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used to determine multiplicity and measure the properties of the
secondary.

3.3. Image Quality Analysis

Image quality was used to assess the performance of the AO
system and to determine the significance of the point sources
detected in an observation.

We modeled the primary PSF on each image to assess image
quality and monitor its variation across the data set. High-
quality images have smaller FWHMs and are produced when
the AO correction delivers a diffraction-limited PSF. Larger
FWHM images occur when the PSF is dominated by
uncorrected atmospheric turbulence, or poor seeing. Due to
the image registration process, in cases of exceptionally poor
correction, a single, bright, central pixel results from the
stacking of seeing limited images (see discussion in Law
et al. 2014a). To find the FWHM of each stacked cutout image,
we fit curves with different functional forms to the flux profile;
examples are shown in Figure 2.

We first fit two-dimensional Moffat functions, using the
form
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where xo and yo describe the centroid position, x and y are the
spatial coordinates on the image, and A, γ, and α are free
parameters. Following the profile fit, its FWHM was defined as

g= -a( )FWHM 2 2 1 .1 0.5

In any given image, the number of pixels at essentially the
background sky level far exceeds the number of pixels with
significant amounts of flux, so we restricted the fitting box size
around the primary. However, the Moffat fit failed to produce
sensible results if the wings of the PSF were not entirely
captured. We thus began with a 10×10 pixel ( ´ ´ ´0. 22 0. 22)
box and incremented the box side length in steps of five pixels,
until a minimum FWHM was found. Based on visual

Figure 1. Shown here are the stacked image cutout (left), the PSF image assembled from images surrounding the leftmost image in time (center), and the PSF-
subtracted remainder image (right) that isolates the secondary star for AK IV-314, a binary system having separation 1 0. North is up and east is to the right.

Figure 2. Example PSF models, evaluated at whole pixel values and matched to cuts across Robo-AO image data. Left: 2D Moffat model of source BPL 167. Because
the peak of the model is not located at the center of a pixel, and partial pixel values are interpolated in the plot, the peak is not well-represented graphically but is better
estimated numerically. This model matches the image wings, but slightly overestimates the FWHM in the image core. Right: 2D Gaussian model of source CSIMon-
0722. Relative to the Moffat model, the Gaussian model better matches the FWHM in the image core, but is worse in the image wings.
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【背景】(1) バイナリーの頻度分布については，様々な依存性が議論され
ている（Field stars vs. YSO clusters や Open clusters；中心星質量依存
性など）。(2) 装置面では，小口径用望遠鏡に開発されたフルオートの
laser ガイド付き Robo-AOを開発，多天体サーベイに威力発揮。

【研究内容】パロマー60インチ(1.5m)望遠鏡 + Robo-AOを組み合わせ，
Pleiades, Praescepe, NGC2264の全構成メンバーの約10%（J等級=10-
13.5）について，波長600nmイメージングによるbinary探査を実施。
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the binaries, just five, two, and zero in the three respective
clusters were revealed in a literature search as having their
companions previously known. These confirmations (10% of
our reported binary sample) provide confidence in our methods
and detections overall. Furthermore, they allow the considera-
tion of color information because the previously identified
binaries had been observed at infrared wavelengths. We expect
the separations to be about the same, given the large cluster
distances, but our reported magnitude differences will be larger
in the optical than in the infrared, due to the expected redder
color of the fainter companions, relative to their primaries.

Figure 8 presents the image gallery of our Robo-AO detected
binary systems. There were 78 images containing candidate
binaries, with 70 unique sources—excluding repeats and poor
quality images. Figure 9 illustrates the magnitude differences as
a function of pair separation. Sources detected at higher contrast
than the nominal limits come from better-than-average quality
images or from the PSF-subtracted images; we note that this
subset of high-contrast companions is located within ∼1″–1 5,
suggesting that they are true bound companions. The median
pair separation is 1 1, with the peak between ∼0 5–1 0, and
continued decline toward a flat distribution beyond∼2″. Beyond
4″, the data become incomplete in position angle, due to the
square images. In physical units, the right panel of Figure 9
illustrates the rough segregation of companion sensitivity by
distance. As NGC 2264 is further away, we were not sensitive
to separations below ∼200–500 au. Meanwhile, we detected

binaries in the 30–500 au range in the Pleiades and Praesepe
samples, and to higher contrast levels than in NGC 2264.
Notably, there are many images on which binaries are

detected at magnitude differences exceeding the individual
“raw” contrast values listed in Table 1 and/or more than three
standard deviations better than the nominal contrast at a given
separation (left panel of Figure 5). These high contrast outliers
are due to the use of PSF-subtracted images, which were
generated for all final images. The PSF-subtracted data
naturally have significantly better contrast, down to less than
5 mag for most targets, as illustrated in the right panel for the
three examples shown in Figure 5. Five binary systems have
brightness ratios of more than four magnitudes. Two of these,
including the most significant outlier at the smallest separa-
tions, could not be seen in the initial image cutouts, but are
clearly present in the PSF-subtracted images (and were detected
in that manner). The other high-brightness-ratio systems were
identified in the non-PSF-subtracted data in observations with
exceptionally good contrast curves.
Results for the individual clusters are presented below. The

raw multiplicity fraction across the three clusters, counting a
total of 70 visual binary systems among 441 distinctly imaged
targets with good Robo-AO imaging, is thus 15.9%±1.9% (or
15.1%± 1.9%, if we remove duplicate pairings where each
component was observed as the primary). This fraction is
comparable to that of multiples found by Baranec et al. (2016)
and Ziegler et al. (2017) using the same equipment but
targeting a much older field star sample of comparably bright

Table 2
(Continued)

Cluster Binary Significance Projected Separation Position Angle Optical Brightness Ratio Mass Ratio
σ (arcsec) (degrees) (Δmag) =[q m m2 1]

CSIMon-1573 5.1 0.82 175.0 4.05±0.13 L
CSIMon-1824 4.5 0.89 205.1 0.96±0.05 L
CSIMon-6975 10.3 2.37 51.3 1.08±0.12 L

Figure 5. Contrast curves for three stars of varying image quality; raw contrast is on the left and PSF-subtracted contrast on the right. The stars illustrated are: AK IV-
314, which was one of the most well-imaged stars, but is a binary system with separation of 1 03; the secondary has been subtracted before generating the contrast
curves (resulting in the artifact discontinuity around 1 6). HCG-156 is representative of the mean performance, and is a single star. HHJ-407 is about one standard
deviation away from the mean performance. As illustrated in the right panel, PSF subtraction improves the contrast by several magnitudes, though companion
detection is still not possible below ∼0 2 (roughly l´ D2 ). The broad bump for AK IV-314 is the residual of the seeing halo of the subtracted companion.
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(左) stacked image上 
(右) PSF差引後 

※ 0.2” = 2λ/D 以内の 
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※ 以前から知られていたのは10%のみ

・separation 

vs. ΔMag

pairs). There is no previous dedicated study of visual binaries
in this cluster; a few such sources are known within the
separation range to which we are sensitive (e.g., S Mon at
27 au, R Mon at 530 au, and AR6 at 2100 au), but we did not
observe any of these objects. The observed multiplicity for our
NGC 2264 target group of FGK primaries is 27.3%±4.1%.

Notes on individual sources: Images for likely binary
systems CSIMon-0394, CSIMon-0890, and CSIMon-0894
were poor, and thus photometry could not be performed, so
the three targets were excluded in our analysis. CSIMon-0618
and CSIMon-0486 are most likely singles, but also are of poor
quality. Uncertainties regarding these targets add to the
uncertainty of our reported multiplicity fraction.

6.4. Mass Ratios

The mass ratio of each identified binary system was
estimated using theoretical isochrones that relate magnitude
to mass. The pre-main sequence and main sequence isochrones
of Siess et al. (2000) were employed in conjunction with the
NextGen+AMES atmospheres of Hauschildt et al. (1999) and
Allard et al. (2000) to generate V, IC, J, and Ks magnitudes. We
interpolated isochrones at 125Myr and AV=0.15 mag,
assuming a DM=5.67, for the Pleiades; we did the same at
757Myr and AV=0.00 mag, assuming a DM=6.22, for
Praesepe. Due to the significant and target-dependent extinction
in NGC 2264, combined with the potential influence of
circumstellar disks at J and K, the mass-ratio exercise was not
carried out for members of this star-forming region. Color–
magnitude diagrams for the Pleiades and Praesepe clusters in
J versus J−Ks, J versus J−H, and V versus V− IC
demonstrate that the chosen isochrone set is a reasonable
match to the cluster sequences. Generally, calculated iso-
chrones are too blue and/or too faint for lower mass stars,
especially in V versus V− Ic, compared to open cluster data;
the Siess et al. (2000) models are a closer match to empirical
data than most. We adopt J versus J−Ks for the mass

decomposition, due to both the isochrone match and the
uniform availability of data from 2MASS for our sample stars.
Previously measured magnitudes of our targets consist of the

combined brightness of both stars for our identified pairs.
These composite magnitudes (Table 1) were decomposed using
the flux ratios tabulated in Table 2. While the flux ratios are
measured in the LP600 or the SDSS i′ filters, and would
roughly correspond to previous measurements in the IC-band,
such IC-band magnitudes are not readily available for most of
the sample. Instead, the abundant J and Ks magnitudes from
2MASS were used. Furthermore, as illustrated in Figure 6, the
near-infrared brightness and color predictions are better in the
near-infrared than in the optical for low-mass stars. For each
cluster, the point on the age-appropriate J versus J− Ks
isochrone closest to each binary system was found, and then
the theoretical IC magnitude corresponding to these J and Ks
magnitudes was decomposed into the constituent magnitudes
of the two stars. Once again using the isochrones, the
corresponding mass for each magnitude was found, and a ratio
was determined for primary star m1 and secondary star m2. As
the isochrones did not include stars under :M0.1 , only an
upper limit for the mass ratio was obtained for some of the
faintest secondaries.
Figure 10 illustrates the mass ratios as a function of primary

mass. The Robo-AO data set spans a range in = »q m m2 1
–0.2 0.9 (see Table 2). Small-number statistics and the lack of

incompleteness corrections prevent us from drawing any
conclusions regarding the true mass ratio distribution at the
wide separations probed by the data set (Figure 9).

