. 3e.

The total and molecular mass–velocity relationships are
very close to each other in the swept-up gas (top panel in
Fig. 5), which implies that the molecular gas dissociation can
be neglected in the local gas acceleration (entrainment) process.
When taking into account the jet–ambient gas mixing, the slope
of the total mass–velocity relationship (blue in Fig. 5) starts
to depart from the molecular mass–velocity slope (black) for
jmix = 0.3 case. The difference increases with increasing veloc-
ity and increasing jmix (jet-ambient mixing ratio) values. The
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Fig. 4. Model DR at t = 300 yr and an inclination angle of i = 60�.
Molecular mass–velocity relationship mH2 (v) (black) for the 0 km s�1 <
v < 100 km s�1 radial velocity range and the best-fitting power law
m(v) / v�� (red). The best-fitting index value � is shown inside each
panel for two intervals: 0 km s�1 < v < 10 km s�1 (left) and 10 km s�1 <
v < 100 km s�1 (right). The jmix parameter is also indicated (from top
to bottom, jmix = 0, 0.3, 0.6 and 1.0). The vertical axis displays the
logarithm of the molecular mass (in g).

change of slope between jmix = 0.3 and jmix = 0.6 occurs near
v⇠50 km s�1. We note that this velocity coincides with the pro-
jected velocity of the high-density gas concentrated at the jet
head. This region can be seen in Fig. 3e near z = 9.5 ⇥ 103 au.
The velocity component of this dense component along the jet
axis is vz ⇡ 100 km s�1, which corresponds to a projected (radial)
velocity of 50 km s�1. The increase of the mass at high veloci-
ties (in blue in Fig. 5) with increasing jmix values is essentially
unnoticed in the molecular mass–velocity distribution (in black
in Fig. 5). This is consistent with efficient H2 dissociation in the
shocks at the jet head.

In the case of full jet–ambient gas mixing ( jmix = 1), a sec-
ond bump is detected in the mass–velocity distribution at v ⇡
100 km s�1 (Fig. 5), which is the signature of the internal knots
formed as a result of jet variability. This second bump is present

Fig. 5. Model DR at t = 400 yr and an inclination angle i = 30�. The
results are presented for four different values of the jet and ambient
gas mixing degree jmix (from top to bottom): 0.0, 0.3, 0.6, 1.0. Left:
maps of H2 column density obtained by integration over the velocity
range, between +1 and +150 km s�1. Right: mass–velocity relationship
obtained for the molecular gas (black) and the total gas (blue). Bottom
panel: ( jmix = 1.0), the green dots correspond to the H2 swept-up mass–
velocity relationship obtained by DC03 (see their Fig. 2). We show the
best-fitting power laws m(v) / v�� to the velocity intervals v  10 km s�1

and 10 < v . 20 km s�1 superposed in red dashed lines. The power-law
index � is given in each panel. The vertical arrows indicate the position
of bumps in the total mass–velocity profile (see text).

in both the molecular (black lines) and the total mass (blue line)
velocity distributions. Again, this is illustrated in Fig. 3, where
both total and molecular densities appear to be enhanced behind
internal shocks at a velocity consistent with the projected veloc-
ities of the second bump. We emphasize that this second bump
can only be seen if we consider the total jet material in the cal-
culation ( jmix = 1.0), while the first bump starts to appear at
moderate values of jmix.

In the bottom right panel of Fig. 5 we have superimposed
the results of the Downes & Cabrit (2003) simulation with green
bullets. As we can see, the match between the swept-up H2 –
velocity distribution of these latter authors and the results of our
simulations is very close. However, it should be noted that DC03
claimed to have obtained the molecular mass–velocity relation
for the swept-up H2, hence excluding the jet material from the
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Fig. 8. Model DR_SS at t = 400, 1200 and 2000 yr (from top to bottom) and for an inclination angle i = 30�. Left: distribution of molecular
gas column density. Right: mass–velocity relationship is depicted in black for each value of the jmix parameter, from jmix = 0.0 (first column) to
jmix = 1.0 (fourth column). The profiles were calculated considering the whole computational domain. The exponential best fit is drawn in red and
the exponent v0 is given for each jmix value.

Fig. 9. Model DR_P at t = 400, 1200, and 2000 yr and for an inclination angle of i = 30�. The results are presented for four different values of
the jet–ambient gas mixing degree jmix (from top to bottom): 0.0, 0.3, 0.6, 1.0. Left: maps of H2 column density obtained by integration over the
velocity range between 1 and +150 km s�1. Right: mass–velocity relationship obtained for the molecular gas (black) and the fitted curve (red). The
exponent v0 is given for each jmix value.

Close inspection of the mass–velocity relationships reveals
that the exponential fitting (red curves) provides excellent solu-
tions over the whole velocity range for jmix values of 0.3. For
higher values of jmix, the high-velocity range of the distribution
v � 10 km s�1 is still accurately fitted, with a higher value of v0,
as can be seen in Fig. 9 (e.g., panels jmix = 0.6). This expresses
the fact that the jet contribution tends to make the mass–velocity
distribution shallower, as discussed above. On the other hand, the
slopes in the intermediate velocity range depend on the mixing
level, and we identify two mechanisms that may explain this: the
lack of material for v & 10 km s�1 in the case of swept-up H2

profiles (case jmix = 0.0) and the presence of the jet as a bump
at v ' 40 km s�1 for jmix = 1.0. Between these two extremes
we find great variability. We note that some residual emission is
found in the low-velocity (1 < v < 20 km s�1) range of the dis-
tribution, which can be fitted by two exponential functions. This
point is addressed in more detail in the following paragraph.

