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Abstract

Analyzing multiband observations of dust continuum emission is one of the useful tools to constrain dust
properties that help us to understand the physical properties of the protoplanetary disks. We perform a synthetic
ALMA multiband analysis to find the best ALMA band set for constraining the dust properties of the TW Hya
disk. We find that the Band [10, 6, 3] set is the best set among the possible combinations of ALMA Bands [3, 4, 5,
6, 7, 8, 9, 10]. We also find two conditions for the good ALMA band sets providing narrow constraint ranges on
dust properties: (1) Band 9 or 10 is included in the band set, and (2) there are enough frequency intervals between
the bands. These are related to the conditions that give good constraints on dust properties: the combination of
optically thick and thin bands is required, and large β (β is the power-law index of dust opacity, κν∝νβ) and low
dust temperature are preferable. To examine our synthetic analysis results, we apply the multiband analysis to
ALMA archival data of the TW Hya disk at Bands 4, 6, 7, and 9. The Band [9, 6, 4] set provides the dust properties
close to the model profile, while the Band [7, 6, 4] set gives the dust properties deviating from the model at all radii
with too broad a constraint range to specify the accurate values of dust temperature, optical depth, and β. Since
these features are expected by the synthetic multiband analysis, we confirm that the synthetic multiband analysis is
consistent with the results derived from real data.
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1. Introduction

Since the high-resolution ALMA observation of HL Tau
(ALMA Partnership et al. 2015), TW Hya has been one of the
representative protoplanetary disks (PPDs) that have axisym-
metric ringed structure. The central star of TW Hya is a T Tauri
star with a mass of ∼0.8Me (Andrews et al. 2012). The gas-
rich PPD surrounding TW Hya has a disk mass Mdisk>
0.05Me derived from HD emission-line observations by
Herschel. The estimated age of the disk is ∼3–10Myr (Bergin
et al. 2013). Considering the typical lifetime of gaseous PPDs
is ∼3Myr (Hernández et al. 2007), the TW Hya disk is an old
population. Its proximity, d∼59±1pc (Gaia Collaboration
et al. 2016), provides a good chance to see the detailed
structure of the disk (0 1, corresponding to ∼6 au). By those
characteristics, the TW Hya disk is one of the important targets
to study the formation of axisymmetric gap structures and
planet formation in disks.

Recently, ALMA high spatial resolution observations have
confirmed its clear multiple-ring structure (Andrews et al.
2016; Tsukagoshi et al. 2016; Huang et al. 2018). This
structure has been thought to be an important signpost of planet
formation in the disks. Although some theoretical/numerical
scenarios have been established for an individual object to
explain the origins of the disk structures, there is no clear
general consensus yet: (1) gravitational interaction between a
protoplanet and the disk (e.g., Kanagawa et al. 2016; Bae et al.
2017; Dong et al. 2017; Fedele et al. 2018), (2) magnetorota-
tional instability (e.g., Flock et al. 2015), (3) secular
gravitational instability (e.g., Youdin 2011; Takahashi &
Inutsuka 2014), and (4) growth and destruction of dust particles
near snow lines (e.g., Zhang et al. 2015; Okuzumi et al. 2016).

The origin of gap structures in the TW Hya disk is also still
under debate.
Dust properties, such as dust temperature Td, dust opacity κν,

and dust opacity power-law index β, are the key parameters to
distinguish the models explaining the origin of those disk
structures. They are expected to behave differently in disk
structures such as rings, gaps, or spiral arms, depending on the
formation mechanism of the structures. Beckwith et al. (1990)
and Beckwith & Sargent (1991) are the pioneering works to
constrain τν and β from the millimeter-wavelength single-dish
observations of the pre-main-sequence stars in Taurus–Auriga
clouds. Kitamura et al. (2002) extended this approach to the
interferometer observations to additionally measure the outer
radii of the disks and then estimate the dust properties. After
that, some studies (e.g., Andrews & Williams 2007; Andrews
et al. 2009) made further constraints on the dust properties by
comparing the theoretical models with the observed visibility
data. Moreover, lots of studies (e.g., Guilloteau et al. 2011;
Pérez et al. 2012, 2015; Tazzari et al. 2016) have tried to derive
the radial profiles of dust properties, such as τν or β, from the
interferometric observations of various PPDs. In those works,
the radial profiles of the dust temperature have been mainly
derived using SED modeling and radiative transfer calcula-
tions, or a simple assumption of dust temperature profile is
adopted. But the ALMA observations with high spatial
resolution have made it possible to derive the temperature
profiles directly from the observed intensity profiles.
In previous research, Tsukagoshi et al. (2016) also derived

the radial profiles of τν and β from the dust continuum
observations of the TW Hya disk at ALMA Bands 4 and 6 with
an assumed dust temperature radial profile. They made
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meaningful constraints on the dust properties in the disk from
the deprojected azimuthally averaged intensity profiles of dust
continuum emission obtained by the high-resolution ALMA
observations. However, since the uncertainty of dust size
distribution and opacity—as well as the structures in the disk,
such as gaps opened by the planets—will affect the dust
temperature profile (Jang-Condell & Turner 2012), more direct
observations are necessary for a better understanding of the
dust properties without any assumption of the dust temperature.
In order to drop the assumed dust temperature profile and then
obtain the improved radial profiles of dust properties, we need
additional observations at a different frequency.

In this paper, we perform a synthetic ALMA multiband
analysis to find which ALMA band set provides us good
constraints on the dust properties in the TW Hya disk. Then, we
apply this multiband analysis to ALMA archival data to
examine whether the results derived from ALMA archival data
of the TW Hya disk are consistent with our synthetic analysis.
In Section 2, we describe how the synthetic ALMA multiband
analysis derives the dust properties. Section 3 describes the
results of synthetic multiband analysis and the conditions
required for good band sets. We will explain the dust properties
derived from ALMA archival data through multiband analysis
and the consistency between the synthetic results and real data
in Section 4. Section 5 will discuss some points to improve the
multiband analysis. Finally, Section 6 summarizes the conclu-
sions of our multiband analysis.

2. The Synthetic ALMA Multiband Analysis

For finding which ALMA band set provides us good
constraints on the dust properties of the TW Hya disk, we
perform a synthetic ALMA multiband analysis. This synthetic
analysis consists of two parts: setting up the model radial
profiles of intensity at each ALMA band and performing a
sensitivity analysis for extracting the constraint ranges of
synthetic dust properties corresponding to the model intensity
and observational errors. We apply the synthetic multiband
analysis for all possible combinations of three ALMA bands
from ALMA Band 3 to Band 10. Table 1 lists the
representative frequency and frequency coverage of each
ALMA band used in the synthetic multiband analysis in GHz.

2.1. The Model Radial Intensity Profiles at Each ALMA Band

As the first part of the synthetic multiband analysis, we
calculate the model radial intensity profiles at each ALMA
band. For the calculation, we use the formal solution of the
radiative transfer equation for dust continuum emission,

U� � �O O O( ) ( ( ))[ ( ( ))] ( )I r B T r r1 exp , 1d

where Bν(Td) is the Planck function at dust temperature Td and
frequency ν and τν is the dust optical depth for which we adopt
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by assuming that the dust opacity obeys the power law
κν∝νβ. In this case, the spectral index α of the dust
continuum emission can be written as
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where kB is the Boltzmann constant and h is the Planck
constant. We note that we simply assume that the source
function is Sν=Bν(Td) and the dust temperature Td and
absorption coefficient κνρd (ρd is the dust density) are constant
along the line of sight in Equation (1) for simplicity.
First, we derive the frequency-independent radial profiles

τ0,model(r) and βmodel(r) using Equations (1)–(3) and the
observed radial intensity profiles, Iobs(r), and spectral index,
αobs(r), at 190 GHz, together with the assumption of

� �( ) ( )T r r26 K 10 aud,model
0.4. The observations were per-

formed with high resolution (∼88.1 mas×62.1 mas) by
ALMA (Tsukagoshi et al. 2016). The Td,model(r) profile is
obtained by fitting the temperature profile at the disk midplane
in Andrews et al. (2012, 2016), which is derived using radiative
transfer calculations. We note that the distance of TW Hya is
assumed as d∼54pc in the previous works, but we used the
updated value d∼59pc (Gaia Collaboration et al. 2016).
Using the derived τ0,model(r) and βmodel(r), we calculate the
frequency-dependent optical depth τν,model(r) from Equation (2).
Then, we obtain the model radial intensity profiles, Iν,model(r), at
each ALMA band using Equation (1) with the assumed
Td,model(r) and the derived τν,model(r).