7. Discussion and Summary

Our optical multiplicity survey of 120 members of NGC
2264, 212 Pleiades members, and 108 Praesepe members
covered approximately 10% of the cluster membership
cataloged to date for each case. In NGC 2264, ours is the
first high spatial resolution survey. In the Pleiades and

Figure 9. Separation vs. difference in magnitude for detected binary systems. Members of the three clusters are individually color-coded. Left panel is in empirical
units; it includes the mean s3 raw contrast curve and standard deviation among the contrast curves for the entire data set. PSF subtraction enables sensitivity down to
5–6 mag of contrast for most targets, as shown in Figure 5. Right panel is in physical units of au; the reduced sensitivity to small-separation companions for NGC 2264
is apparent, due to the larger distance of this cluster, as well as the lack of sensitivity for Pleiades beyond ∼585–820 au and Praesepe beyond ∼750–1050 au, on
account of the maximum search radius imposed by image size. There is no correlation between separation and magnitude difference in either panel.
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・水色：観測しなかった天体

・黄色：観測，単独星

・赤色：観測，バイナリー

・黒線はisochrone 理論モデルから

　期待される色等級図のライン

•プレアデスとプレセペの質量比分布

プレア
デス

※ 0.2-0.9の範囲に分布

Figure 6. Color–magnitude diagrams using 2MASS (Cutri et al. 2003) near-infrared and literature optical photometry for the Pleiades (top), Praesepe (center), and
NGC 2264 (bottom). Shown in each panel: unobserved cluster members for which K2 time series photometry exists (cyan), Robo-AO observed single stars (yellow),
Robo-AO detected pairs (red), and a theoretical isochrone at the appropriate age, distance, and average reddening for the cluster. The Robo-AO observed samples
typically span about two magnitudes in brightness within each cluster; for the Pleiades, the full color–magnitude sequence is shown for context, while just the
magnitude range of relevance to Robo-AO is shown for Praesepe and NGC 2264. Clear cluster loci can be seen for Praesepe and the Pleiades, but the locus for NGC
2264 is smeared due to the combined effects of circumstellar disks and extinction.
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Praesepe, previous similar work (notably by Bouvier et al.
1997 in the Pleiades, and by Bouvier et al. 2001 and Patience
et al. 2002 in Praesepe) has been conducted at infrared
wavelengths, though in sum covering a comparable number of
stars to our study.

We identified 66 unique binary systems, only seven of
which were previously known. Given the small contrast ratios
and close separations, the majority of the newly identified
companions are likely to be physically bound. Toward the
low-contrast widest pairs, and the highest-contrast close
pairs, boundedness becomes less likely. We can assess the
likelihood of chance superposition of faint foreground or
background objects using a simulation of galactic stellar
populations. We queried the TRILEGAL (Girardi et al. 2005,
2012) V1.6 model9 over 1 deg2 fields toward each of the
clusters, so as to establish a representative sampling of the
contamination on scales of a few arcsec. The raw star counts
brighter than i=17 mag (see Figure 4) were scaled down to
Robo-AOʼs 8 6 by 8 6 field of view, to arrive at a respective
0.0025, 0.0181, 0.0087 contaminating stars per observation
toward the Pleiades, Praesepe, and NGC 2264 clusters, as
expected. Multiplying by the number of sources observed in
each cluster results in 0.5, 2.0, and 1.0 expected interlopers
that we could be incorrectly calling binaries. However, these
numbers are upper limits if one considers the smaller
separations actually occupied by the observed companion
distribution (see left panel of Figure 9). Specifically, we
would expect only 0.08, 0.33, and 0.17 total contaminants
from the three clusters at <3 5, where nearly all of the
observed companions are located, and that any such
contaminants would be close to the magnitude limit—and
therefore at the higher contrast levels. Future work involving
proper motions and colors is required in order to definitively
establish binarity versus field star contamination.

Our observations were sensitive to only those companions
located beyond the peak of the separation distribution produced
by Duquennoy & Mayor (1991) and Raghavan et al. (2010) for

solar neighborhood field stars. Our observations also targeted
only a narrow magnitude range, which corresponds to different
primary mass ranges and secondary mass sensitivities at the
different cluster distances. Thus, we can not make meaningful
comparisons to the features of the field star distributions in
either separation or mass ratio.
Nevertheless, the results of our work broadly sample mass

ratios = = –q m m 0.2 0.92 1 around primary stars with
~ :– M0.4 0.9 . The measured parameters for individual objects
will be valuable for future studies aimed at placing the
multiplicity results for single-age clusters in the context of field
star samples with diverse ages, though better characterized
multiplicity properties. Additional high spatial resolution
survey work that would complete our multiplicity census for
these important clusters should be carried out.
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Figure 10. Magnitude difference as a function of system composite color (left) and corresponding inferred mass ratio as a function of primary mass (right) for the
Pleiades (red, with upper limits indicated by inverted triangles set by the lowest masses available from the adopted evolutionary tracks) and Praesepe (blue) binary
samples. As the distributions are dominated by small-number statistics, no conclusions can be drawn beyond illustration of the range in q of the detected binaries.

9 http://stev.oapd.inaf.it/cgi-bin/trilegal
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全体としての Binary 検出率は


15.5 ± 2 %



N. Huélamo et al.: A search for pre- and proto-brown dwarfs in the dark cloud Barnard 30 with ALMA
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Fig. 1. Spitzer 24 µm image of the B30 cloud. The displayed field of view is ⇠230 ⇥ 180. The cyan contours represent the APEX/LABOCA map
at 870 µm discussed in BGH16 (we show 3, 5, 7, 9, 12 and 15� levels). The red crosses show the ALMA pointing coordinates, and correspond to
the pixels with maximum intensity of the LABOCA cores. The cores are numbered from 2 to 31 following BGH16. The five sources detected with
ALMA are marked with red labels. The green contours (2.5, 3, 4 and 5� levels) represent the APEX/SABOCA data, and the green box the total
field of view of the APEX/SABOCA map. We have numbered the 17 APEX/SABOCA sources that are detected above the 3� level. The beam
sizes of each dataset are included on the right part of the image. Finally, the image at the top left corner shows the whole LORI region as seen by
IRAS at 25 µm, and the green box represents the B30 area studied with APEX/LABOCA and ALMA.

to reduce the atmospheric phase noise. Amplitude calibration
was carried out using Ganymede and J0510+180. The quasars
J0532+0732 and J0607�0834 were used to calibrate the band-
pass, and J0521+1638 and J0539+1433 for the complex gain
fluctuations.

Data reduction was performed using version 4.2.2 of the
Common Astronomy Software Applications package (CASA).
Imaging of the calibrated visibilities was done using the task
CLEAN. We applied self-calibration using the continuum data in
sources B30S-13 (LB19) and B30N-18 (LB14). Briggs weight-
ing with robust parameter equal 2 was used in all continuum and
line images presented in this paper. The final images were cor-
rected for the response of the primary beam and used to derive
the physical parameters.

The average synthesized beam sizes of the continuum data in
the north and south regions are 000.93⇥ 000.50 (PA= 111 degrees)
and 000.95⇥ 000.48 (PA= –63.5 degrees), respectively. The short-
est baseline of the ALMA observations is ⇠15 k�, while the up-
per end of the baseline range corresponds to ⇠395 k�. Following
Eq. (A5) from Palau et al. (2010), we estimate that the largest
angular scale (LAS) detectable by the ALMA observations is
⇠600.

We report the detection of five sources (out of 30 pointings)
in our ALMA dataset. The five detected objects are spatially
unresolved. Three sources are located in the northern region of
B30, and two in the south, well within the ionization front facing
the hot star � Ori (see Fig. 1). Their coordinates and fluxes are
included in Table 1, while the ALMA continuum images are dis-
played in Fig. 2. The separation of the ALMA detections from
the phase centers are included in Table 1. As can be seen, LB31
is very close to the phase center and shows an rms of 0.13 mJy.
The other four sources are located at separations between 4.2 and
8.6 arcsec from the phase center and display a larger rms after
correction from the response of the ALMA primary beam, which
is ⇠18 arcsec (see Table 1). We note that these separations are
well within the APEX/LABOCA beam (FWHM of 27.600) for
all the ALMA detections. In the five cases, there are no other de-
tected sources in the ALMA FoV. In the remaining 25 pointings
no sources were detected within the whole ALMA FoV.

Although the ALMA observations were designed to de-
tect continuum emission, the spectral setup was also selected
to detect possible gas emission in the CO(3–2) transition at
345.8 GHz. The analysis of the spectral window centered at that
frequency shows the presence of very extended gas emission,
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18. A search for pre- and proto-brown dwarfs in the dark 
cloud Barnard 30 with ALMA  

S. K. Huélamo et al., A&A 597, A17

http://ads.nao.ac.jp/abs/2017A%26A...597A..17H

【目的・内容】褐色矮星の起源を探る一環として，Lambda Orionis 中に
ある暗黒星雲 B30中のコアの小質量側を探査。APEX/LABOCA の870μm
ダスト連続波広域マップをもとに同定された30のコアを，ALMA 880μm
で観測（Cycle 1）。APEX/SABOCA 350μmデータも補助的に使用。

【観測・解析】

• Baseline = (15-395) kλ，0.95” × 0.50”，検出できる最大サイズ ~ 6” 

• 30のコア中ALMAの検出は5個(Fig 1)，全てλOri の電離領域中に存在


• APEX/SABOCAでは 8’ x 4’ (と思う)の領域をマッピング（左図），
350μm，7.8”ビームで17個のコアを検出


A&A 597, A17 (2017)

5"

LB08 LB14 LB19LB10 LB31

Fig. 2. The five sources detected at 880 µm with ALMA in B30. North is up and east to the left. The ALMA beam size is displayed at the bottom
right corner of each image. The white dashed circles represent the ALMA beam (1800 diameter), and are centered at the pointing coordinates (phase
centers) for each source.

Table 1. ALMA 880 µm detections in the B30 region.

ALMA detection coordinates Separation from Mass Mass Missing Tentative
RA(J2000) Dec(J2000) phase center LABOCA S ⌫ rms (ALMA)⇤⇤ (LABOCA)b,⇤⇤ fluxc

Av
d nature

[h m s] [� 0 00] [arcsec] sourcea [mJy] [mJy/beam] [MJup] [MJup] [%] [mag ]
05:31:22.97 +12:11:34.7 8.7 B30-LB08 5.70 0.26 9 106 87 2.5 VeLLO/pre-BD
05:31:09.29 +12:11:08.8 6.8 B30-LB10 2.20 0.23 3 46 93 1.2 pre-BD
05:31:19.46 +12:09:15.1 4.5 B30-LB14⇤ 44.0 0.25 67 51 0 2.0 YSO
05:31:27.81 +12:05:30.9 4.2 B30-LB19⇤ 10.7 0.20 16 182 86 2.8 YSO
05:31:15.32 +12:03:38.2 0.6 B30-LB31 0.60 0.13 0.9 82 99 2.4 pre-BD

Notes. (a) LABOCA designation number (see BGH16); (b) From BGH16; (c) Percentage of missing flux between ALMA and LABOCA data;
(d) From the 2MASS extinction map; (⇤) Sources with gas emission detected with ALMA; (⇤⇤) Derived for a dust temperature of 15 K.

mainly resolved out, in the primary beam of most of the posi-
tions observed in the southern region of B30, and very faint gas
emission inside the primary beam of some of the positions sur-
veyed in the northern part of the cloud. The vlsr of the CO(3–2)
cloud emission is ⇠11 km s�1, consistent with one of the veloc-
ity components derived by Lang et al. (2000, 9.43 km s�1) in the
average spectrum of the region. The analysis of the ALMA data
shows that we have detected gas emission in only two sources
that are also detected in the continuum (see Table 1). They are
discussed in detail in Sect. 3.