4.4. From large- to small-scale

The results that we have discussed so far refer to the global mass–
velocity relationship computed over the whole computational
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Fig. 10. Model DR_P at t = 1200 yr under an inclination of 30�. Top:
map of H2 column density for jmix = 1.0. The location of the apertures
A1-A4 used to extract the mass–velocity relationships are drawn with
black circles. Bottom: mass–velocity relationship averaged over the cir-
cular apertures A1 to A4. The best exponential fits are drawn in dashed
red. The value of v0 is given for each value of jet–ambient material
mixing ratio jmix = 0, 0.3, 0.6, 1.0.

domain. However, the possibility of a local exponential fitting
was reported by Lefloch et al. (2012) thanks to CO multi-line
observations of the shock position B1 in the southern lobe of the
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close to the jet main axis, positions A3 and A4 are located at
shocked positions at the interface between the outflow and the
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bottom panel of Fig. 10.
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flow is a rather general result. We note that distributions are
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rial ( jmix = 0). As soon as some degree of mixing is allowed
between the jet and the ambient gas, an exponential fitting pro-
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at all positions. At first sight, similar distributions are obtained
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(intermittency, precession).
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5. Discussion

5.1. Molecular outflows

Lefloch et al. (2012) modeled the observed intensity–velocity
distribution ICO of the five outflow sources previously observed
by Bachiller & Tafalla (1999): Mon R2, L1551, NGC 2071, Orion
A, and L1448. These latter authors showed that the observed ICO
could be well fitted by an exponential function with values of v0
between 1.6 (Mon R2) and 12.5 (L1448) km s�1.

A quick inspection of the grid of models presented in Table 2
shows that these values fall well within the range of values pre-
dicted in our simulations, depending on the outflow age, the
inclination angle, and the degree of jet–ambient gas mixing ratio.
A value as low as 1.6 for Mon R2 is indeed easily accounted for
if the outflow propagates close to the plane of the sky, as pro-
posed by DC03. For an inclination angle of 10�, and a time of
1200–2000 yr, our modeling predicts low values v0 ⇠ 1.5�2.0,
which are easily obtained where there is a lack of entrainment
in the outflowing gas ( jmix = 0.0). We note that these values are
not very sensitive to the actual age of the outflow (time of the
simulation).

The young sources Orion A and L1448, with an esti-
mated age of 1000 yr, are best fitted with v0 values of 6.6 and
12.5 km s�1 (according to Lefloch et al. 2012). These values
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ABSTRACT

Context. Previous numerical studies have shown that in protostellar outflows, the outflowing gas mass per unit velocity, or mass–
velocity distribution m(v), can be well described by a broken power law / v��. On the other hand, recent observations of a sample of
outflows at various stages of evolution show that the CO intensity–velocity distribution, closely related to m(v), follows an exponential
law / exp(�v/v0).
Aims. In the present work, we revisit the physical origin of the mass–velocity relationship m(v) in jet-driven protostellar outflows. We
investigate the respective contributions of the different regions of the outflow, from the swept-up ambient gas to the jet.
Methods. We performed 3D numerical simulations of a protostellar jet propagating into a molecular cloud using the hydrodynamical
code Yguazú-a. The code takes into account the most abundant atomic and ionic species and was modified to include the H2 gas heating
and cooling.
Results. We find that by excluding the jet contribution, m(v) is satisfyingly fitted with a single exponential law, with v0 well in the
range of observational values. The jet contribution results in additional components in the mass–velocity relationship. This empirical
mass–velocity relationship is found to be valid locally in the outflow. The exponent v0 is almost constant in time and for a given level of
mixing between the ambient medium and the jet material. In general, v0 displays only a weak spatial dependence. A simple modeling of
the L1157 outflow successfully reproduces the various components of the observed CO intensity–velocity relationship. Our simulations
indicate that these components trace the outflow cavity of swept-up gas and the material entrained along the jet, respectively.
Conclusions. The CO intensity–velocity exponential law is naturally explained by the jet-driven outflow model. The entrained material
plays an important role in shaping the mass–velocity profile.
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1. Introduction

Outflows from young stellar objects (YSOs) can exhibit a
great variety of morphological and physical characteristics. In
the youngest (104 yr) and deeply embedded Class 0 proto-
stars (André et al. 2000), outflows are easily traced using the
CO molecule and their presence is ubiquitous in star forming
regions, indicating that they are a common manifestation of both
low- and high-mass star formation processes (Wu et al. 2004;
Lee 2020). On the other hand, protostellar jets were first associ-
ated with more evolved Class II objects, that is, optically revealed
pre-main sequence objects that are still accreting (or classical
T-Tauri stars). These jets are observed mainly through forbid-
den atomic emission lines, like [S II] and [N II], as well in H↵
(Reipurth & Bally 2001). In between these two limiting cases,
Class I protostars, with a typical age of 105, may show evidence
for both molecular outflows and protostellar jets at the same time
(e.g., L1448 IRS 2 and IRS 3, see Bally et al. 1997). Some-
times a fast and collimated molecular jet is also observed, as in
Cep E-mm (Lefloch et al. 2015) or HH 212, which are associated
with a Class 0 source (Zinnecker et al. 1998; Lee et al. 2017).