2.2. Sensitivity Analysis

After calculating the model radial intensity profiles and
frequency-independent τ0,model and βmodel, we perform a
sensitivity analysis to extract the constraint ranges of the
synthetic dust temperature Td,syn, optical depth τν,syn, and opacity
power-law index βsyn at a given radius. To perform this analysis,
we establish the parameter space of synthetic intensity Iν,syn at
three frequencies, which are picked arbitrarily among ALMA
Band 3–10, corresponding to Td,syn, τν,syn, and βsyn. Then, we
extract the constraint ranges of synthetic dust properties satisfying
the range of - -� �O O O( ) ( )x I I x I100% 100%,model ,syn ,model,
where Iν,model is the model radial intensity profile derived in
Section 2.1 and x are the observational errors, which vary
depending on ALMA band.
We practically obtain the constraint ranges of the synthetic

dust properties Td,syn, τν,syn, and βsyn in the following way. We
pick three different ALMA bands [ν1, ν2, ν3] among ALMA
Bands [3, 4, 5, 6, 7, 8, 9, 10] as one band set. Then, at a given
radius, we set Iν,syn, which corresponds to the range of

- -� �O O O( ) ( )x I I x I100% 100%,model ,syn ,model for ν=ν1
and ν2, where the accuracy of amplitude calibration for ALMA
data x=10% for Bands 3, 4, 5 and 6; x=15% for Bands 7
and 8; and x=20% for Bands 9 and 10 (Warmels et al. 2018,
p.155). Next, we derive UO ,syn1 , UO ,syn2 , and βsyn from OI ,syn1 ,
OI ,syn2 , and Equations (1) and (2) with the synthetic dust
temperature Td,syn=5–60 K. Then, we estimate OI ,syn3 using
Td,syn, UO ,syn1 , UO ,syn2 , βsyn, and Equations (1) and (2). Finally,
we extract the sets of [Td,syn, τν,syn, βsyn] that satisfy

Table 1
The Representative Frequency and Frequency Coverage of Each ALMA Band

Used in the Synthetic Multiband Analysis

Band 3 4 5 6 7 8 9 10

νmin (GHz) 84 125 166 211 275 385 602 787
νrep (GHz) 112 145 190 233 346 450 670 870
νmax (GHz) 119 163 211 275 370 500 720 950
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continuum emission obtained by the high-resolution ALMA
observations. However, since the uncertainty of dust size
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absorption coefficient κνρd (ρd is the dust density) are constant
along the line of sight in Equation (1) for simplicity.
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dust properties without any assumption of the dust temperature.
In order to drop the assumed dust temperature profile and then
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analysis to find which ALMA band set provides us good
constraints on the dust properties in the TW Hya disk. Then, we
apply this multiband analysis to ALMA archival data to
examine whether the results derived from ALMA archival data
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In Section 2, we describe how the synthetic ALMA multiband
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required for good band sets. We will explain the dust properties
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and the consistency between the synthetic results and real data
in Section 4. Section 5 will discuss some points to improve the
multiband analysis. Finally, Section 6 summarizes the conclu-
sions of our multiband analysis.
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dust properties without any assumption of the dust temperature.
In order to drop the assumed dust temperature profile and then
obtain the improved radial profiles of dust properties, we need
additional observations at a different frequency.
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examine whether the results derived from ALMA archival data
of the TW Hya disk are consistent with our synthetic analysis.
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where kB is the Boltzmann constant and h is the Planck
constant. We note that we simply assume that the source
function is Sν=Bν(Td) and the dust temperature Td and
absorption coefficient κνρd (ρd is the dust density) are constant
along the line of sight in Equation (1) for simplicity.
First, we derive the frequency-independent radial profiles

τ0,model(r) and βmodel(r) using Equations (1)–(3) and the
observed radial intensity profiles, Iobs(r), and spectral index,
αobs(r), at 190 GHz, together with the assumption of
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0.4. The observations were per-

formed with high resolution (∼88.1 mas×62.1 mas) by
ALMA (Tsukagoshi et al. 2016). The Td,model(r) profile is
obtained by fitting the temperature profile at the disk midplane
in Andrews et al. (2012, 2016), which is derived using radiative
transfer calculations. We note that the distance of TW Hya is
assumed as d∼54pc in the previous works, but we used the
updated value d∼59pc (Gaia Collaboration et al. 2016).
Using the derived τ0,model(r) and βmodel(r), we calculate the
frequency-dependent optical depth τν,model(r) from Equation (2).
Then, we obtain the model radial intensity profiles, Iν,model(r), at
each ALMA band using Equation (1) with the assumed
Td,model(r) and the derived τν,model(r).

2.2. Sensitivity Analysis

After calculating the model radial intensity profiles and
frequency-independent τ0,model and βmodel, we perform a
sensitivity analysis to extract the constraint ranges of the
synthetic dust temperature Td,syn, optical depth τν,syn, and opacity
power-law index βsyn at a given radius. To perform this analysis,
we establish the parameter space of synthetic intensity Iν,syn at
three frequencies, which are picked arbitrarily among ALMA
Band 3–10, corresponding to Td,syn, τν,syn, and βsyn. Then, we
extract the constraint ranges of synthetic dust properties satisfying
the range of - -� �O O O( ) ( )x I I x I100% 100%,model ,syn ,model,
where Iν,model is the model radial intensity profile derived in
Section 2.1 and x are the observational errors, which vary
depending on ALMA band.
We practically obtain the constraint ranges of the synthetic

dust properties Td,syn, τν,syn, and βsyn in the following way. We
pick three different ALMA bands [ν1, ν2, ν3] among ALMA
Bands [3, 4, 5, 6, 7, 8, 9, 10] as one band set. Then, at a given
radius, we set Iν,syn, which corresponds to the range of

- -� �O O O( ) ( )x I I x I100% 100%,model ,syn ,model for ν=ν1
and ν2, where the accuracy of amplitude calibration for ALMA
data x=10% for Bands 3, 4, 5 and 6; x=15% for Bands 7
and 8; and x=20% for Bands 9 and 10 (Warmels et al. 2018,
p.155). Next, we derive UO ,syn1 , UO ,syn2 , and βsyn from OI ,syn1 ,
OI ,syn2 , and Equations (1) and (2) with the synthetic dust
temperature Td,syn=5–60 K. Then, we estimate OI ,syn3 using
Td,syn, UO ,syn1 , UO ,syn2 , βsyn, and Equations (1) and (2). Finally,
we extract the sets of [Td,syn, τν,syn, βsyn] that satisfy

Table 1
The Representative Frequency and Frequency Coverage of Each ALMA Band

Used in the Synthetic Multiband Analysis

Band 3 4 5 6 7 8 9 10

νmin (GHz) 84 125 166 211 275 385 602 787
νrep (GHz) 112 145 190 233 346 450 670 870
νmax (GHz) 119 163 211 275 370 500 720 950
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meaningful constraints on the dust properties in the disk from
the deprojected azimuthally averaged intensity profiles of dust
continuum emission obtained by the high-resolution ALMA
observations. However, since the uncertainty of dust size
distribution and opacity—as well as the structures in the disk,
such as gaps opened by the planets—will affect the dust
temperature profile (Jang-Condell & Turner 2012), more direct
observations are necessary for a better understanding of the
dust properties without any assumption of the dust temperature.
In order to drop the assumed dust temperature profile and then
obtain the improved radial profiles of dust properties, we need
additional observations at a different frequency.

In this paper, we perform a synthetic ALMA multiband
analysis to find which ALMA band set provides us good
constraints on the dust properties in the TW Hya disk. Then, we
apply this multiband analysis to ALMA archival data to
examine whether the results derived from ALMA archival data
of the TW Hya disk are consistent with our synthetic analysis.
In Section 2, we describe how the synthetic ALMA multiband
analysis derives the dust properties. Section 3 describes the
results of synthetic multiband analysis and the conditions
required for good band sets. We will explain the dust properties
derived from ALMA archival data through multiband analysis
and the consistency between the synthetic results and real data
in Section 4. Section 5 will discuss some points to improve the
multiband analysis. Finally, Section 6 summarizes the conclu-
sions of our multiband analysis.

2. The Synthetic ALMA Multiband Analysis
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constraints on the dust properties of the TW Hya disk, we
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analysis consists of two parts: setting up the model radial
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sensitivity analysis for extracting the constraint ranges of
synthetic dust properties corresponding to the model intensity
and observational errors. We apply the synthetic multiband
analysis for all possible combinations of three ALMA bands
from ALMA Band 3 to Band 10. Table 1 lists the
representative frequency and frequency coverage of each
ALMA band used in the synthetic multiband analysis in GHz.

2.1. The Model Radial Intensity Profiles at Each ALMA Band

As the first part of the synthetic multiband analysis, we
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band. For the calculation, we use the formal solution of the
radiative transfer equation for dust continuum emission,
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where kB is the Boltzmann constant and h is the Planck
constant. We note that we simply assume that the source
function is Sν=Bν(Td) and the dust temperature Td and
absorption coefficient κνρd (ρd is the dust density) are constant
along the line of sight in Equation (1) for simplicity.
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power-law index βsyn at a given radius. To perform this analysis,
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Band 3–10, corresponding to Td,syn, τν,syn, and βsyn. Then, we
extract the constraint ranges of synthetic dust properties satisfying
the range of - -� �O O O( ) ( )x I I x I100% 100%,model ,syn ,model,
where Iν,model is the model radial intensity profile derived in
Section 2.1 and x are the observational errors, which vary
depending on ALMA band.
We practically obtain the constraint ranges of the synthetic
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pick three different ALMA bands [ν1, ν2, ν3] among ALMA
Bands [3, 4, 5, 6, 7, 8, 9, 10] as one band set. Then, at a given
radius, we set Iν,syn, which corresponds to the range of
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and ν2, where the accuracy of amplitude calibration for ALMA
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p.155). Next, we derive UO ,syn1 , UO ,syn2 , and βsyn from OI ,syn1 ,
OI ,syn2 , and Equations (1) and (2) with the synthetic dust
temperature Td,syn=5–60 K. Then, we estimate OI ,syn3 using
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we extract the sets of [Td,syn, τν,syn, βsyn] that satisfy
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- -� �O O O( ) ( )x I I x I100% 100%,model ,syn ,model3 3 3 . Perform-
ing these calculations for every radius, we obtain the minimum
and maximum values of Td,syn, τν,syn, and βsyn, which correspond
to - -� �O O O( ) ( )x I I x I100% 100%,model ,syn ,model at three
frequencies, ν=[ν1, ν2, ν3], as shown in Figure 2.