Finally, we have estimated the relative positional accuracy of
the observations using Eq. (1) from Reid et al. (1988). Consid-
ering the beam major axis (⇠0.900), we derive relative positional
accuracies between 0.200 for SNR of 4.6 (LB31) and ⇠5 mas for
a SNR of 176 (LB14). The absolute position accuracy is smaller
than the synthesized beam width.

2.2. SABOCA observations

We performed observations in continuum at 350 µm with the
Submillimetre APEX Bolometer CAmera (SABOCA) installed
at the Atacama Pathfinder EXperiment (APEX1) telescope.
SABOCA is a 39-channel bolometer array with a 1.50 field-of-
view and a 7.800 full-width at half-maximum (FWHM) beam per
bolometer channel. The data were obtained under program C-
087.F-0011A-2011, between July 27th and 29th, 2011. Weather
conditions were excellent with pwv ⇠0.4–0.7 mm (average of
0.45 mm). Opacity at the zenith was calculated using skydips,
yielding zenith opacity values between 0.9 to 1.4. Pointing
measurements were taken regularly. The pointing uncertainly is
estimated to be approximately 200. The focus was verified at the
1 This work is partially based on observations with the APEX tele-
scope. APEX is a collaboration between the Max-Plank-Institute fur
Radioastronomie, the European Southern Observatory, and the Onsala
Space Observatory.

beginning of each observation. Flux calibration was performed
using Mars and Uranus as primary calibrators, and HL Tau,
V883 Ori, VY CMa and CRL618 as secondary calibrators. The
absolute flux calibration uncertainty is estimated to be ⇠30%.

Our map was centered at RA= 05:31:20.5, Dec=+12:05:45,
comprising a region of ⇠800⇥400. For processing the data we used
the Bolometer Array Analysis Software (BOA2) and CRUSH3

(see Kovács 2008) software packages. Data reduction processing
included flat-fielding, calibration, opacity correction, correlated
noise removal and de-spiking. Every scan was visually inspected
in order to identify corrupted data. We used and optimized data
processing to detect faint point-like sources (options -faint -deep
in CRUSH). The final image was smoothed to a resolution of
10.6 arcsec. The total on-source observing time was 4.5 h and
the rms reached was ⇠50 mJy at the central areas of the map.

We detected a total of 17 sources in the SABOCA map (see
Figure 1) with SNR between 3.0 and 4.6. Their coordinates cor-
respond to the pixel of maximum emission (peak intensity), and
are provided in Table 2 together with the measured flux densities.
All detections are point-like sources.

2.3. Complementary data

In addition to the ALMA and SABOCA observations presented
here, we used ancillary data of B30 to complement our observa-
tions. The data are fully described in BGH16. Briefly, we gath-
ered deep, multi-wavelength observations of B30 from the op-
tical to the far-IR regime. The optical data were obtained with
the Wide Field Camera (WFC) at the Isaac Newton Telescope in
La Palma in two filters, r and i (INT/WFC), while deep near-IR
data were collected with Omega 2000 at the Calar Alto Obser-
vatory (CAHA/O2000). The mid-IR data were obtained with the

2 http://www.apex-telescope.org/bolometer/laboca/boa/
3 http://www.submm.caltech.edu/sharc/crush/
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• ALMA観測のボーナスとして広がったCO(3-2)に埋もれたコンパクト
成分も検出


http://ads.nao.ac.jp/abs/2017A%26A...597A..17H


CO(3-2)検出


【ALMA検出と赤外線画像との比較】
緑＋：ALMA検出，黄円：ALMA FOV，

シアン円：APEX beamN. Huélamo et al.: A search for pre- and proto-brown dwarfs in the dark cloud Barnard 30 with ALMA
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Fig. 4. Infrared (CAHA/O2000 and Spitzer/IRAC and MIPS) images centered on the ALMA detection coordinates. North is up and east to the
left. We have included in all the J-band images (left panels) the position of the ALMA detections (green crosses), and the possible infrared
counterparts to the APEX/LABOCA detections identified by BGH16 (green labels). The cyan diamonds represent the APEX/LABOCA peak
intensity coordinates (ALMA phase center coordinates). We have also plotted the APEX/LABOCA beam of 13.800 radius (cyan dashed circle),
the ALMA FOV of ⇠1800 diameter (yellow dashed circle), and the ALMA beam at the bottom left corner (yellow solid ellipse).

gradient with the most blueshifted and redshifted material at the
tips of the gradient.

The spectrum of the compact component is asymmetric, with
the blueshifted side stronger than the redshifted one (see Fig. 6,
top middle panel). This might suggest infall is occurring at small
scales (⇠400 AU) in this source.

The extended component is slightly elongated in the south-
east northwest direction and shows also extended emission close
to the cloud velocity (⇠11.5 km s�1) in the southwest northeast
direction. There is no presence of high velocity wings related
to molecular outflows. The kinematical pattern might suggest
that we are observing a rotating oblate envelope with probable
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←対応天体 (Class II)？ 
星周円盤 (APEXとALMAで同等のFlux) 

M = 24-43 MJ (20-30Kを仮定)

←対応天体 (Class I)？ 
APEX/LABOCAで広がっている 

(deconvolved size = 24”) 
M(ALMA) ~16 MJ (15Kを仮定)
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Fig. 5. Observed SEDs of the five ALMA detections. In all the panels, the open triangles and squares represent the APEX/LABOCA and ALMA
fluxes, respectively, while the asterisks represent the APEX/SABOCA data. Left and middle panels: we show the complete SEDs of LB14 and
LB19. The red circles represent optical to mid-IR data from all our catalogues whenever available (see Sect. 2.3). The purple crosses in the LB19
panel represent IRAS data. Right panel: three ALMA detections with no infrared counterparts: LB08, LB10 and LB31. The APEX/LABOCA and
ALMA detections are color-coded for each source. We have included the limiting magnitudes (black diamonds) of our infrared data.
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Fig. 6. Top panels: ALMA CO(3–2) intensity weighted velocity field (first order moment, color scale) with the ALMA 880 micron continuum
emission over-plotted in contours. The left panel corresponds to LB14, while the middle and right panels correspond to the compact and extended
emission of LB19, respectively. For LB14, contours are 5, 10, 20, 40, 80, and 120 times the rms noise of the map, 0.25 mJy/beam. For LB19,
contours are 5, 10, 20, and 30 times the rms noise of the map, 0.20 mJy/beam. Ellipses at the bottom left represent the synthesized beam for the
continuum and for the CO(3–2) maps. In the case of LB19, the beam for the CO(3–2) image corresponds to emission at >60 K� (central panel),
and <60 K� (right panel). Bottom panels: CO(3–2) spectrum in the region of emission of LB14 (left), and in the compact (middle) and extended
(right) regions of emission of LB19. In the last panel both the compact (dotted line) and extended emission (solid line) are superimposed for
comparison.

infalling at 400 AU scales near the central protostar. The ex-
tended component does not show a clear infalling pattern.

3.1.3. LB08, LB10, and LB31

LB08, 10, and 31 are the weakest sources detected with
ALMA. There is no presence of gas emission at their positions,
with an rms per channel of 13 mJy/beam, 11 mJy/beam, and
18 mJy/beam, respectively.

While LB08 and LB10 lie in the northern region of B30,
LB31 is located in the southern part of the cloud, well within
the ionization front seen in the 24 µm image (see Fig. 1). While
LB08 shows extended emission in the APEX/LABOCA map,
LB08 and LB10 are detected as point-like sources. None of

these ALMA detections show a clear counterpart in the infrared
regime (Fig. 4).

LB08 shows a deconvolved angular size of 2700 in the
APEX/LABOCA data after fitting a Gaussian. BGH16 identi-
fied an infrared counterpart within the inner 500 of the LABOCA
beam: LB08a (see Fig. 4). However, the ALMA absolute po-
sitional accuracy is good enough to conclude that this infrared
source is unrelated with the ALMA detection. We note that there
is a detection with AKARI/FIS at 65, 90, 140 and 160 µm at
a separation of 2400 from the ALMA source (AKARI source
name 0531239+121115). The AKARI/FIS PSF FWHM at the
four di↵erent bands are 37, 39, 58 and 61 arcsec, respectively,
with a positional accuracy of ⇠8 arcsec (Yamamura et al. 2009).
The Spitzer/MIPS image at 70 µm does not cover the whole field
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Fig. 5. Observed SEDs of the five ALMA detections. In all the panels, the open triangles and squares represent the APEX/LABOCA and ALMA
fluxes, respectively, while the asterisks represent the APEX/SABOCA data. Left and middle panels: we show the complete SEDs of LB14 and
LB19. The red circles represent optical to mid-IR data from all our catalogues whenever available (see Sect. 2.3). The purple crosses in the LB19
panel represent IRAS data. Right panel: three ALMA detections with no infrared counterparts: LB08, LB10 and LB31. The APEX/LABOCA and
ALMA detections are color-coded for each source. We have included the limiting magnitudes (black diamonds) of our infrared data.
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Fig. 6. Top panels: ALMA CO(3–2) intensity weighted velocity field (first order moment, color scale) with the ALMA 880 micron continuum
emission over-plotted in contours. The left panel corresponds to LB14, while the middle and right panels correspond to the compact and extended
emission of LB19, respectively. For LB14, contours are 5, 10, 20, 40, 80, and 120 times the rms noise of the map, 0.25 mJy/beam. For LB19,
contours are 5, 10, 20, and 30 times the rms noise of the map, 0.20 mJy/beam. Ellipses at the bottom left represent the synthesized beam for the
continuum and for the CO(3–2) maps. In the case of LB19, the beam for the CO(3–2) image corresponds to emission at >60 K� (central panel),
and <60 K� (right panel). Bottom panels: CO(3–2) spectrum in the region of emission of LB14 (left), and in the compact (middle) and extended
(right) regions of emission of LB19. In the last panel both the compact (dotted line) and extended emission (solid line) are superimposed for
comparison.

infalling at 400 AU scales near the central protostar. The ex-
tended component does not show a clear infalling pattern.

3.1.3. LB08, LB10, and LB31

LB08, 10, and 31 are the weakest sources detected with
ALMA. There is no presence of gas emission at their positions,
with an rms per channel of 13 mJy/beam, 11 mJy/beam, and
18 mJy/beam, respectively.

While LB08 and LB10 lie in the northern region of B30,
LB31 is located in the southern part of the cloud, well within
the ionization front seen in the 24 µm image (see Fig. 1). While
LB08 shows extended emission in the APEX/LABOCA map,
LB08 and LB10 are detected as point-like sources. None of

these ALMA detections show a clear counterpart in the infrared
regime (Fig. 4).