Nevertheless, the origin of the molecular outflows associ-
ated with YSOs is still debated (see Lee 2020, for a recent
review). They are believed to be the by-product of an interac-
tion between a more collimated jet and/or wind, produced in or
by the star–disk interaction, and its surrounding medium (Bally
2016). As the wind and/or jet bow shock propagate into the ambi-
ent medium, the gas of the excavated cavity walls advances and
excites a profusion of molecular emission lines. For low mass
YSOs in particular, this can take place via one of three main
mechanisms (see Arce et al. 2007, for a comprehensive review):
(i) in wind-driven shell models, a wide-angle wind is supposed
to accelerate the ambient medium gas. In this class of models,
both the wind and the surrounding medium are assumed to be
stratified in density. (ii) In turbulent jet models, a jet subject to
dynamical Kelvin-Helmholtz instability can entrain gas through
a growing turbulent layer, giving rise to an outflow. This mech-
anism can also operate at the leading working surface. (iii) In
jet bow-shock models, a collimated jet produces a leading bow
shock that accelerates the ambient medium gas. Also, an inter-
mittent jet may develop a set of internal working surfaces that
can help in the process (Raga & Cabrit 1993).
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Ø ⼤域的にも局所的にもexp(‒v/v0)。
ß L1157のCO観測でも同じ傾向。

Ø 他の観測のv0 (1.6-12.5)もage, i, jmixで説明
可能。

Ø 若いほど、説明に必要なjmix（ジェットの寄
与）が⼤きい。 縦が場所に対応。
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outflows at various stages of evolution show that the CO intensity–velocity distribution, closely related to m(v), follows an exponential
law / exp(�v/v0).
Aims. In the present work, we revisit the physical origin of the mass–velocity relationship m(v) in jet-driven protostellar outflows. We
investigate the respective contributions of the different regions of the outflow, from the swept-up ambient gas to the jet.
Methods. We performed 3D numerical simulations of a protostellar jet propagating into a molecular cloud using the hydrodynamical
code Yguazú-a. The code takes into account the most abundant atomic and ionic species and was modified to include the H2 gas heating
and cooling.
Results. We find that by excluding the jet contribution, m(v) is satisfyingly fitted with a single exponential law, with v0 well in the
range of observational values. The jet contribution results in additional components in the mass–velocity relationship. This empirical
mass–velocity relationship is found to be valid locally in the outflow. The exponent v0 is almost constant in time and for a given level of
mixing between the ambient medium and the jet material. In general, v0 displays only a weak spatial dependence. A simple modeling of
the L1157 outflow successfully reproduces the various components of the observed CO intensity–velocity relationship. Our simulations
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1. Introduction

Outflows from young stellar objects (YSOs) can exhibit a
great variety of morphological and physical characteristics. In
the youngest (104 yr) and deeply embedded Class 0 proto-
stars (André et al. 2000), outflows are easily traced using the
CO molecule and their presence is ubiquitous in star forming
regions, indicating that they are a common manifestation of both
low- and high-mass star formation processes (Wu et al. 2004;
Lee 2020). On the other hand, protostellar jets were first associ-
ated with more evolved Class II objects, that is, optically revealed
pre-main sequence objects that are still accreting (or classical
T-Tauri stars). These jets are observed mainly through forbid-
den atomic emission lines, like [S II] and [N II], as well in H↵
(Reipurth & Bally 2001). In between these two limiting cases,
Class I protostars, with a typical age of 105, may show evidence
for both molecular outflows and protostellar jets at the same time
(e.g., L1448 IRS 2 and IRS 3, see Bally et al. 1997). Some-
times a fast and collimated molecular jet is also observed, as in
Cep E-mm (Lefloch et al. 2015) or HH 212, which are associated
with a Class 0 source (Zinnecker et al. 1998; Lee et al. 2017).

Nevertheless, the origin of the molecular outflows associ-
ated with YSOs is still debated (see Lee 2020, for a recent
review). They are believed to be the by-product of an interac-
tion between a more collimated jet and/or wind, produced in or
by the star–disk interaction, and its surrounding medium (Bally
2016). As the wind and/or jet bow shock propagate into the ambi-
ent medium, the gas of the excavated cavity walls advances and
excites a profusion of molecular emission lines. For low mass
YSOs in particular, this can take place via one of three main
mechanisms (see Arce et al. 2007, for a comprehensive review):
(i) in wind-driven shell models, a wide-angle wind is supposed
to accelerate the ambient medium gas. In this class of models,
both the wind and the surrounding medium are assumed to be
stratified in density. (ii) In turbulent jet models, a jet subject to
dynamical Kelvin-Helmholtz instability can entrain gas through
a growing turbulent layer, giving rise to an outflow. This mech-
anism can also operate at the leading working surface. (iii) In
jet bow-shock models, a collimated jet produces a leading bow
shock that accelerates the ambient medium gas. Also, an inter-
mittent jet may develop a set of internal working surfaces that
can help in the process (Raga & Cabrit 1993).
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A. H. Cerqueira et al.: Jet-cavity kinematical relationship

Fig. 11. Left: model DR_P at t = 1200 yr under an inclination of 10� (towards the observer). Top: map of H2 column density for jmix = 0.9, in
the velocity intervals �[1 � 25 km s�1] (top) and �[30 � 45 km s�1] (bottom). The 5000 au aperture used to extract the mass–velocity distribution
is drawn by a circle. Bottom: molecular mass–velocity distribution extracted at position A4. We have superposed the best exponential fits m(v) /
exp(�v/vi) to the components associated with velocity intervals �[1� 25 km s�1] (red) and �[30� 45 km s�1] (blue). The exponent value vi is given
for both velocity intervals. Right: ASAI observations of L1157-B1. Top : intensity–velocity distribution obtained in the CO J = 2–1 towards shock
position B1 in an aperture of about 4000 au (1100 at the distance to the source). The line profile is fitted by a linear combination of two exponential
functions g1 / exp(�v/12.5) (blue), g2 / exp(�v/4.4) (red) (from Lefloch et al. 2012). Bottom: associated mass–velocity distribution, adopting a
standard CO-to-H2 abundance ratio and the excitation conditions derived by Lefloch et al. (2012) for the velocity components g1 and g2.