3. The Results of the Synthetic ALMA Multiband Analysis

3.1. The Synthetic Multiband Analysis Results

We perform a synthetic ALMA multiband analysis (see
Section 2) for all possible combinations of three bands among
ALMA Bands 3–10. Among a total of 56 possible combina-
tions, some ALMA band sets provide us narrow constraint
ranges on the radial profiles of Td,syn, τν,syn, and βsyn, while the
others have very broad constraint ranges on the synthetic dust
properties. Since the upper limit of the synthetic dust
temperature (Td,syn,max) is sensitive to the observational errors
in the synthetic intensities between 20 and 45 au, as shown in
Figure 2, we calculate the average normalized deviation of
Td,syn,max from Td,model for quantitative comparison. Figure 1
presents examples of the averaged normalized deviation
of Td,syn,max from Td,model within 20 au<r<45 au, that
is, � �� �( ) ( ( ) ( )) ( )/ /n T r T r T r1 r20 45 au 20 au

45 au
d,syn,max d,model d,model ,

where n20–45 au is the number of grids among r=20–45 au.
The bottom left triangle shows the results for the Band [10, x1,
y1] sets, and the top right triangle shows those for the Band [x2,
y2, 3] sets, where x1=[9, 8, 7, 6, 5, 4], y1=[8, 7, 6, 5, 4, 3],
x2=[10, 9, 8, 7, 6, 5], and y2=[9, 8, 7, 6, 5, 4]. According to
the calculation, the Band [10, 6, 3] set gives us Td,syn,max, which
deviates ∼21% from Td,model, on average, within 20 au<r<
45 au. It is the best band set among all 56 possible band sets.

Based on the analysis in Figure 1, Figure 2 shows the
constraint ranges of the synthetic dust properties of four good
ALMA band sets ([10, 7, 3], [10, 6, 3], [9, 7, 3], and [9, 6, 3])
and one bad ALMA band set ([7, 6, 3]) as examples selected

from Figure 1. The constraint ranges of the synthetic dust
temperature Td,syn (top), synthetic optical depth at Band 3
τB3,syn (middle), and synthetic dust opacity power-law index
βsyn (bottom) derived by the synthetic multiband analysis are
plotted by different color-shaded regions: yellow indicates the
Band [7, 6, 3] set, purple is the [9, 7, 3] set, blue is the [9, 6, 3]
set, red is the [10, 7, 3] set, and green is the [10, 6, 3] set. The
black line in each panel indicates the assumed model radial
profile of Td,model(r) and the derived model radial profile of
τB3,model(r) and βmodel(r), respectively (see Section 2.1).

Figure 1. Averaged values of (Td,syn,max−Td,model)/Td,model within 20 au<
r<45 au. The bottom left triangle presents the values derived from the Band
[10, x1, y1] sets, and the top right triangle presents the values derived from the
Band [x2, y2, 3] sets. The colors of the blocks indicate small errors as blue and
large errors as red. The constrained Td,syn,max from the Band [10, 6, 3] set is
∼21% larger than Td,model, on average, and this is the best band set.

Figure 2. Constraint range of radial profiles of synthetic dust temperature Td,syn
(top), synthetic optical depth at ALMA Band 3 τB3,syn (middle), and synthetic
opacity power-law index βsyn (bottom) derived from five ALMA band
sets using the synthetic multiband analysis. The different colors represent
the different ALMA band sets: Band [7, 6, 3] set by yellow, [9, 7, 3] by purple,
[9, 6, 3] by blue, [10, 7, 3] by red, and [10, 6, 3] by green. The black solid line
shows the model radial profile of Td,model, τB3,model, and βmodel derived using
the method described in Section 2.1.
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y2, 3] sets, where x1=[9, 8, 7, 6, 5, 4], y1=[8, 7, 6, 5, 4, 3],
x2=[10, 9, 8, 7, 6, 5], and y2=[9, 8, 7, 6, 5, 4]. According to
the calculation, the Band [10, 6, 3] set gives us Td,syn,max, which
deviates ∼21% from Td,model, on average, within 20 au<r<
45 au. It is the best band set among all 56 possible band sets.

Based on the analysis in Figure 1, Figure 2 shows the
constraint ranges of the synthetic dust properties of four good
ALMA band sets ([10, 7, 3], [10, 6, 3], [9, 7, 3], and [9, 6, 3])
and one bad ALMA band set ([7, 6, 3]) as examples selected

from Figure 1. The constraint ranges of the synthetic dust
temperature Td,syn (top), synthetic optical depth at Band 3
τB3,syn (middle), and synthetic dust opacity power-law index
βsyn (bottom) derived by the synthetic multiband analysis are
plotted by different color-shaded regions: yellow indicates the
Band [7, 6, 3] set, purple is the [9, 7, 3] set, blue is the [9, 6, 3]
set, red is the [10, 7, 3] set, and green is the [10, 6, 3] set. The
black line in each panel indicates the assumed model radial
profile of Td,model(r) and the derived model radial profile of
τB3,model(r) and βmodel(r), respectively (see Section 2.1).

Figure 1. Averaged values of (Td,syn,max−Td,model)/Td,model within 20 au<
r<45 au. The bottom left triangle presents the values derived from the Band
[10, x1, y1] sets, and the top right triangle presents the values derived from the
Band [x2, y2, 3] sets. The colors of the blocks indicate small errors as blue and
large errors as red. The constrained Td,syn,max from the Band [10, 6, 3] set is
∼21% larger than Td,model, on average, and this is the best band set.

Figure 2. Constraint range of radial profiles of synthetic dust temperature Td,syn
(top), synthetic optical depth at ALMA Band 3 τB3,syn (middle), and synthetic
opacity power-law index βsyn (bottom) derived from five ALMA band
sets using the synthetic multiband analysis. The different colors represent
the different ALMA band sets: Band [7, 6, 3] set by yellow, [9, 7, 3] by purple,
[9, 6, 3] by blue, [10, 7, 3] by red, and [10, 6, 3] by green. The black solid line
shows the model radial profile of Td,model, τB3,model, and βmodel derived using
the method described in Section 2.1.
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frequencies, ν=[ν1, ν2, ν3], as shown in Figure 2.

3. The Results of the Synthetic ALMA Multiband Analysis

3.1. The Synthetic Multiband Analysis Results

We perform a synthetic ALMA multiband analysis (see
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the calculation, the Band [10, 6, 3] set gives us Td,syn,max, which
deviates ∼21% from Td,model, on average, within 20 au<r<
45 au. It is the best band set among all 56 possible band sets.

Based on the analysis in Figure 1, Figure 2 shows the
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black line in each panel indicates the assumed model radial
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Figure 1. Averaged values of (Td,syn,max−Td,model)/Td,model within 20 au<
r<45 au. The bottom left triangle presents the values derived from the Band
[10, x1, y1] sets, and the top right triangle presents the values derived from the
Band [x2, y2, 3] sets. The colors of the blocks indicate small errors as blue and
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∼21% larger than Td,model, on average, and this is the best band set.

Figure 2. Constraint range of radial profiles of synthetic dust temperature Td,syn
(top), synthetic optical depth at ALMA Band 3 τB3,syn (middle), and synthetic
opacity power-law index βsyn (bottom) derived from five ALMA band
sets using the synthetic multiband analysis. The different colors represent
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Abstract

Analyzing multiband observations of dust continuum emission is one of the useful tools to constrain dust
properties that help us to understand the physical properties of the protoplanetary disks. We perform a synthetic
ALMA multiband analysis to find the best ALMA band set for constraining the dust properties of the TW Hya
disk. We find that the Band [10, 6, 3] set is the best set among the possible combinations of ALMA Bands [3, 4, 5,
6, 7, 8, 9, 10]. We also find two conditions for the good ALMA band sets providing narrow constraint ranges on
dust properties: (1) Band 9 or 10 is included in the band set, and (2) there are enough frequency intervals between
the bands. These are related to the conditions that give good constraints on dust properties: the combination of
optically thick and thin bands is required, and large β (β is the power-law index of dust opacity, κν∝νβ) and low
dust temperature are preferable. To examine our synthetic analysis results, we apply the multiband analysis to
ALMA archival data of the TW Hya disk at Bands 4, 6, 7, and 9. The Band [9, 6, 4] set provides the dust properties
close to the model profile, while the Band [7, 6, 4] set gives the dust properties deviating from the model at all radii
with too broad a constraint range to specify the accurate values of dust temperature, optical depth, and β. Since
these features are expected by the synthetic multiband analysis, we confirm that the synthetic multiband analysis is
consistent with the results derived from real data.

Key words: methods: observational – protoplanetary disks – stars: individual (TW Hydrae)

1. Introduction

Since the high-resolution ALMA observation of HL Tau
(ALMA Partnership et al. 2015), TW Hya has been one of the
representative protoplanetary disks (PPDs) that have axisym-
metric ringed structure. The central star of TW Hya is a T Tauri
star with a mass of ∼0.8Me (Andrews et al. 2012). The gas-
rich PPD surrounding TW Hya has a disk mass Mdisk>
0.05Me derived from HD emission-line observations by
Herschel. The estimated age of the disk is ∼3–10Myr (Bergin
et al. 2013). Considering the typical lifetime of gaseous PPDs
is ∼3Myr (Hernández et al. 2007), the TW Hya disk is an old
population. Its proximity, d∼59±1pc (Gaia Collaboration
et al. 2016), provides a good chance to see the detailed
structure of the disk (0 1, corresponding to ∼6 au). By those
characteristics, the TW Hya disk is one of the important targets
to study the formation of axisymmetric gap structures and
planet formation in disks.