LB08 shows a deconvolved angular size of 2700 in the
APEX/LABOCA data after fitting a Gaussian. BGH16 identi-
fied an infrared counterpart within the inner 500 of the LABOCA
beam: LB08a (see Fig. 4). However, the ALMA absolute po-
sitional accuracy is good enough to conclude that this infrared
source is unrelated with the ALMA detection. We note that there
is a detection with AKARI/FIS at 65, 90, 140 and 160 µm at
a separation of 2400 from the ALMA source (AKARI source
name 0531239+121115). The AKARI/FIS PSF FWHM at the
four di↵erent bands are 37, 39, 58 and 61 arcsec, respectively,
with a positional accuracy of ⇠8 arcsec (Yamamura et al. 2009).
The Spitzer/MIPS image at 70 µm does not cover the whole field
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←対応天体なし（CO検出なし） 
APEX/LABOCAで広がっている 

(deconvolved size = 27”) 

←対応天体なし（CO検出なし）

←対応天体なし（CO検出も）

検出率 5/30，大部分のLABOCA Coreは 
6”（2400au）以上に広がった構造

赤外線の対応天体がないのは， 
VeLLOs（低質量原始星）か 

Starless Cores（BDのprecursors)？



【SABOCA検出（コントア）とIRAC 3.6μm画像，8μm(SB14)との比較】A&A 597, A17 (2017)
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Fig. 8. Spitzer IRAC 3.6 µm finding charts with the APEX/SABOCA detections, except for SB14 (IRAC 8 µm image). North is up and east to
the left. The green crosses represent the coordinates of the peak emission of the APEX/SABOCA detections. The white contours represent the
APEX/SABOCA emission at 2.5, 3, 4 and 5� level. The infrared counterparts within a radius of 500.3 (half of the APEX/SABOCA beam) are
represented by yellow crosses. If previously discussed by BGH16, they are named with the APEX/LABOCA designation. If not, they are named
with low-case letters. The magenta circles represent WISE detections, the cyan diamonds represent the position of the APEX/LABOCA cores
peak intensity, and the blue circles indicate AKARI detections. The orange square represents a Planck detection (see text).

source LB23a, which is classified as a probable member by
BGH16. Its SED shows a clear IR excess starting at ⇠6 µm. We
also detect a source with WISE slightly further away (5.600 from
the SABOCA peak coordinates, WISE J053129.66+120429.8)
but, given the WISE angular resolution (6.100 at 3.4 µm), is
probably related with LB23a. However, we think that if the in-
frared source LB23a (which is very compact) were related to
the SABOCA and LABOCA emission, it should have been de-
tected with ALMA when pointing at LB23, but it was not. There-
fore, we can conclude that they are probably unrelated. Since the
ALMA LAS is 600, the SABOCA and LABOCA emission have
to be associated with a structure larger than 600 (or 2400 AU at
400 pc). In fact, it is also possible that the Spitzer/MIPS 70 µm
emission is also unrelated to the compact infrared source but as-
sociated to SB05 and LB23. The source SB06 does not show any
infrared counterpart, and can be considered a starless core.

For SB07 we detect an IR counterpart at a separation of
4.9 arcsec. This is a very bright source close to B30-LB19, and
named LB19d by BGH16. It is classified as a member of B30,
and its SED shows a clear infrared excess. Curiously, this ob-
ject is included in the NED database and classified as a galaxy
(“G”), based on its inclusion in the 2MASS Catalogue of ex-
tended sources. To the best of our knowledge there is no other

evidence pointing towards an extragalactic nature according to
the NED database. As seen in Fig. 10, the object is resolved into
two sources in our CAHA/O2000 near-IR infrared images, and
displays some di↵use extended emission that resembles that of a
bipolar nebula. The infrared counterpart LB19d is also detected
with WISE (J053129.61+120532.8) and the final SED is typical
of a young stellar object.

As already discussed in Sect. 3.1.2. SB08 is LB19. The in-
frared counterpart, LB19a, is detected at a separation of 1.700.

The source SB09 does not have any counterpart in the near-
IR, Spitzer or WISE data. There is a detection with AKARI/FIS
at a separation of 1900 SW (namely, 0531219+120513, see SB09
panel in Fig. 8), however this AKARI source is located at
⇠500 from the bright WISE source WISE J053121.99+120507.9
(LB25c in BGH16), so they are probably associated. Therefore,
SB09 remains as a probable starless core.

For SB11 we detected two possible counterparts in the
Spitzer/IRAC images. One of them is detected at 3.5 and 4.5 µm
at a separation of 3.600. The second one is very faint and only
detected at the IRAC I4 channel at 8.0 µm at a separation of
3.100Ẇith this information it is di�cult to assign the correct
counterpart. There is one bright mid-IR source detected (with
WISE too), but at 7.500 from the source.
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SEDも含めて 
個々の天体の性質を 
簡単に議論している



19. The ALMA-PILS survey: 3D modeling of the envelope, 
disks and dust filament of IRAS 16293–2422 

S. K. Jacobsen et al. (A&A, in press)

http://ads.nao.ac.jp/abs/2017arXiv171206984J

【内容】PILS(Protostellar Interferometric Line Survey)で観測している
Protobinary (IRAS16293-2422) の13CO/C17O/C18O(3-2)データを3D輻射
輸送計算で解析 → 星周円盤の構造，それぞれのLuminosityなど議論 

S. K. Jacobsen et al.: The ALMA-PILS survey: 3D modeling of the envelope, disks and dust filament of IRAS 16293–2422

Fig. 1: Dust continuum at 868 µm, in log-scale. Contour levels
are logarithmically divided between 0.02 and 2 Jy beam�1. The
RA and DEC o↵sets are relative to the phase center of the obser-
vations. Beamsize is shown in bottom right corner.

LSR velocity of 3.1 km s�1 (Jørgensen et al. 2011) was used for
all lines. Channels within ± 5 km s�1 of each line were com-
bined into an integrated intensity (moment zero) map for each
isotopologue, using the image analysis software MIRIAD. Using
this approach, the vast majority of the observed line emission
was extracted, while avoiding major line-blending from other
species.

Integrated emission maps

Figure 2 shows the integrated intensity maps of the three isotopo-
logues. C17O appears to trace the dust distribution fairly well, as
does the C18O emission. 13CO, however, shows a markedly dif-
ferent emission structure, which is likely attributable to optical
depth e↵ects, where only the outer layer of the 13CO structure
is probed. Absorption toward source B is evident in all lines but
to a smaller extent in C17O, revealing that C17O is the line with
the lowest optical depth, as expected since it has the lowest abun-
dance (Wilson & Rood 1994). An interesting feature is the broad
emission arc between the sources, which is also present in the
dust continuum emission, suggesting a common origin of both
the dust and gas emission in this region. We focused on the over-
all structure of the emission and left a more detailed analysis of
the gas kinematics to a future paper (Van der Wiel et al. in prep.).

3. Dust radiative transfer modeling

This Section describes the setup of the radiative transfer code
RADMC-3D, including a description of the dust opacity, model
grid and the envelope dust density model used. At the end of the
Section, we present our investigation of the temperature structure
di↵erence between a single- and a binary protostar, where the
envelope dust density model was used. We constructed 3D dust
and gas line radiative transfer models consisting of a large enve-
lope with a radius of 8⇥103 AU based on Schöier et al. (2002),
two disks around the protostars, as well as a dust filament be-
tween the two protostars. The disk’s dust densities were mod-

eled with both the model protoplanetary disk (PP-disk) structure
known from Class II sources (e.g., Andrews et al. 2012) and the
density solution from the angular momentum conservation of an
infalling, rotating collapse (Terebey et al. 1984). This infalling,
rotating collapse density structure is hereafter referred to as a
rotating toroid model, based on the toroidal shape appearing at
the centrifugal radius (Terebey et al. 1984), which is the radius
where the infalling material with the largest angular momen-
tum impacts the midplane. In terms of luminosity, all models,
whether they used one or two radiation sources, were limited
to a total luminosity of 21 L�. This luminosity is based on in-
tegration of the SED using data from Spitzer, ISO-LWS, Her-
schel/SPIRE and submillimeter data (Chandler et al. 2005; Cor-
reia et al. 2004; Makiwa 2014; Schöier et al. 2002), where the
luminosity is estimated to be 21 ± 5 L� (Jørgensen et al. 2016).
This luminosity assumes a distance of 120 pc, based on recent
distance estimates of the bulk of the ⇢ Oph cloud from extinc-
tion measurements (Knude & Hog 1998; Lombardi et al. 2008)
and VLBI parallax (Loinard et al. 2008). The interbinary dis-
tance was fixed to 636 AU for all models, based on the angu-
lar distance of ⇠5.300 between the peaks of the 868 µm ALMA
image, with the caveat that this distance, in reality, is only the
projected, that is, the minimum distance between the sources.

3.1. RADMC-3D

To determine the dust temperature and to produce contin-
uum images, the radiative transfer code RADMC-3D (Dulle-
mond et al. 2012, v. 0.40)1 was used. RADMC-3D uses the
Bjorkman & Wood (2001) algorithm to perform a Monte Carlo
simulation of photon propagation from one or more radiation
sources, through a predefined grid of dust density cells, in order
to estimate the dust equilibrium temperature. This equilibrium is
a balance between the incoming radiative energy and the black-
body emission from the dust cell itself. The code setup in this
work assumed that all the dust energy originated from the proto-
stars through irradiation, and not from any internal energy source
such as viscous accretion, or any external radiation source. The
precision of the resulting dust equilibrium temperature depends,
among other parameters, on the number of photons used in the
radiation simulation (this di↵ered between model setups, see Ta-
ble 1). We ignored scattering, since the absorption opacity dom-
inates over the scattering opacity in the submillimeter regime
(Dunham et al. 2010). RADMC-3D was also used to calculate the
SED (see Appendix A) and to produce synthetic continuum im-
ages (see Section 4.3).