5.2.2. Observational derivation of m(v)

The excitation conditions of the CO gas in L1157 make it espe-
cially easy to obtain the mass–velocity distribution from the CO
intensity–velocity distribution. This is because the CO J = 2–1
excitation conditions of each component g1, g2, g3 are inde-
pendent of the velocity and the line emission is optically thin,
but at velocities very close (a few km s�1) to ambient. Hence,
the simple relation that exists at local thermodynamic equilib-
rium between N(CO) and the CO line flux (see e.g., Bachiller
et al. 1990) can be applied to the whole velocity range of emis-
sion of each component. In practice, each component dominates
over a specific velocity interval of the intensity–velocity dis-
tribution (see top right panel of Fig. 11). The mass–velocity
distribution is therefore immediately obtained when consider-
ing the excitation conditions and the size of the main emitting
gas component as a function of velocity. The total mass–velocity
relationship is rigorously obtained by multiplying the relation-
ship N(CO)(v) – which is derived from Tb(CO)(v) – by the
CO emission area at each velocity interval. Despite the uncer-
tainties in the overlap region between components (e.g., near
v = �25 km s�1), the spectral slope of each component is found
to be preserved in the derivation procedure from the CO inten-
sity to the mass–velocity distribution. This is illustrated in the

bottom-right panel of Fig. 11 in which we report the mass–
velocity distribution towards L1157-B1. We note that we assume
a standard abundance ratio CO/[H2] = 10�4.

5.2.3. Spatial distribution

Figure 11 presents the distributions of the molecular mate-
rial in the velocity intervals [�25;�1] km s�1 (top) and
[�45;�30] km s�1, respectively. We also computed the molec-
ular mass–velocity distribution measured in an aperture of
5000 au close to the apex of the cavity (position A4). This
is comparable to the beamwidth (HPBW) of the IRAM 30m
telescope main beam at the frequency of the CO J = 2–1 line.

Our simulations (see Fig. 10) show that after a few hundred
years the intensity–velocity distribution is approximately uni-
form over the outflow cavity, except at the apex where the jet
contribution is strongest. This is consistent with the detection of
rather uniform signatures g2 and g3 over the B1 and B2 lobes,
respectively. Our model DR_P is consistent with the interpreta-
tion that g2 and g3 are associated with different ejection events
responsible for the formation of B1 and B2 cavities, respectively.
The lower excitation conditions of g3 are consistent with an older
event. The difference of spectral slope (v0) between the B1 and
B2 cavities could be explained a priori by a higher jet inclination
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L1157の観測
IRAM 30 m, CO 2-1

低速
⾼速

合うモデル
i=10°, jmix=0.9

Ø モデルの⾼速成分はjet shock impact region (Mach disk)だけではなく、フィラメント状。
Ø ⾼速分⼦流（L1157など）全体を⼲渉計で観測すればわかる。
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ABSTRACT
Carina is a nearby young stellar association. So far, only a small number of stars have been clearly identified as members of
this association. In this paper, we reanalyse the membership of the association in light of Gaia DR2 data, in particular finding
that HD 95086 is a potential member (probability of 71 per cent). This star is noteworthy as one of the few stars that hosts both
a detected debris disc and a directly imaged planet. It has previously only been considered as a potential member of the Lower
Centaurus Crux (LCC) – part of the Scorpius–Centaurus association. We also reanalyse the age of the Carina association. Using
a Bayesian inference code applied to infer a solution from stellar evolution models for the most probable (>99 per cent) members
of Carina, we infer an age for the association of 13.3+1.1

−0.6 Myr, much younger than previous studies. Whilst we have revised
HD 95086’s association membership from LCC to Carina, the fact that we also find Carina to have a younger age, similar to that
of LCC, means that the estimates of HD 95086b’s mass remain unchanged. However, the younger age of Carina does mean that
the companion to another Carina member, HD 44627 (AB Pic), has a mass that is more clearly in the planet rather than brown
dwarf range.

Key words: circumstellar matter – stars: evolution – stars: individual: HD 95086 – stars: kinematics and dynamics – planetary
systems – open clusters and associations: general.

1 IN T RO D U C T I O N

There are a number of methods for determining the age of a
star. These include using gyrochronology, X-ray emission, lithium
depletion, chromospheric activity, and stellar evolution models. Not
all methods work equally well for all spectral types and evolution
phases, and the accuracy for an individual star is usually not high
(see e.g. Vican 2012). However, most stars are thought to form in
clusters that slowly disperse into associations (e.g. Ambartsumian
1947; Blaauw 1964) before dispersing completely into the Galactic
field. When an association of stars is identified, then its age can be
determined more accurately by assuming all the stars are coeval.

Based on a survey of X-ray sources in the Southern hemisphere and
kinematic information from Hipparcos, Torres et al. (2001) identified
the existence of the Great Austral Young Association. Further study
of this association by Torres et al. (2008), demonstrated that it
should be subdivided into at least three young associations: Tucana-
Horologium (Tuc-Hor), Columba, and Carina. These are expected to
be related and likely of a similar age, but are distinguished by their
velocity components. Whilst Tuc-Hor is compact and well defined,
the Columba and Carina associations are more diffuse and their
membership is debated. This is particularly true of Carina, with,
for example, only seven bona fide members listed by Gagné et al.

! E-mail: markbooth@cantab.net

(2018a) compared to 20 and 45 bona fide members for Columba and
Tuc-Hor, respectively.

In this paper, we reconsider the membership of the Carina
association in Section 2 based on the Gaia DR2 data. In doing so,
we propose that HD 95086 is a potential Carina member for the first
time. The age of this star is of particular interest as it hosts both a
directly imaged planet and a resolved debris disc. In Section 3, we
then reconsider the age of the association, first by comparing stellar
evolution models to the Gaia photometry and then by considering
the kinematic evolution of the association. We conclude in Section 4
by discussing the implications of these findings.