Recently, ALMA high spatial resolution observations have
confirmed its clear multiple-ring structure (Andrews et al.
2016; Tsukagoshi et al. 2016; Huang et al. 2018). This
structure has been thought to be an important signpost of planet
formation in the disks. Although some theoretical/numerical
scenarios have been established for an individual object to
explain the origins of the disk structures, there is no clear
general consensus yet: (1) gravitational interaction between a
protoplanet and the disk (e.g., Kanagawa et al. 2016; Bae et al.
2017; Dong et al. 2017; Fedele et al. 2018), (2) magnetorota-
tional instability (e.g., Flock et al. 2015), (3) secular
gravitational instability (e.g., Youdin 2011; Takahashi &
Inutsuka 2014), and (4) growth and destruction of dust particles
near snow lines (e.g., Zhang et al. 2015; Okuzumi et al. 2016).

The origin of gap structures in the TW Hya disk is also still
under debate.
Dust properties, such as dust temperature Td, dust opacity κν,

and dust opacity power-law index β, are the key parameters to
distinguish the models explaining the origin of those disk
structures. They are expected to behave differently in disk
structures such as rings, gaps, or spiral arms, depending on the
formation mechanism of the structures. Beckwith et al. (1990)
and Beckwith & Sargent (1991) are the pioneering works to
constrain τν and β from the millimeter-wavelength single-dish
observations of the pre-main-sequence stars in Taurus–Auriga
clouds. Kitamura et al. (2002) extended this approach to the
interferometer observations to additionally measure the outer
radii of the disks and then estimate the dust properties. After
that, some studies (e.g., Andrews & Williams 2007; Andrews
et al. 2009) made further constraints on the dust properties by
comparing the theoretical models with the observed visibility
data. Moreover, lots of studies (e.g., Guilloteau et al. 2011;
Pérez et al. 2012, 2015; Tazzari et al. 2016) have tried to derive
the radial profiles of dust properties, such as τν or β, from the
interferometric observations of various PPDs. In those works,
the radial profiles of the dust temperature have been mainly
derived using SED modeling and radiative transfer calcula-
tions, or a simple assumption of dust temperature profile is
adopted. But the ALMA observations with high spatial
resolution have made it possible to derive the temperature
profiles directly from the observed intensity profiles.
In previous research, Tsukagoshi et al. (2016) also derived

the radial profiles of τν and β from the dust continuum
observations of the TW Hya disk at ALMA Bands 4 and 6 with
an assumed dust temperature radial profile. They made
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Equation (1), the derived constraints on the dust properties are
not able to reproduce the model values.

4. Applications of the Multiband Analysis to ALMA
Archival Data

In Section 3, we present the synthetic multiband analysis
results and find two conditions for the good ALMA band sets
deriving accurate constraints on the dust properties. In this
section, we apply the multiband analysis to ALMA archival
dust continuum data of the TW Hya PPD at Bands 4, 6, 7, and
9 in order to derive the dust properties and examine whether

our synthetic multiband analysis results are consistent with the
real observational data.
Andrews et al. (2016) and Tsukagoshi et al. (2016) reported

the high spatial resolution dust continuum images of the TW
Hya disk at Bands 4, 6, and 7. We use the Band 4 and 6 data in
Tsukagoshi et al. (2016) and Band 7 fits image at Sean
Andrews’s science home page.6 In the ALMA archive, we also
find a Band 9 observation of the TW Hya disk (Schwarz
et al. 2016), which is low spatial resolution data. We retrieved

Figure 6. 3D scatter plot of [Td,syn, τ190 GHz,syn, βsyn] derived from randomly generated intensities at the ALMA Band [10, 6, 3] set (bottom right) and their projected
2D scatter plots. The generated intensities have random errors of ±10% for Bands 6 and 3 and ±20% for Band 10 against the model intensities derived from
[Td,model=20 K, τ190 GHz,model=0.5, βmodel=1.5]. The red points in the 2D scatter plots are the model values. The blue ellipses in the 2D scatter plots are the 1σ
confidence ellipse fittings, which contain 68% of all points. The points show correlations between dust properties: τ190 GHz,syn and βsyn are getting smaller as Td,syn
becomes larger.

6 https://www.cfa.harvard.edu/~sandrews/data/twhya/
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size of 10 μm. Thus, the dust temperature is nearly constant in
the region where the dust emission becomes optically thick at
the ALMA bands, and it could be reasonable to assume that the
effect of the dust temperature gradient on the synthetic analysis
is not very large in this case.

Meanwhile, if the viscous heating is dominant, the dust
temperature increases near the midplane. In this case, the
temperature gradient could affect the result of the synthetic
analysis more significantly. According to model calculations
(e.g., D’Alessio et al. 1998), the viscous heating will be
dominant only in the inner region (r<1 au) if the accretion
rate is small ( _ � �

:Ṁ M10 yr8 1). The viscous heating
becomes dominant in the outer disk for larger accretion rates
(e.g., Dullemond et al. 2007).

The inclination angle of the disks could also affect the result.
If the disk is almost edge-on, the dust continuum emission
becomes optically thick, and the assumption of a homogeneous
structure along the line of sight is no more valid. However, in
the case of the TW Hya disk, the inclination angle is small
(i∼7°; Qi et al. 2008), and the line-of-sight direction is not
very different from the vertical direction of the disk. Thus,
additional observations at different frequencies will help us to
constrain the dust properties when they have nonuniform
structure along the line of sight.

5.2. The Frequency Dependency of β

We assume that the dust opacity is proportional to the
frequency as κν∝νβ, where β is independent of the frequency
for the ALMA multiband analysis. This power-law index β is
strongly related to the dust grain models in the disks, the dust
size distribution, the maximum/minimum size of the grains,
the internal structure of the grains, and the composition of the
grains. Thus, we can infer the dust properties in PPDs by
comparing the observed β with the theoretical/experimental β
derived from different conditions (e.g., Beckwith et al. 2000).
The β of the grains in the interstellar clouds is observationally
measured as β≈1.7. Meanwhile, many observations of PPDs
show β�1 (e.g., Beckwith & Sargent 1991), and recent
spatially resolved observations show that β is smaller in the
inner region of the disks (e.g., Pérez et al. 2012; Tsukagoshi
et al. 2016), suggesting further grain growth close to the central
stars. It is consistent with grain growth theory, which leads to
planet formation (e.g., Armitage 2010).
Theoretical/experimental studies of dust opacity suggest that

β can vary with frequency depending on the dust properties,
such as temperature, grain size distribution, and composition
(e.g., Miyake & Nakagawa 1993; Mennella et al. 1998; Chihara
et al. 2002; Draine 2006; Koike et al. 2006; Min et al. 2016;
Woitke et al. 2016). Demyk et al. (2017a, 2017b) recently

Figure 9. Dotted lines show Td (top), τB4 (middle), and β (bottom) radial profiles derived from the Band [7, 6, 4] set (left), Band [9, 6, 4] set (middle), and smoothed
Band [7, 6, 4] set (right) with the ALMA multiband analysis. The black solid lines are the model profiles of Td,model, τB4,model, and βmodel at ∼75 mas (left) and
∼340 mas (middle and right) circular beam. The Td,model(r) is derived from � �( ) ( )T r r26 K 10 aud

0.4 by convolution. The frequency-independent τB4,model(r) and
β0,model(r) profiles are derived using Td,model(r) (see Section 2.1). The color-shaded regions indicate the constraint ranges of the dust properties corresponding to the
± 10% observational error for Bands 4 and 6, ± 15% for Band 7, and ± 20% for Band 9.
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reported the variations of β on the frequencies by experimental
measurements for particles with different dust temperatures
(Td=10–300 K) and chemical compositions (Mg- or Fe-rich
amorphous silicates). They suggested that β anticorrelates with
Td at a given frequency for Td>30 K due to the additional
absorption processes of the grains. They also found the
complex β variations at λ�100 μm for the different Td and
compositions.

Despite those theoretical/experimental studies on β with the
dust grain models, it is difficult to fully understand the
frequency dependence of β of actual grains in PPDs. Therefore,
we simply assumed frequency-independent β in this work.
However, we need to be cautious that β can vary depending on
the frequency. In this case, we need additional observations at
different frequencies in order to constrain the dust properties.

5.3. Extension to ALMA Band 1

We find that the frequency intervals between the bands
should be large enough for better constraints on the dust
properties through the multiband analysis. It infers that we can
constrain better dust properties if we add a lower-frequency
band instead of Band 3 (112 GHz) in the band sets. Since the
ALMA Band 1 receiver is developing now (Huang et al. 2016),
we perform the synthetic multiband analysis on the band sets
including Band 1 (40 GHz) in order to check the applicability
of the multiband analysis.

Figure 10 presents the constraint ranges of the synthetic dust
properties, Td,syn(r), τB1,syn(r), and βsyn(r), derived from five
band sets, including Band 1. The constraint ranges of the dust
properties derived from different band sets are represented
by different colors: yellow for the Band [9,7,1] set, purple for
[9, 6, 1], blue for [10, 7, 1], red for [10,6,1], and green for
[10, 5, 1]. The black solid lines are the model profiles of Td(r),
τB1,model(r), and β(r) derived with the same method described
in Section 2.1.