3.2. Grid

We constructed a spherical grid of cells for use in the RADMC-3D
radiative transfer calculations, resolved linearly in the polar and
azimuthal angle ranges, while the radial dimension was divided
into an inner and outer region. The inner region with constant
dust density (i.e., r  rplat, see Eq. 1) was resolved linearly, while
r > rplat (containing the bulk mass of the cloud) was resolved
logarithmically. In the disk components, of the global model,
octree refinement was performed (splitting a grid cell into eight
new grid cells), with two refinement levels, to ensure that the
density gradients of the disk component models were resolved,
see Table 1. If a PP-disk model was used, then the inner 10 AU
of the disk was refined two times further, for a total of four octree
1 http://www.ita.uni-heidelberg.de/~dullemond/
software/radmc-3d/
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868μm ダスト連続波イメージ
Class 0に分類，過去の研究により‥ 
・ d = 120pcを採用 
・16293A : highly active 
 (色々なアウトフロー現象付随） 
・16293B : more quiescent  
・separation = 5.3”, or 636 au 
・total luminosity = 21±5 L⦿

3つの主要なトピックス

(i) 2つ中心星がある時の原始星周辺領域の温度構造(特に1Dとの違い)

(ii) I16293 に対するダスト温度構造モデリング(SEDとimageを制限に)

(iii) CO isotoplogues データを使った円盤構造等の議論

COの積分強度マップS. K. Jacobsen et al.: The ALMA-PILS survey: 3D modeling of the envelope, disks and dust filament of IRAS 16293–2422

Fig. 2: Zeroth moment maps of the 13CO, C18O, and C17O isotopologues from the PILS observations. Contour levels are divided
logarithmically from 0.5 to 7.3 Jy beam�1km s�1. The RA and DEC o↵sets are relative to the phase center of the observations.

refinements, to resolve the inner gap and nearby structure prop-
erly, as geometric e↵ects such as self-shadowing onto the outer
disk became important.

3.3. Dust opacity & temperature

We used dust opacities from Ossenkopf & Henning (1994),
which are good approximations for dense cores (van der Tak
et al. 1999; Shirley et al. 2002, 2011). Opacity tables of dust
with thin ice-mantles and another with bare dust grains were
used, assuming coagulated dust grains with an ambient gas num-
ber density of 106 cm�3. These dust opacity tables are generally
used for models of dust around deeply embedded protostars, in-
cluding IRAS 16293 (e.g., Schöier et al. 2002; Jørgensen et al.
2005b; Crimier et al. 2010). The dust opacity was allocated in
the cells in a self-consistent manner, with the first RADMC-3D
thermal Monte Carlo photon propagation done in a model of
purely icy-dust opacities. Grid cells with temperatures above
the assumed water sublimation temperature were then allocated
bare-grain dust opacities for the next photon propagation. We did
not change the sublimation temperature to account for the local
environment in terms of pressure but instead used a single sub-
limation temperature of 90 K (Sandford & Allamandola 1993).
As the cell opacities were redefined, the cell dust equilibrium
temperatures after the next photon propagation will be di↵erent,
with some dust cells shifting from below to above 90 K and vice
versa, that is, an opacity allocation error. For both disk compo-
nent model types, this error was found to be negligible after two
recursions (5 and 0.1 % relative to the total bare-grain dust mass,
at 1�, for the PP-disk model and the rotating toroid model, re-
spectively). The higher error in the PP-disk model, even with ten
times more photon packages than the rotating toroid model (Ta-
ble 1), came from the very high dust densities necessary to match
the observed peak flux density, especially in disk B. In contrast,
the relatively more uniform dust density distribution in a rotating
toroid model ensured good photon statistics in RADMC-3D, with
a much lower photon number.
Therefore, two recursions of the bare-grain opacity allocation,
that is, three Monte Carlo dust temperature estimations in total
were performed in RADMC-3D, for a single parameter set. The
dust temperature estimated in the final photon propagation was
then used for all later computations with that parameter set.

3.4. Dust envelope model

The dust envelope was modeled with a 1D radial density power-
law density distribution, as the envelope has been well-fitted pre-
viously by such models (e.g., Schöier et al. 2002). More compli-
cated circumbinary envelope structures, such as an infalling, ro-
tating circumbinary envelope were not considered, as we focused
on the innermost region of IRAS 16293 in this work. Recent ob-
servations of GG Tau (Dutrey et al. 2014), as well as simulations
of the same system (Nelson & Marzari 2016) suggest that binary
star formation results in partial clearing of the material in the in-
nermost region where the protostellar binary resides. Based on
the 868 µm continuum observation, we do not expect the inte-
rior to be completely evacuated of dust between the disks, but
depleted instead, due to accretion into the two protostars and
dynamical e↵ects, as described by Nelson & Marzari (2016). A
dust density plateau was used to imitate the mass depletion in-
side a given radius rplat, meaning that we used a constant, rather
than a radial power-law, density distribution in this inner region,
while keeping the dust density distribution in the outer envelope
as a power-law:

⇢(r) =

8>>>>>>>><
>>>>>>>>:

⇢0

 
r
r0
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, if r � rplat

⇢0

 rplat

r0
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Where ⇢ is dust density, r is the distance to the model center,
⇢0 is the density at distance r0 and rplat is the radius of the density
plateau. rplat was fixed to 600 AU in all models, a distance we
chose to ensure that the entire dust filament structure resided in
this density plateau. We fixed p = 1.7, taken from Schöier et al.
(2002).

3.5. Envelope temperature structure

In order to compare the temperature structure between a single
star and a binary system, we used the dust envelope model from
Eq. 1 with one or two radiation sources in RADMC-3D, without
including the filament and disk component models. We were in-
terested in the volume of regions with dust above 30, 50 and
90 K, as these temperatures roughly correspond to the subli-

Article number, page 5 of 20

・C17Oがもっともダスト連続波と類似(arc構造)：光学的に薄い 
・B方向で強い吸収(ダスト連続波を背景に)

(i) 一般的な設定によるdust 温度分布（詳細次ページ）
・RADMC 3Dを使用，適当なdust modelを仮定 (温度構造を反映) 
・エンベロープ + PPDISK 構造，エンベロープは2つのパート

S. K. Jacobsen et al.: The ALMA-PILS survey: 3D modeling of the envelope, disks and dust filament of IRAS 16293–2422

Fig. 2: Zeroth moment maps of the 13CO, C18O, and C17O isotopologues from the PILS observations. Contour levels are divided
logarithmically from 0.5 to 7.3 Jy beam�1km s�1. The RA and DEC o↵sets are relative to the phase center of the observations.

refinements, to resolve the inner gap and nearby structure prop-
erly, as geometric e↵ects such as self-shadowing onto the outer
disk became important.

3.3. Dust opacity & temperature

We used dust opacities from Ossenkopf & Henning (1994),
which are good approximations for dense cores (van der Tak
et al. 1999; Shirley et al. 2002, 2011). Opacity tables of dust
with thin ice-mantles and another with bare dust grains were
used, assuming coagulated dust grains with an ambient gas num-
ber density of 106 cm�3. These dust opacity tables are generally
used for models of dust around deeply embedded protostars, in-
cluding IRAS 16293 (e.g., Schöier et al. 2002; Jørgensen et al.
2005b; Crimier et al. 2010). The dust opacity was allocated in
the cells in a self-consistent manner, with the first RADMC-3D
thermal Monte Carlo photon propagation done in a model of
purely icy-dust opacities. Grid cells with temperatures above
the assumed water sublimation temperature were then allocated
bare-grain dust opacities for the next photon propagation. We did
not change the sublimation temperature to account for the local
environment in terms of pressure but instead used a single sub-
limation temperature of 90 K (Sandford & Allamandola 1993).
As the cell opacities were redefined, the cell dust equilibrium
temperatures after the next photon propagation will be di↵erent,
with some dust cells shifting from below to above 90 K and vice
versa, that is, an opacity allocation error. For both disk compo-
nent model types, this error was found to be negligible after two
recursions (5 and 0.1 % relative to the total bare-grain dust mass,
at 1�, for the PP-disk model and the rotating toroid model, re-
spectively). The higher error in the PP-disk model, even with ten
times more photon packages than the rotating toroid model (Ta-
ble 1), came from the very high dust densities necessary to match
the observed peak flux density, especially in disk B. In contrast,
the relatively more uniform dust density distribution in a rotating
toroid model ensured good photon statistics in RADMC-3D, with
a much lower photon number.
Therefore, two recursions of the bare-grain opacity allocation,
that is, three Monte Carlo dust temperature estimations in total
were performed in RADMC-3D, for a single parameter set. The
dust temperature estimated in the final photon propagation was
then used for all later computations with that parameter set.

3.4. Dust envelope model

The dust envelope was modeled with a 1D radial density power-
law density distribution, as the envelope has been well-fitted pre-
viously by such models (e.g., Schöier et al. 2002). More compli-
cated circumbinary envelope structures, such as an infalling, ro-
tating circumbinary envelope were not considered, as we focused
on the innermost region of IRAS 16293 in this work. Recent ob-
servations of GG Tau (Dutrey et al. 2014), as well as simulations
of the same system (Nelson & Marzari 2016) suggest that binary
star formation results in partial clearing of the material in the in-
nermost region where the protostellar binary resides. Based on
the 868 µm continuum observation, we do not expect the inte-
rior to be completely evacuated of dust between the disks, but
depleted instead, due to accretion into the two protostars and
dynamical e↵ects, as described by Nelson & Marzari (2016). A
dust density plateau was used to imitate the mass depletion in-
side a given radius rplat, meaning that we used a constant, rather
than a radial power-law, density distribution in this inner region,
while keeping the dust density distribution in the outer envelope
as a power-law:
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Where ⇢ is dust density, r is the distance to the model center,
⇢0 is the density at distance r0 and rplat is the radius of the density
plateau. rplat was fixed to 600 AU in all models, a distance we
chose to ensure that the entire dust filament structure resided in
this density plateau. We fixed p = 1.7, taken from Schöier et al.
(2002).

3.5. Envelope temperature structure

In order to compare the temperature structure between a single
star and a binary system, we used the dust envelope model from
Eq. 1 with one or two radiation sources in RADMC-3D, without
including the filament and disk component models. We were in-
terested in the volume of regions with dust above 30, 50 and
90 K, as these temperatures roughly correspond to the subli-
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Table 1: RADMC-3D model parameters

Parameter Description Value

Grid

rout Envelope radius 8⇥103 AU
rin Grid start radius 5 AU
rplat Radius of the density plateau 600 AU
n✓ Number of grid cells in the polar range 131
n� Number of grid cells in the azimuthal range 131

Temperature analysis

nr, out Number of grid cells in the outer radial region (r > 600 AU) 88
nr, in Number of grid cells in the inner radial region (r  600 AU) 110
nphotons Number of photons used in thermal Monte Carlo process 5⇥107

LA Luminosity of source A 3 – 20 L�
One radiation source
roct Octree refinement radius around source 400 AU
noctree levels Octree refinement number 1
Two radiation sources
roct Octree refinement radius around each source 250 AU
noctree levels Octree refinement number 2

IRAS 16293 model

nr, out Grid cells in the outer radial region (r > 600 AU) 22
nr, in Grid cells in the inner radial region (r  600 AU) 110
⇢0, env Envelope reference density at r0, env 2.5⇥10�14 g cm�3

r0, env Envelope reference radius 1 AU
penv Envelope density power-law exponent 1.7
MA Source A stellar mass 1 M�
MB Source B stellar mass 0.1 M�
†Te↵ Star surface temperature 5000 K
LA Source A luminosity 3 – 20 L�
r0, disk PP-disk reference radius 10 AU
rinner disk Disk inner radius 1 AU
rdisk,A Disk A radius 150 AU
rdisk,B Disk B radius 50 AU