2 C A R I NA M E M B E R S H I P

Stellar associations were first determined by finding stars that are
close together on the sky, are at a similar distance and moving in a
similar direction. For nearby associations, the stars typically spread
across the sky and can be mistaken for foreground stars, so it is
necessary to consider their Galactic coordinates, XYZ, and space
velocities, UVW (e.g. see the reviews by Zuckerman & Song 2004;
Torres et al. 2008). Various methods have been developed to do this,
which are described in detail by Riedel et al. (2017). For our purposes,
we shall use the Bayesian Analysis for Nearby Young AssociatioNs
(BANYAN) " code (Gagné et al. 2018a) to determine association
membership as this is the most comprehensive code available,
including 27 young associations out to a distance of 150 pc. BANYAN
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evolution models to the Gaia photometry and then by considering
the kinematic evolution of the association. We conclude in Section 4
by discussing the implications of these findings.

2 C A R I NA M E M B E R S H I P

Stellar associations were first determined by finding stars that are
close together on the sky, are at a similar distance and moving in a
similar direction. For nearby associations, the stars typically spread
across the sky and can be mistaken for foreground stars, so it is
necessary to consider their Galactic coordinates, XYZ, and space
velocities, UVW (e.g. see the reviews by Zuckerman & Song 2004;
Torres et al. 2008). Various methods have been developed to do this,
which are described in detail by Riedel et al. (2017). For our purposes,
we shall use the Bayesian Analysis for Nearby Young AssociatioNs
(BANYAN) " code (Gagné et al. 2018a) to determine association
membership as this is the most comprehensive code available,
including 27 young associations out to a distance of 150 pc. BANYAN
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Carinaの明らかなメンバーは少ない。Gaia DR2で再解析。デブリ円盤と惑星を持つ
HD95086が71%でメンバー。確実なメンバーと星進化を使ってCarinaの年齢を13 Myrととて
も若く更新。HD44627の伴星が惑星質量ということになる。
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Abstract

We present the first linear-polarization mosaicked observations performed by the Atacama Large Millimeter/
submillimeter Array (ALMA). We mapped the Orion-KLeinmann-Low (Orion-KL) nebula using super-sampled
mosaics at 3.1 and 1.3mm as part of the ALMA Extension and Optimization of Capabilities program. We derive the
magnetic field morphology in the plane of the sky by assuming that dust grains are aligned with respect to the ambient
magnetic field. At the center of the nebula, we find a quasi-radial magnetic field pattern that is aligned with the explosive
CO outflow up to a radius of approximately 12″ (∼5000 au), beyond which the pattern smoothly transitions into a quasi-
hourglass shape resembling the morphology seen in larger-scale observations by the James-Clerk-Maxwell Telescope
(JCMT). We estimate an average magnetic field strength � § �B 9.4 mG and a total magnetic energy of 2×1045 erg,
which is three orders of magnitude less than the energy in the explosive CO outflow. We conclude that the field has
been overwhelmed by the outflow and that a shock is propagating from the center of the nebula, where the shock front is
seen in the magnetic field lines at a distance of ∼5000 au from the explosion center.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Polarimetry (1278); Dust continuum emission (412);
Star formation (1569); Protostars (1302); Shocks (2086); Interstellar dust (836); Young stellar objects (1834);
Interstellar magnetic fields (845)

1. Introduction

The Orion nebula has been a subject of intense research since its
discovery by Fabri de Peiresc in 1610 (Miller 2016). Home to the
Trapezium, a star cluster containing massive stars, the Orion
nebula also hosts the closest high-mass star-forming region to the
Sun: the Orion integral-shaped filament (Johnstone & Bally 1999).
This one-degree-long, 2200Me filament is embedded in the
50,000MeOrion A cloud (Bally et al. 1987). The∼100MeOrion
Molecular Core 1 (OMC1), located behind the Orion nebula
(Genzel & Stutzki 1989) at a distance of ∼414 pc (Menten et al.
2007), is the densest and most molecule-rich part of the Orion A
cloud. OMC1 contains the Orion-KL nebula, which has been
studied extensively over the past 40 yr across the electromagnetic
spectrum, and is composed of a number of different sources, of
which the visually obscured BecklinNeugebauer Object (BN),
Source I, and source x appear to be most dynamically relevant.
Note that the BN, source I, and source x are run-away stars moving
at speeds between 10 and 30 km s−1 from a common origin
(Goddi et al. 2011; Luhman et al. 2017; Bally et al. 2020).

Orion-KL experienced an energetic explosion ∼500 yr ago
(Gómez et al. 2008).13 The origin of the explosion has been
attributed to a gravitational interaction between three or more

massive stars in the nebula, as suggested by the high-velocity
proper motions of BN, source I, and source x (Bally et al.
2017, 2020). This explosion affected the surrounding gas, as
shown by vibrationally excited H2 and [Fe II] emission that
reveals a spectacular network of collimated outflows known as the
“Orion fingers,” which extend for 0.1 pc in a wide-angle, conical
configuration (Allen & Burton 1993; Colgan et al. 2007; Bally
et al. 2015). A plethora of observations of additional outflow
tracers confirm this link between the outflow and the explosive
event. In the millimeter, the fingers were detected in high-velocity
CO emission by the Submillimeter Array (SMA; Zapata et al.
2009), and more recently with the Atacama Large Millimeter/
Submillimeter Array (ALMA; Bally et al. 2017) showing a
spectacular, spherically symmetric, explosion profile. The center
of the CO outflows is, indeed, located at the dynamical center of
the massive stars thought to be involved in the explosion at the
center of the Orion-KL nebula.
Because molecular clouds comprise weakly ionized plasma