The constraint ranges of Td,syn(r) are better than the ones
derived from the band sets including Band 3, such as the Band
[10, 6, 3] set. Similarly, the constraint ranges of τB1,syn(r) and
βsyn(r) become much better than the ones in Figure 2 as well.
We calculate the same value as in Figure 1 for the band sets
with ALMA Band 1 to estimate how Band 1 improves the
constraint range. Figure 11 presents the averaged normalized
deviation of Td,syn,max (left), τB1,syn,max (middle), and βsyn,max
(right) from the model values for the Band [x2, y2, 1] sets (top
right) compared to the Band [x1, y1, 3] sets (bottom left). The
deviation of Td,syn,max for the Band [10, 6, 1] set is ∼10%,
which is two times better than the deviation for the Band [10, 6,
3] set (∼21%). Furthermore, we have more options with band
sets having 20% accuracy on the constraints on dust
properties, such as the Band [10, 8, 1], [10, 7, 1], [10, 5, 1],
[10, 4, 1], [9, 6, 1], and [9, 5, 1] sets. Since including Band 1
observations makes larger frequency intervals between the
bands than Band 3, the dust properties are accurately
constrained by the multiband analysis. Thus, we conclude that
Band 1 observations will improve the constraints on the dust
properties derived by the multiband analysis.

6. Summary

In this paper, we try to constrain the radial profiles of the
dust temperature Td, optical depth τν, and dust opacity power-
law index β in the TW Hya PPD using the ALMA multiband

analysis. To find which ALMA band set provides the best
constraints on the dust properties, we perform the synthetic
ALMA multiband analysis on all of the possible combinations
of three ALMA bands among Bands 3–10 reflecting ±10%
observational errors for Bands 3, 4, 5, and 6; ±15% errors for
Bands 7 and 8; and ±20% errors for Bands 9 and 10.
According to the synthetic multiband analysis results, the

Band [10, 6, 3] set gives us the best constraints on the Td(r),
τν(r), and β(r) profiles. In addition, we find two conditions for
good ALMA band sets:

Figure 10. Constraint range of radial profiles of dust temperature Td,syn (top),
optical depth at ALMA Band 1 τB1,syn (middle), and opacity power-law index
βsyn (bottom) derived from five ALMA band sets using the synthetic multiband
analysis. The different colors represent the different ALMA band sets: the Band
[9, 7, 1] set by yellow, [9, 6, 1] by purple, [10, 7, 1] by blue, [10, 6, 1] by red,
and [10, 5, 1] by green. The black solid line shows the model radial profile of
Td,model, τB1,model, and βmodel derived with the same method described in
Section 2.1. Comparing to Figure 2, the band sets including Band 1 instead of
Band 3 provide better constraints on the dust properties.
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ABSTRACT

Context. Binarity and multiplicity appear to be a common outcome in star formation. In particular, the binary fraction of massive
(OB-type) stars can be very high. In many cases, the further stellar evolution of these stars is a↵ected by binary interactions at some
stage during their lifetime. The origin of this high binarity and the binary parameters are poorly understood because observational
constraints are scarce, which is predominantly due to a dearth of known young massive binary systems.
Aims. We aim to identify and describe massive young binary systems in order to fill in the gaps of our knowledge of primordial
binarity of massive stars, which is crucial for our understanding of massive star formation.
Methods. We observed the two massive young stellar objects (MYSOs) PDS 27 and PDS 37 at the highest spatial resolution provided
by VLTI/PIONIER in the H-band (1.3 mas). We applied geometrical models to fit the observed squared visibilities and closure phases.
In addition, we performed a radial velocity analysis using published VLT/FORS2 spectropolarimetric and VLT/X-shooter spectro-
scopic observations.
Results. Our findings suggest binary companions for both objects at 12 mas (30 au) for PDS 27 and at 22–28 mas (42–54 au) for
PDS 37. This means that they are among the closest MYSO binaries resolved to date.
Conclusions. Our data spatially resolve PDS 27 and PDS 37 for the first time, revealing two of the closest and most massive (>8 M�)
YSO binary candidates to date. PDS 27 and PDS 37 are rare but great laboratories to quantitatively inform and test the theories on
formation of such systems.

Key words. stars: formation – binaries: close – techniques: interferometric – stars: individual: PDS 27 – stars: individual: PDS 37 –
stars: pre-main sequence

1. Introduction

In recent years, substantial progress has been made in the field
of high-mass star formation. The various theoretical scenar-
ios proposed for high-mass star formation suggest that mass
is accreted through a circumstellar disk (Jijina & Adams 1996;
Yorke & Sonnhalter 2002; Krumholz et al. 2009; Kuiper et al.
2010). Observational evidence for circumstellar disks has been
accumulating using a variety of methods, including AMBER
interferometry (Kraus et al. 2010), spectroscopy in the IR wave-
length regime (Wheelwright et al. 2010; Ilee et al. 2013, 2018),
and spectropolarimetry (Ababakr et al. 2015). Submillimeter
(submm) interferometric observations indicate the presence of
Keplerian disks (Ilee et al. 2016; Johnston et al. 2015), while

? Based on ESO observations 094.C-0359, 098.C-0636.

hydrodynamical simulations establish that disks are viable
agents for accretion (e.g., Rosen et al. 2016; Klassen et al. 2016;
Kuiper & Hosokawa 2018). For a review on the topic, see
Beltrán & de Wit (2016), Hartmann et al. (2016).

Although the formation of massive individual stars is becom-
ing more and more established in both theory and observations,
studies have shown that the majority of stars do not form in iso-
lation. In particular, binarity and higher-order multiplicity are
fairly well established as a common outcome of star forma-
tion. Multiple systems with separations as large as several hun-
dred astronomical units (au) are mostly predicted by numerical
simulations as a result of fragmentation processes during the
collapse phase (e.g., Krumholz et al. 2012; Myers et al. 2013),
while closer binaries (<10 au) may rather form through accretion
disk fragmentation (Meyer et al. 2018) or orbital decay during
internal (e.g., capture in competitive accretion, magnetic braking
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Fig. 1. Three di↵erent geometrical models compared with the observed visibilities (V2) and closure phases of PDS 37. The black points with
vertical error bars are the observed data, and the blue triangles correspond to a representative best-fit model (a). The best-fit models correspond to
(panel a) a binary with a ring surrounding the primary (Red. �2 ⇠10), (panel b) a binary with both companions resolved and some asymmetric
flux toward its primary (Red. �2 ⇠6), and (panel c) a binary model with both companions resolved (Red. �2 = 10).

Table 1. Parameters of the models for PDS 37 and PDS 27.

Model Flux weight 1 Flux w. 2 Flux w. ring Inner diameter Width PA (minor axis) Flatten ratio x2 y2
ring mas mas degrees mas mas

PDS 37 (a) 0.5± 0.4 0.06± 0.05 0.44± 0.34 7.7± 0.3 0.78± 0.25 14.0± 1.4 5± 1 �17.2± 0.3 24.3± 0.4
PDS 27 (a) 0.5± 0.4 0.5± 0.4 2.6± 0.4 4.7± 0.2 12.6± 1.2 8± 5 0 0

Model Flux w. disk 1 Flux w. 1 Flux w. disk 2 Flux w. 2 Diameter 1 Diameter 2 x1 y1 x2 y2
disk mas mas mas mas mas mas
PDS 37 (b) 0.2± 0.1 0.001+0.054

�0.001 0.28± 0.15 0.5± 0.3 1.9± 0.2 5± 0.3 �25.8± 0.2 y2=�2.0± 0.3 �22.7± 0.1 �3.4± 0.1
PDS 27 (b) 0.33± 0.3 0.49± 0.44 0.18± 0.16 0 5.4± 0.3 3.0± 0.3 0 0 �4.0± 0.2 �11.5± 0.3
PDS 37 (c) 0.22± 0.18 0.35± 0.28 0.11± 0.11 0.32± 0.25 1.9± 0.2 5± 0.3 22.8± 0.1 3.4± 0.1 22.8± 0.1 3.4± 0.1

Notes. For PDS 37 the reduced �2[d.o.f.] (degrees of freedom) for the best-fit models a, b, and c are 10[11], 16[10], and 10[10], respectively, while
for PDS 27, the corresponing values for the best-fit models a and b are 10[12] and 12[11], respectively. Both visibilities and closure phases were
taken into account.

actual separation of the binary. Based on the consistency of the
independent datasets, we conclude that it is most likely that PDS
27 is a close MYSO binary. In the case of PDS 37, no spectro-
scopic velocity o↵set was observed in a period of two years, and
therefore we did not perform a similar analysis.

4. Discussion

Overall, the interferometric results indicate a binary nature of
the two objects. In particular, the observed oscillations in the
visibility and the observed non-zero closure phase, especially
toward PDS 37, point toward asymmetries and geometries that
can best be explained when a binary source is assumed. The
scenario of an asymmetric disk or ring in H band would need
it to be extremely azimuthally modulated to reproduce the

high-contrast visibilities we observe. No such required degree
of modulation is observed in HAeBes with PIONIER (see, e.g.,
Lazare↵ et al. 2017). In addition, although our interferometric
results point more toward the binary nature of PDS 37, pre-
vious spectroscopic and spectropolarimetric results (Ilee et al.
2013; Ababakr et al. 2015) indicated a flattened active circum-
stellar disk seen close to edge-on. Our results on PDS 27 are
supported by previous spectroscopic velocity measurements. It
appears that the binary model provides the best fit, showing sig-
natures of extended emission that need further investigation (see
Appendix C). Our data cannot constrain all the fitting param-
eters because there are degeneracies. We find two out of two
objects (100%, in agreement with Pomohaci et al. 2019) to be
binaries with small separations (30 au for PDS 27; 42–54 au for
PDS 37).
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Fig. 1. Three di↵erent geometrical models compared with the observed visibilities (V2) and closure phases of PDS 37. The black points with
vertical error bars are the observed data, and the blue triangles correspond to a representative best-fit model (a). The best-fit models correspond to
(panel a) a binary with a ring surrounding the primary (Red. �2 ⇠10), (panel b) a binary with both companions resolved and some asymmetric
flux toward its primary (Red. �2 ⇠6), and (panel c) a binary model with both companions resolved (Red. �2 = 10).