Disk constraints

Fpeak, A Peak flux density toward source A 1.0 Jy beam�1

Fpeak, B Peak flux density toward source B 2.0 Jy beam�1

Disk A aspect ratio . . . 1.64
NH2 , B

Disk B column density � 1.2⇥ 1025 cm�2

PP-disk models

⌃A Parameter space for reference surface density of PP-disk A at 10 AU 0.1 – 5.0 g cm�2

⌃B Parameter space for reference surface density of PP-disk B at 10 AU 1.0 – 12.0 g cm�2

 Parameter space of the PP-disks flaring constants 0 – 0.25
p Parameter space of the PP-disks dust density radial power-law exponents 0.5 – 1.5
H0,A Parameter space of PP-disk A scale-height at 10 AU 0.85 – 2.0 AU
H0,B Parameter space of PP-disk B scale-height at 10 AU 0.85 – 3.0 AU
iA Parameter space of PP-disk A inclination, 90� is edge-on 30 – 90�

nlev, disk Octree refinement level of entire disk 2
nlev, in disk Octree refinement level in innermost region 4
nphotons Number of photons used in thermal Monte Carlo process 107

Rotating toroid models

rc, A Parameter space of the centrifugal radius of rotating toroid A 50 – 100 AU
rc, B Parameter space of the centrifugal radius of rotating toroid A 5 – 40 AU
ṀA Parameter space of the mass accretion rate into source A 1.0⇥10�6 – 5.5⇥10�6 M� yr�1

ṀB Parameter space of the mass accretion rate into source B 1.0⇥10�6 – 5.5⇥10�6 M� yr�1

nlev, disk Octree refinement level of entire disk 2
nlev, in disk Octree refinement level in innermost region 2
nphotons Number of photons used in thermal Monte Carlo process 106

Dust arc

⇢0 Reference density 2.5 ⇥10�17 g cm�3

rout Filament radius from filament center 130 AU
Filament semi-minor axis . . . 170 AU
Filament semi-major axis . . . 300 AU

Notes. Model parameters for each setup. LB is always defined as LB = 21.0 L� - LA. †The radiation spectra of both source A and B are treated as
blackbodies with a temperature of 5000 K, following Schöier et al. (2002).
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rc, A Parameter space of the centrifugal radius of rotating toroid A 50 – 100 AU
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nlev, in disk Octree refinement level in innermost region 2
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Fig. 3: Relative di↵erences in volumes of dust above di↵erent temperatures. The volume di↵erence between the single star temper-
ature volume, V1, and binary star temperature volume, V2, is shown, normalized to V1, i.e. ⌧ � 0.2 means that the total temperature
volume is 20 % lower if there are two stars compared to one. The envelope mass range is 0.7 – 24 M�, consistent with the dense core
mass range observed in (Alves et al. 2007). The relevant mass range for IRAS 16293 is 2.4 – 4.8 M�, (our IRAS 16293 envelope
model has a mass of ⇠4 M�). There is a clear tendency for a single star to result in more dust heated above ⇠ 50 K.

tinuum emission arc between the sources and the three CO iso-
topologue maps. Including these, six constraints were available
per disk component model (the four emission maps, plus the two
individual disk constraints).

4.2. Dust filament

The arc of continuum emission (Fig. 1) is assumed to arise from
a local dust density enhancement. We modeled this dust fila-
ment as an elliptical tube, extending between and enveloping
the sources. Around each source, the dust filament was extended
spherically up to 130 AU. The density was modeled as a radially
dependent power-law distribution of ⇢ = ⇢0(r/AU)�1/4 as mea-
sured from the tube center, where ⇢0 is the reference density at
1 AU. As such the filament dust mass density was made to be
independent of the distance to either source. The disk compo-
nents were carved out inside the dust filament model, in a sphere
of 150 and 50 AU around source A and B, respectively. No at-
tempts were made to satisfy boundary conditions, resulting in
density jumps in the model filament-disk boundary regions. For
simplicity, the dust filament structure was kept in the plane of
the sky, as were the two protostars. We fixed the filament model
with a ⇢0 value, which matched the observed central arc emission
with several di↵erent luminosity ratios (Fig. 4), see Table 1. We
performed a sanity check using the maximum observed emission
of 0.056 Jy Beam�1 in the filament to calculate a column density
based on Eq. 5 in Jørgensen et al. (2007), assuming a dust tem-
perature of 30 K. The dust column density of the filament was
derived to be 9.9 g cm�2, while the model column density was
9.7 g cm�2, assuming a gas-to-dust mass ratio of 100. This match

is not surprising as we used the same opacities as Jørgensen et al.
(2007) and the optical depth through the model filament is low
(⇠0.2).

4.3. Disk component models

The disk components were modeled with both a PP-disk and a
rotating toroid model. In the PP-disk model, the dust distribution
is based on hydrostatic equilibrium with the gravity of the host
star (e.g., Andrews et al. 2012).
The following equations all use cylindrical coordinates. The disk
scale-height, Hd, is

Hd(r) = H0(r/r0)1+ , (2)

where r is the radius, H0 is the scale-height at radius r0 and  
is the flaring constant, controlling the vertical distribution of the
dust above the disk midplane. The disk surface density, ⌃, is

⌃(r) = ⌃0(r/r0)�p, (3)

where p is a gradient parameter. Finally the dust density is

⇢d(r, z) =
⌃(r)

Hd
p

2⇡
e�z2/(2H2

d ), (4)

where z is the height above the disk midplane.
The disk inner radius was fixed to 1 AU for both disks, with

the dust density within 1 AU set to 10�25 g cm�3 (nH2
⇠ 3 cm�3),
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(ii) Dust 放射モデリング 
・MA = 1.0M⦿，MB≤0.1M⦿ （過去の速度場の解析から）, rplatの内側に 
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e↵ectively assuming a dust and gas evacuated inner gap. Af-
ter the dust temperature of a given model was estimated in
RADMC-3D, subsequent ray tracing produced a 868 µm contin-
uum image, which, after convolution with a 0.500 ⇥ 0.500 beam
using MIRIAD, was compared with the 868 µm ALMA contin-
uum image in Fig. 1. The disk orientation for source B was fixed
to face-on, while the inclination of PP-disk A was a free param-
eter.

Due to the high number of grid cells required to resolve the
relevant regions and high photon numbers required for reliable
dust temperature results, but most importantly the high densities
in the inner disk regions of this work, the thermal Monte Carlo
calculation execution time, on the available computing facilities,
for a single model was very long, sometimes on the order of
days. This problem was compounded by the iterative allocation
of dust opacities, which requires three separate dust temperature
estimations in RADMC-3D. Thus, standard model optimization ap-
proaches such as a Markov Chain Monte Carlo (MCMC) or a �2

analysis of a large, uniform grid of model parameters were not
feasible in this work and no parameter confidence intervals were
derived. Instead, we identified parameter spaces not compatible
with the current constraints and derived conclusions from these
parameter space exclusions.

4.4. Model analysis

Starting with the PP-disk model, large steps were taken in the
parameter space of ⌃0 and H0 for the disk around each source,
and inclination for disk A (Table 1), while p and  were fixed
to 0.5 and 0.25, respectively (see Appendix D for more details).
The final number of free parameters in the PP-disk model was
four for disk A (⌃, H0, i and source A luminosity, LA) and two
for disk B (⌃ and H0), since the source B luminosity, LB, was
determined by LA.

When only using the continuum image, the PP-disk model
did not o↵er any meaningful constraints on disk A and B. Due
to the degeneracy between H0 and i, only models with inclina-
tions below 55� could be excluded. The peak flux values were
degenerate with di↵erent ⌃0, H0, L⇤ and i values and the col-
umn density toward source B did not o↵er any constraints ei-
ther, as almost all of our investigated parameter space satisfied
the NH2

column density condition. Due to previous observations
of infall toward both sources (Caux et al. 2011; Chandler et al.
2005; Pineda et al. 2012; Zapata et al. 2013; Oya et al. 2016),
we considered the rotating toroid model. The dust density distri-
bution of this model can be found semi-analytically by defining
discrete streamlines from the rotating envelope, which spiral in-
wards and impact opposing streamlines in the midplane, creating
a disk structure. From Hartmann (2009),

⇢(r, ✓) =
Ṁ
⇣
1 + cos✓

cos✓0

⌘�1/2

4⇡
q

GM⇤r
3

0
BBBB@

cos✓
cos✓0

+
2cos2✓0

r/rc

1
CCCCA
�1

, (5)

where Ṁ is the mass accretion rate onto the central object, ✓0 is
the starting polar angle of the streamline in question and rc is the
centrifugal radius. The density in each grid cell in our model was
found by predefining nstream streamlines with discrete ✓0 values
and evaluating them at nr radial points, along the streamline. A
nearest-neighbor search was performed, with the dust density of
the RADMC-3D grid cell defined to be that of the nearest defined

streamline point. The rotating toroid model is e↵ectively a 2D
density model and a 3D velocity model (Hartmann 2009).

The rotating toroid model has a radially extended dust dis-
tribution with ⇢ / r�0.5 and a much more vertically extended
dust distribution than the exponentially decreasing vertical dis-
tribution of the PP-disk model (Eq. 4). Consequently, the rotat-
ing toroid model has a much lower optical depth through the
midplane, hence higher dust temperatures, than a PP-disk model
with, for example, H0 = 0.85 AU (this example value was taken
from the range in Andrews et al. 2010).

The centrifugal radius of the collapse around source B (rc,B)
was a free parameter between 5 – 25 AU, to allow a compact
toroid within the defined model disk B regime of 50 AU, fixed
to face-on inclination. We fixed the inclination of the rotating
toroid model around source A to edge-on and used rc,A = 75 AU,
as it matched the aspect ratio at this inclination. The free param-
eters of the source A rotating toroid model were ṀA and LA, as
rc,A and MA were fixed (Table 1), while the source B rotating
toroid model had ṀB and rc,B as free parameters (since LB was
determined by LA). We found that the observed peak flux den-
sity toward source A and B could not constrain the luminosity or
the mass accretion rate of either source, as these parameters are
degenerate. The minimum column density toward source B did
not o↵er any constraint. In conclusion, the rotating toroid model
can satisfy the disk constraints, but cannot constrain LA or LB,
using continuum data alone (Table 1).