permeated by magnetic fields, it has long been an open question as
to what is the interplay between the explosion and the magnetic
field in OMC1. Initial studies with single dish telescopes captured
the large-scale magnetic field structure in Orion-KL, revealing the
well-known “hourglass” morphology, a cornerstone of magneti-
cally controlled star formation (Schleuning 1998; Pattle et al. 2017;
Ward-Thompson et al. 2017; Chuss et al. 2019). To date, only
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Sun: the Orion integral-shaped filament (Johnstone & Bally 1999).
This one-degree-long, 2200Me filament is embedded in the
50,000MeOrion A cloud (Bally et al. 1987). The∼100MeOrion
Molecular Core 1 (OMC1), located behind the Orion nebula
(Genzel & Stutzki 1989) at a distance of ∼414 pc (Menten et al.
2007), is the densest and most molecule-rich part of the Orion A
cloud. OMC1 contains the Orion-KL nebula, which has been
studied extensively over the past 40 yr across the electromagnetic
spectrum, and is composed of a number of different sources, of
which the visually obscured BecklinNeugebauer Object (BN),
Source I, and source x appear to be most dynamically relevant.
Note that the BN, source I, and source x are run-away stars moving
at speeds between 10 and 30 km s−1 from a common origin
(Goddi et al. 2011; Luhman et al. 2017; Bally et al. 2020).

Orion-KL experienced an energetic explosion ∼500 yr ago
(Gómez et al. 2008).13 The origin of the explosion has been
attributed to a gravitational interaction between three or more

massive stars in the nebula, as suggested by the high-velocity
proper motions of BN, source I, and source x (Bally et al.
2017, 2020). This explosion affected the surrounding gas, as
shown by vibrationally excited H2 and [Fe II] emission that
reveals a spectacular network of collimated outflows known as the
“Orion fingers,” which extend for 0.1 pc in a wide-angle, conical
configuration (Allen & Burton 1993; Colgan et al. 2007; Bally
et al. 2015). A plethora of observations of additional outflow
tracers confirm this link between the outflow and the explosive
event. In the millimeter, the fingers were detected in high-velocity
CO emission by the Submillimeter Array (SMA; Zapata et al.
2009), and more recently with the Atacama Large Millimeter/
Submillimeter Array (ALMA; Bally et al. 2017) showing a
spectacular, spherically symmetric, explosion profile. The center
of the CO outflows is, indeed, located at the dynamical center of
the massive stars thought to be involved in the explosion at the
center of the Orion-KL nebula.
Because molecular clouds comprise weakly ionized plasma

permeated by magnetic fields, it has long been an open question as
to what is the interplay between the explosion and the magnetic
field in OMC1. Initial studies with single dish telescopes captured
the large-scale magnetic field structure in Orion-KL, revealing the
well-known “hourglass” morphology, a cornerstone of magneti-
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ALMA初の偏波モザイク。Orion-KL。磁場が中⼼の動径⽅向から外の砂時計へ。
B=9.4 mG、CO分⼦流よりエネルギーが３桁⼩さい。
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ABSTRACT
We use the 13CO (2–1) emission from the SEDIGISM (Structure, Excitation, and Dynamics of the Inner Galactic InterStellar
Medium) high-resolution spectral-line survey of the inner Galaxy, to extract the molecular cloud population with a large dynamic
range in spatial scales, using the Spectral Clustering for Interstellar Molecular Emission Segmentation (SCIMES) algorithm. This
work compiles a cloud catalogue with a total of 10 663 molecular clouds, 10 300 of which we were able to assign distances
and compute physical properties. We study some of the global properties of clouds using a science sample, consisting of 6664
well-resolved sources and for which the distance estimates are reliable. In particular, we compare the scaling relations retrieved
from SEDIGISM to those of other surveys, and we explore the properties of clouds with and without high-mass star formation.
Our results suggest that there is no single global property of a cloud that determines its ability to form massive stars, although
we find combined trends of increasing mass, size, surface density, and velocity dispersion for the sub-sample of clouds with
ongoing high-mass star formation. We then isolate the most extreme clouds in the SEDIGISM sample (i.e. clouds in the tails
of the distributions) to look at their overall Galactic distribution, in search for hints of environmental effects. We find that, for
most properties, the Galactic distribution of the most extreme clouds is only marginally different to that of the global cloud
population. The Galactic distribution of the largest clouds, the turbulent clouds and the high-mass star-forming clouds are those
that deviate most significantly from the global cloud population. We also find that the least dynamically active clouds (with low
velocity dispersion or low virial parameter) are situated further afield, mostly in the least populated areas. However, we suspect
that part of these trends may be affected by some observational biases (such as completeness and survey limitations), and thus
require further follow up work in order to be confirmed.

Key words: ISM: clouds – Galaxy: structure – stars: formation – galaxies: ISM, star formation.

1 IN T RO D U C T I O N

The evolution of the gas that makes up the interstellar medium
(ISM), and the ultimate means by which that gas gives way to
star formation, involve the tight interplay of a wealth of physical
processes. Our understanding of those processes has relied upon
the statistical characterization of the molecular gas that is taking
part in the star formation process. In particular, the star formation
field has relied on a discretization of the molecular component of
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the ISM into molecular clouds, across the Galactic disc, either as
observed in 2D with dust continuum emission (e.g. the ATLASGAL
survey, Schuller et al. 2009; the Hi-GAL survey, Molinari et al. 2010;
or the Bolocam Galactic Plane Survey, Rosolowsky et al. 2010,
Ginsburg et al. 2013), or with the 3D view of the Galactic plane
from spectral-line observations, most commonly using the second-
most abundant molecular species in the ISM, the CO molecule (and
its isotopologues). Large survey observations of the Galactic plane
in CO emission have allowed for a number of statistical studies of
molecular clouds across the Galaxy (e.g. Scoville & Solomon 1975;
Larson 1981; Solomon et al. 1987; Heyer et al. 2009; Roman-Duval
et al. 2010; Rice et al. 2016; Miville-Deschênes, Murray & Lee
2017), and have provided a large-scale view of the distribution of gas
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銀河系内側の10663個
の分⼦雲。13CO 2-1。
⼤質量星形成と単独で
相関する分⼦雲の性質
はない。⼤きく、乱流
が強く、⼤質量星を形
成する分⼦雲は⼤局的
な分布から外れている。
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Abstract