Table 1. Parameters of the models for PDS 37 and PDS 27.

Model Flux weight 1 Flux w. 2 Flux w. ring Inner diameter Width PA (minor axis) Flatten ratio x2 y2
ring mas mas degrees mas mas

PDS 37 (a) 0.5± 0.4 0.06± 0.05 0.44± 0.34 7.7± 0.3 0.78± 0.25 14.0± 1.4 5± 1 �17.2± 0.3 24.3± 0.4
PDS 27 (a) 0.5± 0.4 0.5± 0.4 2.6± 0.4 4.7± 0.2 12.6± 1.2 8± 5 0 0

Model Flux w. disk 1 Flux w. 1 Flux w. disk 2 Flux w. 2 Diameter 1 Diameter 2 x1 y1 x2 y2
disk mas mas mas mas mas mas
PDS 37 (b) 0.2± 0.1 0.001+0.054

�0.001 0.28± 0.15 0.5± 0.3 1.9± 0.2 5± 0.3 �25.8± 0.2 y2=�2.0± 0.3 �22.7± 0.1 �3.4± 0.1
PDS 27 (b) 0.33± 0.3 0.49± 0.44 0.18± 0.16 0 5.4± 0.3 3.0± 0.3 0 0 �4.0± 0.2 �11.5± 0.3
PDS 37 (c) 0.22± 0.18 0.35± 0.28 0.11± 0.11 0.32± 0.25 1.9± 0.2 5± 0.3 22.8± 0.1 3.4± 0.1 22.8± 0.1 3.4± 0.1

Notes. For PDS 37 the reduced �2[d.o.f.] (degrees of freedom) for the best-fit models a, b, and c are 10[11], 16[10], and 10[10], respectively, while
for PDS 27, the corresponing values for the best-fit models a and b are 10[12] and 12[11], respectively. Both visibilities and closure phases were
taken into account.

actual separation of the binary. Based on the consistency of the
independent datasets, we conclude that it is most likely that PDS
27 is a close MYSO binary. In the case of PDS 37, no spectro-
scopic velocity o↵set was observed in a period of two years, and
therefore we did not perform a similar analysis.

4. Discussion

Overall, the interferometric results indicate a binary nature of
the two objects. In particular, the observed oscillations in the
visibility and the observed non-zero closure phase, especially
toward PDS 37, point toward asymmetries and geometries that
can best be explained when a binary source is assumed. The
scenario of an asymmetric disk or ring in H band would need
it to be extremely azimuthally modulated to reproduce the

high-contrast visibilities we observe. No such required degree
of modulation is observed in HAeBes with PIONIER (see, e.g.,
Lazare↵ et al. 2017). In addition, although our interferometric
results point more toward the binary nature of PDS 37, pre-
vious spectroscopic and spectropolarimetric results (Ilee et al.
2013; Ababakr et al. 2015) indicated a flattened active circum-
stellar disk seen close to edge-on. Our results on PDS 27 are
supported by previous spectroscopic velocity measurements. It
appears that the binary model provides the best fit, showing sig-
natures of extended emission that need further investigation (see
Appendix C). Our data cannot constrain all the fitting param-
eters because there are degeneracies. We find two out of two
objects (100%, in agreement with Pomohaci et al. 2019) to be
binaries with small separations (30 au for PDS 27; 42–54 au for
PDS 37).
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Context. Binarity and multiplicity appear to be a common outcome in star formation. In particular, the binary fraction of massive
(OB-type) stars can be very high. In many cases, the further stellar evolution of these stars is a↵ected by binary interactions at some
stage during their lifetime. The origin of this high binarity and the binary parameters are poorly understood because observational
constraints are scarce, which is predominantly due to a dearth of known young massive binary systems.
Aims. We aim to identify and describe massive young binary systems in order to fill in the gaps of our knowledge of primordial
binarity of massive stars, which is crucial for our understanding of massive star formation.
Methods. We observed the two massive young stellar objects (MYSOs) PDS 27 and PDS 37 at the highest spatial resolution provided
by VLTI/PIONIER in the H-band (1.3 mas). We applied geometrical models to fit the observed squared visibilities and closure phases.
In addition, we performed a radial velocity analysis using published VLT/FORS2 spectropolarimetric and VLT/X-shooter spectro-
scopic observations.
Results. Our findings suggest binary companions for both objects at 12 mas (30 au) for PDS 27 and at 22–28 mas (42–54 au) for
PDS 37. This means that they are among the closest MYSO binaries resolved to date.
Conclusions. Our data spatially resolve PDS 27 and PDS 37 for the first time, revealing two of the closest and most massive (>8 M�)
YSO binary candidates to date. PDS 27 and PDS 37 are rare but great laboratories to quantitatively inform and test the theories on
formation of such systems.

Key words. stars: formation – binaries: close – techniques: interferometric – stars: individual: PDS 27 – stars: individual: PDS 37 –
stars: pre-main sequence

1. Introduction

In recent years, substantial progress has been made in the field
of high-mass star formation. The various theoretical scenar-
ios proposed for high-mass star formation suggest that mass
is accreted through a circumstellar disk (Jijina & Adams 1996;
Yorke & Sonnhalter 2002; Krumholz et al. 2009; Kuiper et al.
2010). Observational evidence for circumstellar disks has been
accumulating using a variety of methods, including AMBER
interferometry (Kraus et al. 2010), spectroscopy in the IR wave-
length regime (Wheelwright et al. 2010; Ilee et al. 2013, 2018),
and spectropolarimetry (Ababakr et al. 2015). Submillimeter
(submm) interferometric observations indicate the presence of
Keplerian disks (Ilee et al. 2016; Johnston et al. 2015), while

? Based on ESO observations 094.C-0359, 098.C-0636.

hydrodynamical simulations establish that disks are viable
agents for accretion (e.g., Rosen et al. 2016; Klassen et al. 2016;
Kuiper & Hosokawa 2018). For a review on the topic, see
Beltrán & de Wit (2016), Hartmann et al. (2016).

Although the formation of massive individual stars is becom-
ing more and more established in both theory and observations,
studies have shown that the majority of stars do not form in iso-
lation. In particular, binarity and higher-order multiplicity are
fairly well established as a common outcome of star forma-
tion. Multiple systems with separations as large as several hun-
dred astronomical units (au) are mostly predicted by numerical
simulations as a result of fragmentation processes during the
collapse phase (e.g., Krumholz et al. 2012; Myers et al. 2013),
while closer binaries (<10 au) may rather form through accretion
disk fragmentation (Meyer et al. 2018) or orbital decay during
internal (e.g., capture in competitive accretion, magnetic braking
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Fig. 2. Best-fit geometrical models (panel a) flattened ring (Red. �2 ⇠ 10) and (panel b) binary (Red. �2 ⇠ 12)) compared with the observed
visibilities (V2) and closure phases of PDS 27. The black points with vertical error bars are the observed data, and the blue triangles correspond to
a representative best-fit model. The two models show a similar fit, and therefore we show model b as a representative fit.

Assuming that the extended H-band emission is due to hot
dust, the angular sizes can be estimated. The PIONIER wave-
length range (1.533 µm–1.772 µm) is sensitive to thermal radi-
ation of the dust in the temperature range 1500–2000 K. The
angular distance of the dust from the star can then be estimated
using d = R?

2
T?2

T
2
d

, where d is the distance of the dust from the
star, R? and T? are the radius and temperature of the star, and Td
is the dust temperature. The stellar radii of PDS 37 and PDS 27
are ⇠13 R� and ⇠11.7 R� , respectively (Vioque et al. 2018),
while their temperature is ⇠17 500 K (Ababakr et al. 2015). For
a dust temperature of 1500 K (graphite grains), an angular dust
sublimation radius of ⇠3.2 au (1.7 mas at 1.93 kpc) is estimated
for PDS 37 and ⇠3.8 au (1.5 mas at 2.55 kpc) for PDS 27. The
maximum achieved angular resolution with PIONIER (1.3 mas)
at the measured distance of our objects is ⇠3.3 au and 2.5 au for
PDS 27 and PDS 37, respectively, which would correspond to
the very inner parts of the circumstellar disk or ring. In the case
of PDS 27, the best-fit ring model resulted in an inner radius of
1.3± 0.2 mas, which is in agreement with the dust sublimation
radius of the object (1.5 mas). In the case of PDS 37, the best-fit
ring model resulted in an inner radius of 3.8± 0.2 mas, which is
larger by a factor of 2 than the dust sublimation radius (1.7 mas).
This di↵erence could be explained with the presence of a par-
ticularly small dust-grain population, by inhomogeneities of the
circumstellar environment, gaps or holes in the inner regions of
the disks as part of evolution, or that the inferred temperature
has been underestimated. We conclude that our ring models are
consistent with the expected dust sublimation radius, and that
the instrument resolution allows us to trace these inner regions,
which are excavated of dust.