5. Gas line emission modeling

In order to constrain the nature of the disk-like emission further,
and to obtain more constraints on the source luminosities, the
J=3–2 line emission from 13CO, C17O and C18O of select dust
models were modeled in LIME (Brinch & Hogerheijde 2010), a
line radiative transfer code. The dust temperature output from
RADMC-3D was imported to LIME (Appendix C) and by using
the standard gas-to-dust mass ratio of 100 (Bohlin et al. 1978)
together with the given dust density model, the molecular hy-
drogen number density nH2

was found. The gas line emission
depends on the number density of the molecule undergoing
a rotational transition, the CO isotopologue in our case, the
number density of the other molecules in the gas which excite
the molecule collisionally and the kinetic temperature which
changes the collisional rates (Brinch & Hogerheijde 2010) and
thus the excitation of the CO isotopologue. In LIME, the number
density of the colliders is approximated as nH2

, as H2 is by far
the most abundant species in the dense molecular cores where
star formation takes place (e.g., Genzel & Stutzki 1989). LIME
performs non-LTE (Local Thermodynamic Equilibrium) line ra-
diative transfer modeling, where the rotational level populations
are found iteratively. The CO isotopologue data files contain-
ing collisional rate coe�cients (Yang et al. 2010) were down-
loaded from the LAMDA2 database (Schöier et al. 2005). The
collisional rate coe�cients of the CO isotopologues with H2 in
these files include collisions with both ortho- and para-H2.

In this work, we assumed that the dust and gas tempera-
tures are coupled, which is usually a good approximation in the
dense inner environments of the envelope (Schöier et al. 2002),
that were modeled here. The radius of the LIME model was set
to 2 ⇥ 103 AU, as more distant, cold regions in the envelope will
not contribute much emission due to freeze-out of CO.

Optimally, the absorption features around each source and
the major features of the interbinary CO isotopologue emission
2 http://home.strw.leidenuniv.nl/~moldata/
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Table 2: Example dust model parameters.

PP-disk model LA [L�] LB [L�] ⌃0,A [g cm�2] ⌃0,B [g cm�2] H0,A [AU] H0,B [AU] iA [�]

DM 1 18.0 3.0 1.0 3.0 1.25 1.5 55
DM 2 14.0 7.0 1.0 0.05 0.85 2.0 50
DM 3 10.5 10.5 1.0 0.05 1.25 2.0 60

Rotating toroid model LA [L�] LB [L�] ṀA [M� yr�1] ṀB [M� yr�1] rc,A [AU] rc,B [AU]

RTM 1 18.0 3.0 3.75⇥10�6 2.75 ⇥ 10�6 75 20
RTM 2 10.5 10.5 2.1⇥10�6 2.1 ⇥ 10�6 50 20
RTM 3 20.0 1.0 3.8⇥10�6 4.6 ⇥ 10�6 75 20
RTM 4 7.0 14.0 3.0⇥10�6 2.0 ⇥ 10�6 75 20
RTM 5 3.0 18.0 3.0⇥10�6 2.0 ⇥ 10�6 75 20

gas emission maps, with the largest di↵erence in the disk re-
gions.

5.1. Abundance modeling

It is assumed that the bulk of the CO isotopologue emission
originates from molecules sublimated from the dust grains, rep-
resented with an abundance jump model in this work, similar
to some of the previous chemical modeling of IRAS 16293
(Schöier et al. 2002, 2004; Coutens et al. 2012). The individual
CO isotopologue abundances relative to H2, the main collision
partner in our modeling, were found by using the C and O
isotopologue abundances given by Wilson & Rood (1994) (Ta-
ble 3). Standard abundance values from Wilson & Rood (1994)
were applied to regions with Tdust � 30 K where the CO is sub-
limated from the dust grains, and a drop factor of 10�2 was used
in regions with T < 30 K, to imitate freeze-out. Examining the
temperature complexity of a typical rotating toroid model (Fig.
F.4 in Appendix F), when disks and the dust filament are added
to the model, we can see the expected emission shape from the
CO isotopologues in Fig. 5, based on the T = 30 K contour.

5.2. Modeled CO isotopologue maps

To constrain the luminosity ratio of the two protostars, we mod-
eled the rotating toroid model at di↵erent luminosity values (Ta-
ble 5), with parameter sets that satisfied the dust continuum con-
straints. The resulting synthetic CO isotopologue maps (Fig. 6)
indicate that LA � 18 L� in order to reproduce the observed ten-
dency of concentrated emission toward source A. We can deduce
the luminosity dominance of source A from the observations
alone, as the truncation in the observed C17O and C18O maps oc-
curs closer to source B than source A, which requires source A
to be more luminous, if we assume this truncation is due to the
dust grain temperature dropping below the sublimation tempera-
ture of CO. LA � 18 L� is also consistent with the dust continuum
model results (Fig. 4). Alternatively, the increase in continuum
and gas line emission toward source A could be due to geomet-
ric e↵ects, such as an inclination of the stellar plane so source A
is closer to us than source B, or simply that more dust material
exists in the filament toward source A. However, an increase in
dust density would require LA to be lowered, in order to match
the observed continuum emission as well as increasing the opti-
cal depth. Both instances lower the gas temperature in the region
near source A, which creates a truncated region wherein CO is
sublimated closer to source A than source B. In this sense, in-

troducing more material in our filament model toward source A
should require LA to be even higher than we currently find in
order to match the observed CO isotopologue emission. The in-
ferred low luminosity of source B implies that disk B is denser
than disk A in order to dominate the dust submillimeter emis-
sion, which fits well with the observed absorption in the CO iso-
topologue emission around source B, compared to the vicinity of
source A.
A representative rotating toroid model which satisfied the dust
continuum constraints with LA = 18 L� was modeled in LIME, to-
gether with a representative of the best matching PP-disk model
at LA = 14 L� (since LB < 7 L� could not reproduce the ob-
served peak flux density in our H0 parameter space, though this
does not rule out LB < 7 L� by itself, see Fig. F.2 in Appendix F)
can be seen in Fig. 5. The first attempt with the standard abun-
dances described in Table 3, resulted in significant absorption
in a region toward source B as expected, but also with some
unexpected absorption toward source A. For the rotating toroid
model, the C18O model emission in the disk A component has
evident self-absorption throughout the midplane. After lower-
ing the abundances by a factor of five, the model C18O emission
structure was more reminiscent of the observations, while C17O
did not reproduce the observed peaked emission in the disk A
component at any of the attempted abundances (Fig. 5).

The model emission qualitatively matches the observed
13CO bimodal emission structure above and below the disk mid-
plane, as well as the two observed C18O emission peaks near
the corners of the disk A component, but with less absorption
in C18O toward source A than observed. The rotating toroid
model cannot, however, reproduce the C17O centrally concen-
trated emission structure, but instead results in a bimodal dis-
tribution as seen in C18O, near rc,A (rdisk = 75 AU). The PP-disk
model fails to produce the emission peaks around source A, in all
isotopologues, as the PP-disk A region heavily absorbs the line
emission, even when the standard abundances are lowered by a
factor of five, despite the fact that we used the PP-disk model
parameters with the lowest optical depth while matching contin-
uum constraints.

When the PP-disk model standard abundances were lowered
by a factor of ten or 15 instead (Fig. F.1 in Appendix F) the C17O
emission from the filament became much weaker than observed,
while the disk A region remained in absorption. The model ab-
sorption is then likely not due to line self-absorption, but rather
originates from the optically thick dust. This suggests that the
disk-like emission around source A is composed of a relatively
di↵use, vertically extended structure.
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Fig. 4: Observed and synthetic dust continuum emission at 868 µm for the di↵erent physical models summarized in 2. Image is in
log-scale and the contours are logarithmically divided between 0.02 and 2 Jy beam�1. DM denotes the PP-disk model, while RTM
denotes the rotating toroid model.

seen in Fig. 2 were recreated in the synthetic moment zero maps,
which would imply that our dust density model is consistent with
the observed gas line emission. We did not attempt to match the
exact absorption level as it depends not only on the molecule
abundance but also on the gas-to-dust mass ratio and dust opac-
ity, neither of which were constrained in this work.

In the case of a PP-disk model, the velocity in the disk around
each source was modeled as Keplerian rotation. Here the central
stellar mass becomes important if there is any disk inclination
toward the observer, as radial velocities cause spectral broaden-
ing, reducing the line optical depth. This, in turn, will result in
higher integrated emission if there is any line self-absorption,
which we expect around each source, based on the observations
seen in Fig. 2. In the case of a rotating toroid model, the 3D
velocity structure from Terebey et al. (1984) was used. For all
regions outside the disk components, the velocity was modeled

as simple free-fall,

v(r) =
p

GMtot/r, (6)

where r is the distance to the model center, G is the gravita-
tional constant and Mtot is the combined mass of source A and
B. This approximation is valid at kAU scales but breaks down in
the innermost region. The dust in the interbinary region should
arguably be drifting toward either source, in accordance with
the local gravitational field. Since only one dust opacity model
can be set in LIME (v. 1.5), bare-grain dust opacities were used
in the entire model, as the dust grains in the disk regions are
mostly above 90 K in the rotating toroid models, and in the PP-
disk model atmosphere. If we had used icy-grain opacities in
the LIME models instead, the reduced absorption from the dust
would result in increased flux density globally in the integrated
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DMに比べて 
RTMは鉛直方向に 

広がり，赤道面へのoptical 
depthが小さくなり，dust温度高い

rc: centrifugal radius

２つのダストピークの値を合わせることは 
どのモデルでもある程度可能



(iii) CO 放射モデリング 
・LIMEを使って計算，g/d=100とする 
・non-LTE，ただしガス温度＝ダスト温度は仮定 
・DMの場合はケプラー回転，RTMの場合は回転自由落下(Tereby, Shu, Cassen 1984) 
・CO isotopologues アバンダンス比を振った例もappendixにはあり
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Table 3: LIME model parameters

Parameter Description Value

Grid outer radius . . . 2 ⇥ 103 AU
Grid start radius . . . 30 AU
nnodes Number of grid nodes in the LIME calculations 7 ⇥ 104

CO/H2 Standard ISM abundance of CO 10�4

13CO/H2 Standard ISM abundance of 13CO 1.30⇥10�6

C18O/H2 Standard ISM abundance of C18O 1.79⇥10�7

C17O/H2 Standard ISM abundance of C17O 5.58⇥10�8

Freeze out factor . . . 0.01
Gas-to-dust-mass ratio Used for all conversions from dust to gas mass 100

CO isotopologues abundances of all models
X13CO

13CO abundance 2.6⇥10�7

XC18O C18O abundance 3.58⇥10�8

XC17O C17O abundance 1.12⇥10�8

Notes. Given abundances assume that C and O atoms maximally combine into CO.

Table 4: LIME model parameters of Fig. 5.

Parameter Description Value

Rotating toroid model
LA Luminosity of source A 18 L�
LB Luminosity of source B 3 L�
ṀA Mass accretion rate 3.75 ⇥ 10�6 M� yr�1

ṀB Mass accretion rate 2.75 ⇥ 10�6 M� yr�1

rc,A Centrifugal radius 75 AU
rc,B Centrifugal radius 20 AU

PP-disk model
LA Luminosity of source A 14 L�
LB Luminosity of source B 7 L�
⌃0,A Dust surface density at 10 AU 0.6 g cm�2

⌃0,B Dust surface density at 10 AU 5.0 g cm�2

H0,A Scale-height at 10 AU 1.5 AU
H0,B Scale-height at 10 AU 2.0 AU
iA Disk A inclination 60�

Table 5: LIME model parameters of Fig. 6.