We present observations of the four hyperfine structure components of the OH 18 cm transition (1612, 1665, 1667,
and 1720MHz) toward a filamentary dark cloud, the Pipe nebula, with the Green Bank Telescope. A statistical
equilibrium analysis is applied to the spectra, and the kinetic temperature of a diffuse molecular gas surrounding
dense cores is determined accurately; the derived temperature ranges from 40 to 75 K. From this result, we assess
the heating effect on the filamentary structure of the nebula’s “stem” region due to UV photons from a nearby star
θ-Ophiuchi and a possible filament–filament collision in the interface of the “stem” and “bowl” regions. In the stem
region, the gas kinetic temperature is found to be almost independent of the apparent distance from θ-Ophiuchi: the
UV-heating effect by the star is not visible. On the other hand, the gas kinetic temperature is raised, as high as
∼75 K, at the interface of the two filamentary structures. This result provides us with additional support for the
filament–filament collision scenario in the Pipe nebula.

Unified Astronomy Thesaurus concepts: Molecular clouds (1072); Interstellar molecules (849)

1. Introduction

The 18 cm transition of the hydroxyl radical (OH) has
extensively been observed toward molecular clouds, late-type
stars and external galaxies (e.g., Harju et al. 2000; Darling &
Giovanelli 2002; Caswell 2004; Hoffman et al. 2005; Wolak
et al. 2012; Ebisawa et al. 2015, 2019; Xu et al. 2016; Li et al.
2018). It is the Λ-type doubling transition in the ground
rotational state, and consists of four hyperfine structure (hfs) lines
at 1612, 1665, 1667, and 1720MHz. It is well known that the
observed intensity ratio of the four hfs lines is often different
from the ratio expected in the local thermodynamic equilibrium
(LTE) condition; �I I I I: : : 1: 5: 9: 11612 1665 1667 1720 (e.g., Harju
et al. 2000; Ebisawa et al. 2015). Such intensity anomalies can be
caused by collisional and/or radiative processes among the
rotational states (Elitzur et al. 1976; van Langevelde et al. 1995;
Ebisawa et al. 2019). Ebisawa et al. (2015), on the basis of their
statistical equilibrium calculations, reported that the intensity
ratio is sensitive to the gas kinetic temperature. They demon-
strated that the gas kinetic temperature of warm ( �T 30k K)
molecular clouds can be determined accurately from the
observed intensities. Furthermore, the critical density of the
OH 18 cm transition is so low (<102 cm−3) that a diffuse
molecular gas surrounding dense cores, which is generally
difficult to trace by rotational transitions of CO (i.e., so-called
CO-dark gas), could be observed by the OH 18 cm transition
(Ebisawa et al. 2015; Xu et al. 2016; Tang et al. 2017). In this
paper, this method for temperature determination is applied to a
nearby molecular cloud, the Pipe nebula.

The Pipe nebula is a filamentary (∼3 pc×18 pc) massive
(∼104 :M ) molecular-cloud complex (Frau et al. 2015) that
was first identified by Onishi et al. (1999) in the lines of CO
and its isotopologues. Figure 1 shows the 2MASS visual
extinction (AK) map observed for the whole Pipe nebula
(Lombardi et al. 2006). As shown in Figure 1, the Pipe nebula
roughly consists of three regions: B59 at the western end, the
stem region having a characteristic filamentary structure, and

the bowl region exhibiting an extended structure in the eastern
part. Since the Pipe nebula is a nearby (∼145 pc) object (Alves
& Franco 2007) with little star formation activity except for the
B59 region (Onishi et al. 1999), it has been a good target to
study molecular-cloud formation (Lada et al. 2008; Román-
Zúñiga et al. 2010). Its magnetic-field structure has been
investigated by polarimetry (Alves et al. 2008, 2014; Franco
et al. 2010). A bright B2 IV star, θ Ophiuchi (HD 157056), is
located about 3 pc away from the Pipe nebula (Figure 1), and
feedback with this star has been invoked for shaping the
structure and the formation process of the nebula (Onishi et al.
1999; Gritschneder & Lin 2012).
The velocity structure of the Pipe nebula was studied in the

12CO along with its isotopologue lines. Figure 2 shows the
integrated intensity maps of the 13CO ( –�J 1 0) (cyan contours)
and 12CO ( –�J 1 0) (red contours) lines by Onishi et al. (1999)
overlaid on the visual extinction (AK) map of Figure 1. The 12CO
map is prepared by integrating over the velocity range from 6 to
10 km s−1 (Onishi et al. 1999). As shown in Figure 2, the 13CO
line traces a filamentary structure elongated along the west to
east direction, which is seen in the visual extinction map. We
hereafter call this structure the W-E filament. On the other hand,
the 12CO map exhibits another filamentary structure extending
along the south to north direction (S-N filament) which is
perpendicular to the W-E filament. According to Frau et al.
(2015), the W-E filament has a blueshifted velocity (VLSR of
2–4 km s−1), whereas the S-N filament has a redshifted velocity
(VLSR of 6–7 km s−1). These two filamentary structures overlap
on the bowl region. On the basis of their combined analyses of
the optical polarimetry, the visual extinction, and 13CO data,
Frau et al. (2015) suggested that these two structures are
colliding with each other in the overlapping region. They found
that the gas in the bowl region tends to show a higher density and
a broader linewidth, as well as a stronger polarization degree and
a smaller dispersion of polarization angle in the optical
observations. These results are discussed in terms of compressive
motion caused by a filament–filament collision.
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Abstract