In the case of PDS 27, the secondary central object is absent
and the flux of the secondary disk is only 22% (±20%) of the
flux of the primary. Therefore, the secondary object is a deeply
embedded lower-mass companion. This fact in combination with
the small separation of ⇠30± 17 au and a predicted period of
⇠10 yr places PDS 27 among the very few observed candidates to

directly test the theories of young binary formation through accre-
tion disk fragmentation (Meyer et al. 2018). Our finding might
support the theoretical predictions of the disk fragmentation chan-
nel as a possible mechanism for the formation of close MYSO
binaries (<10 au), having a high-mass and an accreting low-mass
component. Such systems are expected to be the progenitors of
the short-period (<10 d) massive spectroscopic binaries.

Future interferometric observations (e.g., VLTI) of PDS 27
and PDS 37 will provide a more complete uv-plane, which is
necessary for the better characterization of the systems. The
additional data will make it possible to constrain the circum-
stellar and circumbinary environment of the two components of
the system and test the coplanarity of circumbinary disks around
close binaries, evidence that might provide a further test for the
disk fragmentation origin of such systems (Duchêne 2015).

5. Summary and conclusions

We reported the discovery of two massive (M > 8 M�) YSO
binaries at very close separations. Our main findings are listed
below.

– The PIONIER data are consistent with both PDS 27 and
PDS 37 being MYSO binaries. The binary nature of PDS
27 is also supported by spectroscopic observations. The
observed velocity o↵sets in multiple epoch VLSR suggest a
binary system with a period of ⇠10 yr.

– We find small component separations of 42–54 au towards
PDS 37 and 30 au towards PDS 27. The closest separation of
MYSO binaries that were spatially resolved so far is 30 au.
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Fig. 2. Best-fit geometrical models (panel a) flattened ring (Red. �2 ⇠ 10) and (panel b) binary (Red. �2 ⇠ 12)) compared with the observed
visibilities (V2) and closure phases of PDS 27. The black points with vertical error bars are the observed data, and the blue triangles correspond to
a representative best-fit model. The two models show a similar fit, and therefore we show model b as a representative fit.

Assuming that the extended H-band emission is due to hot
dust, the angular sizes can be estimated. The PIONIER wave-
length range (1.533 µm–1.772 µm) is sensitive to thermal radi-
ation of the dust in the temperature range 1500–2000 K. The
angular distance of the dust from the star can then be estimated
using d = R?

2
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, where d is the distance of the dust from the
star, R? and T? are the radius and temperature of the star, and Td
is the dust temperature. The stellar radii of PDS 37 and PDS 27
are ⇠13 R� and ⇠11.7 R� , respectively (Vioque et al. 2018),
while their temperature is ⇠17 500 K (Ababakr et al. 2015). For
a dust temperature of 1500 K (graphite grains), an angular dust
sublimation radius of ⇠3.2 au (1.7 mas at 1.93 kpc) is estimated
for PDS 37 and ⇠3.8 au (1.5 mas at 2.55 kpc) for PDS 27. The
maximum achieved angular resolution with PIONIER (1.3 mas)
at the measured distance of our objects is ⇠3.3 au and 2.5 au for
PDS 27 and PDS 37, respectively, which would correspond to
the very inner parts of the circumstellar disk or ring. In the case
of PDS 27, the best-fit ring model resulted in an inner radius of
1.3± 0.2 mas, which is in agreement with the dust sublimation
radius of the object (1.5 mas). In the case of PDS 37, the best-fit
ring model resulted in an inner radius of 3.8± 0.2 mas, which is
larger by a factor of 2 than the dust sublimation radius (1.7 mas).
This di↵erence could be explained with the presence of a par-
ticularly small dust-grain population, by inhomogeneities of the
circumstellar environment, gaps or holes in the inner regions of
the disks as part of evolution, or that the inferred temperature
has been underestimated. We conclude that our ring models are
consistent with the expected dust sublimation radius, and that
the instrument resolution allows us to trace these inner regions,
which are excavated of dust.

In the case of PDS 27, the secondary central object is absent
and the flux of the secondary disk is only 22% (±20%) of the
flux of the primary. Therefore, the secondary object is a deeply
embedded lower-mass companion. This fact in combination with
the small separation of ⇠30± 17 au and a predicted period of
⇠10 yr places PDS 27 among the very few observed candidates to

directly test the theories of young binary formation through accre-
tion disk fragmentation (Meyer et al. 2018). Our finding might
support the theoretical predictions of the disk fragmentation chan-
nel as a possible mechanism for the formation of close MYSO
binaries (<10 au), having a high-mass and an accreting low-mass
component. Such systems are expected to be the progenitors of
the short-period (<10 d) massive spectroscopic binaries.

Future interferometric observations (e.g., VLTI) of PDS 27
and PDS 37 will provide a more complete uv-plane, which is
necessary for the better characterization of the systems. The
additional data will make it possible to constrain the circum-
stellar and circumbinary environment of the two components of
the system and test the coplanarity of circumbinary disks around
close binaries, evidence that might provide a further test for the
disk fragmentation origin of such systems (Duchêne 2015).

5. Summary and conclusions

We reported the discovery of two massive (M > 8 M�) YSO
binaries at very close separations. Our main findings are listed
below.

– The PIONIER data are consistent with both PDS 27 and
PDS 37 being MYSO binaries. The binary nature of PDS
27 is also supported by spectroscopic observations. The
observed velocity o↵sets in multiple epoch VLSR suggest a
binary system with a period of ⇠10 yr.

– We find small component separations of 42–54 au towards
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Fig. 3. Dereddened Hess diagram for a subset of stars with a parallax
relative uncertainty smaller than 10%. The grey scale corresponds to the
square root of the stellar density. The Red Clump is the most prominent
feature which shape can be compared to Fig. 2 of Ruiz-Dern et al.

(2018).

Fig. 4. Comparison between the extinction A0 derived here and AV de-
termined by Santiago et al. (2016) using APOGEE data.

residuals) outliers, as illustrated in Fig. 1. The bright stars cal-
ibration is done using stars with G < 10.5 and is applied to all
stars with G < 11 mag. The colour range of our calibration is
�1.0 < (G � K)0 < 5.6.

The extinction coe�cients are derived using the Fitzpatrick
& Massa (2007) extinction law and the Kurucz Spectral En-
ergy Distributions (Castelli & Kurucz 2003), as described in
Danielski et al. (2018). The 2MASS transmissions are taken
from Cohen et al. (2003) and the Gaia transmissions are those
of Weiler (2018). We are selecting here only the top of the HRD.
We therefore adapted the surface gravity of the Kurucz spec-
tra to the temperature with log g = 4 for Te↵ > 5250 and
log g = �8.3+0.0023 Te↵ for cooler stars (simple fit adjusted on

APOGEE (Majewski et al. 2017) data). We also increased the
degree of the polynomial fit of the extinction coe�cient model:

km = a1+a2C+a3C
2+a4C

3+a5A0+a6A
2
0+a7A

3
0+a8A0C+a9A0C

2+a10CA
2
0

(1)

with C = (G � K)0. The fit was performed on a grid with
a spacing of 250 K in Te↵ with 3500 < Te↵ < 1000 K and a
step linearly increasing by 0.01 mag in A0 with 0.01 < A0 <
20 mag. This increase of the step size with A0 is made to ensure
the best model of the extinction coe�cients at low extinction
values which dominates our sample. The residuals are smaller
than 0.6% for A0 < 10 mag in the G band.

We tested the influence of the Gaia passband used to derive
the extinction coe�cients on our results and see only small dif-
ferences between the revised Gaia DR2 passbands provided by
(Evans et al. 2018) and those of Weiler (2018).

We pre-selected intrinsically bright stars using the 2MASS
Ks magnitude, less a↵ected by extinction:

Ks + 5 + 5 log10

✓$ + &$
1000

◆
< 4 (2)

where $ is the Gaia DR2 parallax. This cut allows to re-

trieve all stars with MG < 5 up to 5 mag of A0 extinction,

which covers the range of most of our extinctions. For each
star the extinction A0 and the intrinsic colour (G � Ks)0 and
their associated uncertainties are determined through a Maxi-
mum Likelihood Estimation2.

L =
Y

X

P(G � X|A0, (G � K)0) (3)

for X = GBP,GRP, J,H. To avoid local minima, 3 di↵erent
initial values are tested : (G � K)0 = G � K (no extinction),
(G�K)0 = 1.5 and (G�K)0 = (G�K)max (the maximum colour
of our intrinsic colour relation, e.g. 5.6 mag). We use the intrin-
sic colour-colour relations to derive (G�X)0 from (G�K)0. Then
P(G� X|A0, (G�K)0) = P(G� X|(G� X)0 + k[A0, (G�K)0]A0).
We model this probability by a Gaussian, quadratically adding
the photometric error in the X band and the intrinsic scatter of
the colour-colour relation. Negative values of A0 are allowed,
to ensure a Gaussian uncertainty model, needed for the inver-
sion method. However no extrapolation of the extinction coe�-
cients is done, the negative values of A0 being replaced by 0 to
derive the extinction coe�cients. Typical resulting uncertainties
are 0.3 mag in A0 and 0.2 mag in (G � K)0.