We present observations of the four hyperfine structure components of the OH 18 cm transition (1612, 1665, 1667,
and 1720MHz) toward a filamentary dark cloud, the Pipe nebula, with the Green Bank Telescope. A statistical
equilibrium analysis is applied to the spectra, and the kinetic temperature of a diffuse molecular gas surrounding
dense cores is determined accurately; the derived temperature ranges from 40 to 75 K. From this result, we assess
the heating effect on the filamentary structure of the nebula’s “stem” region due to UV photons from a nearby star
θ-Ophiuchi and a possible filament–filament collision in the interface of the “stem” and “bowl” regions. In the stem
region, the gas kinetic temperature is found to be almost independent of the apparent distance from θ-Ophiuchi: the
UV-heating effect by the star is not visible. On the other hand, the gas kinetic temperature is raised, as high as
∼75 K, at the interface of the two filamentary structures. This result provides us with additional support for the
filament–filament collision scenario in the Pipe nebula.

Unified Astronomy Thesaurus concepts: Molecular clouds (1072); Interstellar molecules (849)
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map is prepared by integrating over the velocity range from 6 to
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east direction, which is seen in the visual extinction map. We
hereafter call this structure the W-E filament. On the other hand,
the 12CO map exhibits another filamentary structure extending
along the south to north direction (S-N filament) which is
perpendicular to the W-E filament. According to Frau et al.
(2015), the W-E filament has a blueshifted velocity (VLSR of
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Frau et al. (2015) suggested that these two structures are
colliding with each other in the overlapping region. They found
that the gas in the bowl region tends to show a higher density and
a broader linewidth, as well as a stronger polarization degree and
a smaller dispersion of polarization angle in the optical
observations. These results are discussed in terms of compressive
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Green Bank Telescope, OH 18 cm, Pipe nebula。
正確なTk=40-75 K。幹ではTkがθ-Ophiuchiからの距離に依らないのでUV-heating無し。
⼆つのフィラメントの交差点に向かってTkが増加。フィラメント衝突。
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ABSTRACT

Context. 51 Oph is a Herbig Ae/Be star that exhibits strong near-infrared CO ro-vibrational emission at 2.3 µm, most likely originating
in the innermost regions of a circumstellar disc.
Aims. We aim to obtain the physical and geometrical properties of the system by spatially resolving the circumstellar environment of
the inner gaseous disc.
Methods. We used the second-generation Very Large Telescope Interferometer instrument GRAVITY to spatially resolve the contin-
uum and the CO overtone emission. We obtained data over 12 baselines with the auxiliary telescopes and derive visibilities, and the
differential and closure phases as a function of wavelength. We used a simple local thermal equilibrium ring model of the CO emission
to reproduce the spectrum and CO line displacements.
Results. Our interferometric data show that the star is marginally resolved at our spatial resolution, with a radius of ⇠10.58± 2.65 R�.
The K-band continuum emission from the disc is inclined by 63� ± 1�, with a position angle of 116� ± 1�, and 4± 0.8 mas (0.5± 0.1 au)
across. The visibilities increase within the CO line emission, indicating that the CO is emitted within the dust-sublimation radius.
By modelling the CO bandhead spectrum, we derive that the CO is emitted from a hot (T = 1900–2800 K) and dense (NCO =
(0.9–9)⇥ 1021 cm�2) gas. The analysis of the CO line displacement with respect to the continuum allows us to infer that the CO is
emitted from a region 0.10± 0.02 au across, well within the dust-sublimation radius. The inclination and position angle of the CO line
emitting region is consistent with that of the dusty disc.
Conclusions. Our spatially resolved interferometric observations confirm the CO ro-vibrational emission within the dust-free region
of the inner disc. Conventional disc models exclude the presence of CO in the dust-depleted regions of Herbig AeBe stars. Ad hoc
models of the innermost disc regions, that can compute the properties of the dust-free inner disc, are therefore required.

Key words. accretion, accretion disks – stars: formation – techniques: interferometric – stars: pre-main sequence –
stars: individual: 51 Oph

1. Introduction

Circumstellar discs are crucial for understanding how stars and
planets form. In spite of the enormous wealth of data provided
by a new generation of instruments, such as Atacama Large Mil-
limeter/submillimeter Array (ALMA) and VLT Spectro-
Polarimetric High-contrast Exoplanet REsearch (VLT/
SPHERE), understanding disc properties and evolution is
still challenging. This is mostly due to the lack of knowledge
about the physical properties and structure of the innermost
disc regions. Even if these new instruments would allow us to
spatially resolve the disc emission in the dust continuum and
in a number of molecular lines down to scales of a few au, it is
still demanding to resolve the structure of the innermost disc
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regions, and this has only been possible for a few objects (Kraus
et al. 2008; Eisner et al. 2007; Lazareff et al. 2017; GRAVITY
Collaboration 2019). Still, this is a region of great importance,
as we expect that both the accretion of disc matter onto the
central star and the ejection of magnetically controlled winds
occur in a region smaller than about one au, even for young stars
in nearby star-forming regions (120–140 au). Spatially resolving
the inner disc requires optical interferometry. The accessible
tracers are limited to the continuum emission of dust close to
the sublimation radius and to a few emission lines, the most
prominent of which is the HI Br� line. It has been found so far
that with very few exceptions, the Br� line mainly originates in
a wind (Weigelt et al. 2011; Caratti o Garatti et al. 2015; Garcia
Lopez et al. 2015). In a few objects, however, the overtone
ro-vibrational emission of CO at ⇠2.3 µm is detected and has
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VLTI, GRAVITY
CO ro-vibrational
2.3 µm
Herbig disk
連続波で10.6 Rsun
の星と0.5 auの円
盤。
COが0.1 au, 
1900-2800 K, 0.9-
9x1021 cm-2から。
dust-sublimation
より内側。