A chi-square test is performed to check the validity of the
resulting parameters, removing stars with a p-value limit smaller
than 0.05. We removed stars with uncertainties on the derived A0
and (G � K)0 higher than 0.5 and 0.4 mag respectively, as well
as outliers for which A0 is not compatible with being positive
at 3 sigma. To ensure that we lie within our calibration interval,
we keep only stars with dereddened MG0 < 5. Inspection of the
de-reddened HRD shows that the bluest and reddest stars are
not correctly recovered. We therefore also removed stars with
(G � K)0 < 0.5 and (G � K)0 > 2.9 mag.

We tested our individual extinctions by checking the extinc-
tion distribution in low extinction regions (Fig. 2) and the shape
of the de-reddened HRD (Fig. 3). We also compared our extinc-
tions with previous work, Fig. 4 showing the comparison with
extinctions derived from APOGEE spectroscopic data by Santi-
ago et al. (2016).

2 R package bbmle
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ABSTRACT

Gaia stellar measurements are currently revolutionizing our knowledge of the evolutionary history of the Milky Way. 3D maps of the
interstellar dust provide complementary information and are a tool for a wide range of uses. We aimed at building 3D maps of the
dust in the Local arm and surrounding regions. To do so, Gaia DR2 photometric data were combined with 2MASS measurements to
derive extinction towards stars that possess accurate photometry and relative uncertainties on DR2 parallaxes smaller than 20%. We
applied to the individual extinctions a new hierarchical inversion algorithm adapted to large datasets and to a inhomogeneous target
distribution. Each step associates regularized Bayesian inversions along all radial directions and a subsequent inversion in 3D

of all their results. Each inverted distribution serves as a prior for the subsequent step and the spatial resolution is progressively
increased. We present the resulting 3D distribution of the dust in a 6 x 6 x 0.8 kpc3 volume around the Sun. Its main features are found
to be elongated along di↵erent directions that vary from below to above the mid-plane: the outer part of Carina-Sagittarius, mainly
located above the mid-plane, the Local arm/Cygnus Rift around and above the mid-plane and the fragmented Perseus arm are oriented
close to the direction of circular motion. The more than 2 kpc long spur (nicknamed the split) that extends between the Local Arm
and Carina-Sagittarius, the compact near side of Carina-Sagittarius and the Cygnus Rift below the Plane are oriented along l⇠40 to
55 �. Dust density images in vertical planes reveal in some regions a wavy pattern and show that the solar neighborhood within ⇠500
pc remains atypical by its extent above and below the Plane. We show several comparisons with the locations of molecular clouds,
HII regions, O stars and masers. The link between the dust concentration and these tracers is markedly di↵erent from one region to
the other.

Key words. Dust: extinction; ISM: lines and bands; ISM: structure ; ISM: solar neighborhood ; ISM: Galaxy

1. Introduction

Evolutionary models of the Milky Way require measurements
of the spatial distribution of massive numbers of stars as well
as their dynamical, physical and chemical properties, all quan-
tities currently provided by the ESA satellite Gaia (Gaia Col-
laboration et al. 2016, 2018b) and ground-based surveys. In this
context, three-dimensional (3D) maps of the Galactic interstel-
lar (IS) dust are an additional and mandatory tool since they al-
low de-reddening of stellar spectra and suppression of degen-
eracies between stellar temperature and dust reddening on the
one hand, and, on the other hand, since they may shed important
additional light on the star formation through the inter-play be-
tween star and IS matter. Fortunately, Gaia parallaxes and Gaia
photometric data complemented by ground-based photometric
data allow the construction of the required IS dust maps in par-
allel with the stellar studies. 3D mapping is based on the tomo-
graphic inversion of distance-limited IS absorption data for large
numbers of targets distributed in space at known locations: Gaia
parallaxes evidently provide the target locations and Gaia plus
ground-based photometric measurements provide estimates of
the reddening along each sightline. Independently of these evo-
lutionary aspects, 3D maps of the Galactic dust are a general tool
for many various purposes such as studies of foreground, envi-
ronment or background to specific objects, models of light or
particle propagation, etc.

One form of 3D mapping of dust is the construction of ra-
dial profiles of color excess or extinction, sightline by sight-
line. The first map produced in such a way was based on Hip-
parcos (Arenou et al. 1992). Later on, maps of radial profiles
and their derivatives, i.e. reddening or extinction per unit dis-
tance, were built by Marshall et al. (2006), Chen et al. (2013)
and Schultheis et al. (2014) based on the Besançon model of
stellar population synthesis (Robin et al. 2012) and 2MASS,
GLIMPSE and VVV photometry, respectively. Majewski et al.
(2011) derived individual stellar reddening and radial profiles
by combining SPITZER/GLIMPSE and 2MASS. Berry et al.
(2012) used SDSS and 2MASS to constrain stellar SEDs and
reddening profiles using reddening-free empirical spectra. Fol-
lowing a hierarchical Bayesian method devised by Sale (2012),
Sale et al. (2014) used photometric data from the IPHAS Survey
to simultaneously reconstruct stellar properties and extinction
radial profiles at a 100 resolution for -5b5� and 30l210�
up to 5 kpc. Green et al. (2015, 2018) used 2MASS and Pan-
STARRS 1 and a refined Bayesian method to derive reddening
radial profiles at very high angular resolution (on the order of
70) for the sky regions accessible to Pan-STARRS (0l240� at
low latitudes). Both Sale et al. (2014) and Green et al. (2015,
2018) used derivatives of extinction profiles to produce 3D maps
of dust density. Kos et al. (2014) used the RAVE spectromet-
ric and photometric data and presented reddening and also DIB
strength radial profiles for the longitude interval l=180 to l=60�.
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ABSTRACT

Gaia stellar measurements are currently revolutionizing our knowledge of the evolutionary history of the Milky Way. 3D maps of the
interstellar dust provide complementary information and are a tool for a wide range of uses. We aimed at building 3D maps of the
dust in the Local arm and surrounding regions. To do so, Gaia DR2 photometric data were combined with 2MASS measurements to
derive extinction towards stars that possess accurate photometry and relative uncertainties on DR2 parallaxes smaller than 20%. We
applied to the individual extinctions a new hierarchical inversion algorithm adapted to large datasets and to a inhomogeneous target
distribution. Each step associates regularized Bayesian inversions along all radial directions and a subsequent inversion in 3D

of all their results. Each inverted distribution serves as a prior for the subsequent step and the spatial resolution is progressively
increased. We present the resulting 3D distribution of the dust in a 6 x 6 x 0.8 kpc3 volume around the Sun. Its main features are found
to be elongated along di↵erent directions that vary from below to above the mid-plane: the outer part of Carina-Sagittarius, mainly
located above the mid-plane, the Local arm/Cygnus Rift around and above the mid-plane and the fragmented Perseus arm are oriented
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HII regions, O stars and masers. The link between the dust concentration and these tracers is markedly di↵erent from one region to
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1. Introduction

Evolutionary models of the Milky Way require measurements
of the spatial distribution of massive numbers of stars as well
as their dynamical, physical and chemical properties, all quan-
tities currently provided by the ESA satellite Gaia (Gaia Col-
laboration et al. 2016, 2018b) and ground-based surveys. In this
context, three-dimensional (3D) maps of the Galactic interstel-
lar (IS) dust are an additional and mandatory tool since they al-
low de-reddening of stellar spectra and suppression of degen-
eracies between stellar temperature and dust reddening on the
one hand, and, on the other hand, since they may shed important
additional light on the star formation through the inter-play be-
tween star and IS matter. Fortunately, Gaia parallaxes and Gaia
photometric data complemented by ground-based photometric
data allow the construction of the required IS dust maps in par-
allel with the stellar studies. 3D mapping is based on the tomo-
graphic inversion of distance-limited IS absorption data for large
numbers of targets distributed in space at known locations: Gaia
parallaxes evidently provide the target locations and Gaia plus
ground-based photometric measurements provide estimates of
the reddening along each sightline. Independently of these evo-
lutionary aspects, 3D maps of the Galactic dust are a general tool
for many various purposes such as studies of foreground, envi-
ronment or background to specific objects, models of light or
particle propagation, etc.

One form of 3D mapping of dust is the construction of ra-
dial profiles of color excess or extinction, sightline by sight-
line. The first map produced in such a way was based on Hip-
parcos (Arenou et al. 1992). Later on, maps of radial profiles
and their derivatives, i.e. reddening or extinction per unit dis-
tance, were built by Marshall et al. (2006), Chen et al. (2013)
and Schultheis et al. (2014) based on the Besançon model of
stellar population synthesis (Robin et al. 2012) and 2MASS,
GLIMPSE and VVV photometry, respectively. Majewski et al.
(2011) derived individual stellar reddening and radial profiles
by combining SPITZER/GLIMPSE and 2MASS. Berry et al.
(2012) used SDSS and 2MASS to constrain stellar SEDs and
reddening profiles using reddening-free empirical spectra. Fol-
lowing a hierarchical Bayesian method devised by Sale (2012),
Sale et al. (2014) used photometric data from the IPHAS Survey
to simultaneously reconstruct stellar properties and extinction
radial profiles at a 100 resolution for -5b5� and 30l210�

up to 5 kpc. Green et al. (2015, 2018) used 2MASS and Pan-
STARRS 1 and a refined Bayesian method to derive reddening
radial profiles at very high angular resolution (on the order of
70) for the sky regions accessible to Pan-STARRS (0l240� at
low latitudes). Both Sale et al. (2014) and Green et al. (2015,
2018) used derivatives of extinction profiles to produce 3D maps
of dust density. Kos et al. (2014) used the RAVE spectromet-
ric and photometric data and presented reddening and also DIB
strength radial profiles for the longitude interval l=180 to l=60�.
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