Model ṀA [M� yr�1] ṀB [M� yr�1]

LA = 3 L� 9.0⇥10�6 1.3⇥10�6

LA = 7 L� 5.5⇥10�6 1.4⇥10�6

LA = 10.5 L� 4.6⇥10�6 1.6⇥10�6

LA = 14 L� 4.2⇥10�6 1.85⇥10�6

LA = 18 L� 3.75⇥10�6 2.75⇥10�6

LA = 20 L� 3.8⇥10�6 4.6⇥10�6

Notes. All models are rotating toroids, using rc,A = 75 AU and rc,B = 20
AU.

However, if larger amounts of CO are in front of disk A, on
similar spatial scales, then it could explain the extra line emis-
sion in the observations compared to the PP-disk model emis-
sion. Since the continuum emission is consistent with a PP-disk

model, we cannot exclude the possibility that the disk-like emis-
sion structure around source A could be from a flat disk, based
on our model and observations alone. It is also possible that the
presence of material in front of disk A could allow the rotating
toroid models to use the standard ISM CO abundance and still
qualitatively match the observations.

6. Discussion

The combined constraints from the dust continuum and CO
isotopologue emission, necessitate very high PP-disk model
scale-heights around source B, H0 > 3.0 AU at 10 AU, which
is suggestive of a nonsettled disk with a large vertical dis-
tribution, meaning that it is indicative of a structure simi-
lar to that of the di↵use, rotating toroid model. These scale-
heights are unprecedented for Class II disks, but similar to the
one reported by Tobin et al. (2013), who find a best-fit PP-disk
model to the Class 0 disk around L1527 with a scale-height of
48 AU at 100 AU. In comparison, when converting H0 to the
scale-height at 100 AU, the PP-disk model around source B
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Fig. 5: Zeroth moment maps of the observed and synthetic CO isotopologue gas line emission. Contour levels are divided logarith-
mically from 0.5 to 7.3 Jy beam�1 km s�1. The RA and DEC o↵sets are relative to the phase center of the observations. See Table 4
for abundances. DM denotes the PP-disk model and RTM denotes the rotating toroid model.

needs a scale-height of more than 53 AU at 100 AU, when
LB = 3 L�, in order to reach the peak flux density value (Fig.
F.2 in Appendix F). This value is significantly higher than the
scale-heights at 100 AU of Class I/II sources, which typically
are 3 – 20 AU (Wolf et al. 2008; Andrews et al. 2009, 2010).
Tobin et al. (2013) propose that the large scale-height of their
best fitting PP-disk model of L1527 is approximating material
from the envelope falling onto the disk and that this unusually
vertically extended structure could reflect a stage before e↵ective
dust settling. The disk-like structure around source B could be
similar to the L1527 disk in this regard, as infall toward source B
has previously been detected.

The CO isotopologue moment maps are not entirely qual-
itatively matched by a rotating toroid, but the fact that the
standard CO isotopologue abundances needed to be lowered by
a factor of five to avoid self-absorption in C18O is interesting.

Anderl et al. (2016) use abundances an order of magnitude
lower than the standard CO isotopologue abundances in order to
match their observations of regions interior to the CO snowline
in a survey of nearby Class 0 protostars. In the vicinity of pro-
tostars and accretion shocks, the radiation field and chemistry
is markedly di↵erent from the ISM, so deviations from the
standard ISM abundances in the inner regions of a disk are not
surprising (e.g., see Visser et al. 2009). However, because we
base this necessity for a lower abundance on a single species,
and since the self-absorption might simply reflect that the model
is a poor approximation, a more thorough, quantitative investi-
gation would be needed before making any firm conclusions on
the CO abundance in the inner regions of IRAS 16293.

It has been suggested that a fraction of the CO is desorbed to-
gether with H2O into the gas-phase at 90 K (Anderl et al. 2016),
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Table 3: LIME model parameters

Parameter Description Value

Grid outer radius . . . 2 ⇥ 103 AU
Grid start radius . . . 30 AU
nnodes Number of grid nodes in the LIME calculations 7 ⇥ 104

CO/H2 Standard ISM abundance of CO 10�4

13CO/H2 Standard ISM abundance of 13CO 1.30⇥10�6

C18O/H2 Standard ISM abundance of C18O 1.79⇥10�7

C17O/H2 Standard ISM abundance of C17O 5.58⇥10�8

Freeze out factor . . . 0.01
Gas-to-dust-mass ratio Used for all conversions from dust to gas mass 100

CO isotopologues abundances of all models
X13CO

13CO abundance 2.6⇥10�7

XC18O C18O abundance 3.58⇥10�8

XC17O C17O abundance 1.12⇥10�8

Notes. Given abundances assume that C and O atoms maximally combine into CO.

Table 4: LIME model parameters of Fig. 5.

Parameter Description Value

Rotating toroid model
LA Luminosity of source A 18 L�
LB Luminosity of source B 3 L�
ṀA Mass accretion rate 3.75 ⇥ 10�6 M� yr�1

ṀB Mass accretion rate 2.75 ⇥ 10�6 M� yr�1

rc,A Centrifugal radius 75 AU
rc,B Centrifugal radius 20 AU

PP-disk model
LA Luminosity of source A 14 L�
LB Luminosity of source B 7 L�
⌃0,A Dust surface density at 10 AU 0.6 g cm�2

⌃0,B Dust surface density at 10 AU 5.0 g cm�2

H0,A Scale-height at 10 AU 1.5 AU
H0,B Scale-height at 10 AU 2.0 AU
iA Disk A inclination 60�

Table 5: LIME model parameters of Fig. 6.

Model ṀA [M� yr�1] ṀB [M� yr�1]

LA = 3 L� 9.0⇥10�6 1.3⇥10�6

LA = 7 L� 5.5⇥10�6 1.4⇥10�6

LA = 10.5 L� 4.6⇥10�6 1.6⇥10�6

LA = 14 L� 4.2⇥10�6 1.85⇥10�6

LA = 18 L� 3.75⇥10�6 2.75⇥10�6

LA = 20 L� 3.8⇥10�6 4.6⇥10�6

Notes. All models are rotating toroids, using rc,A = 75 AU and rc,B = 20
AU.

However, if larger amounts of CO are in front of disk A, on
similar spatial scales, then it could explain the extra line emis-
sion in the observations compared to the PP-disk model emis-
sion. Since the continuum emission is consistent with a PP-disk

model, we cannot exclude the possibility that the disk-like emis-
sion structure around source A could be from a flat disk, based
on our model and observations alone. It is also possible that the
presence of material in front of disk A could allow the rotating
toroid models to use the standard ISM CO abundance and still
qualitatively match the observations.

6. Discussion

The combined constraints from the dust continuum and CO
isotopologue emission, necessitate very high PP-disk model
scale-heights around source B, H0 > 3.0 AU at 10 AU, which
is suggestive of a nonsettled disk with a large vertical dis-
tribution, meaning that it is indicative of a structure simi-
lar to that of the di↵use, rotating toroid model. These scale-
heights are unprecedented for Class II disks, but similar to the
one reported by Tobin et al. (2013), who find a best-fit PP-disk
model to the Class 0 disk around L1527 with a scale-height of
48 AU at 100 AU. In comparison, when converting H0 to the
scale-height at 100 AU, the PP-disk model around source B
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RTM（ダストピークを再現する）の場合でLuminosity比を変えた場合の 
C17Oシミュレーション，LA ≳ 18L⦿ 必要
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Fig. 6: Observed and modeled C17O zeroth moment maps, contour levels are divided logarithmically from 0.5 to 7.3
Jy beam�1 km s�1. All models are rotating toroid models matching the dust continuum peak flux densities for disk A and B.

due to trapping in the water-ice, which would allow higher abun-
dances in the gas model for regions with Tdust � 90 K than re-
gions with 30 K  Tdust < 90 K. This should lead to an emission
structure closer to that of the observed, with a more abrupt peak
toward source A and should be investigated in future modeling
e↵orts.

Considering the unusual scale-heights of the PP-disk model,
necessary to produce the peak flux density around source B, a ro-
tating toroid model is perhaps more representative of the actual
dust distribution around source B than a PP-disk model, as it bet-
ter approximates the infalling material, unambiguously detected
toward source B (Chandler et al. 2005; Pineda et al. 2012; Zap-
ata et al. 2013) as well as shocks (Jørgensen et al. 2011) which
would be expected with a rotating collapse. It is also possible that
both disks A and B are transition structures, between an early ro-
tating toroid structure and a later Keplerian disk, perhaps similar
to the structure suggested by Oya et al. (2016).

In terms of the impact of the binarity of IRAS 16293 on
earlier works using a single radiation source, we can consider
Schöier et al. (2002), who assume a single radiation source with
a spherical density model down to scales where Tdust = 300 K.
The inferred luminosity dominance of source A from our work
makes the single source approximation more valid than a lumi-
nosity ratio closer to unity.

When looking at Fig. F.4 in Appendix F, it appears that the
approximation of a single central source is not dramatically er-
roneous, as source A dominates the radiation, but rather that a
spherically symmetric density model breaks down in the inner

regions where the temperatures exceed 90 K. At the scales of
1000–1500 used by Schöier et al. (2002), spherically symmetrical
density models are good approximations of the outer envelope
of IRAS 16293 and the binary protostar is well approximated
to a single source at the distances of several kAU, as well as
being unresolved. However, for radiative transfer modeling of
the innermost region including the two sources, their disks as
well as the conjoining dust filament, subarcsec resolution data
is needed together with full 3D radiative transfer modeling to
capture the complexity of the temperature structure. While pre-
vious radiative transfer models of IRAS 16293 do not describe
the full picture, they can arguably be useful approximations to
the hot corino material around source A. If source A is indeed
dominant in terms of luminosity, then previous chemical model-
ing using a single star focusing on hot corino chemistry (Schöier
et al. 2002; Bisschop et al. 2008; Coutens et al. 2012) will e↵ec-
tively have described the chemistry around source A, with the
hot corino chemistry around source B acting as a "contaminant"
to the signal from source A. However, for an updated model of
the hot corino chemistry involving COMs in IRAS 16293, a new
chemical model is needed which includes the disks, filamentary
structure and radiation fields with LA ⇠ 18 L� and LB ⇠ 3 L�.

7. Conclusions

We have constructed a 3D model of the dust and gas envi-
ronment of IRAS 16293 and obtained a qualitative match to
the 868 µm dust continuum and J=3–2 line emission of 13CO,

Article number, page 13 of 20

S. K. Jacobsen et al.: The ALMA-PILS survey: 3D modeling of the envelope, disks and dust filament of IRAS 16293–2422

Table 3: LIME model parameters

Parameter Description Value

Grid outer radius . . . 2 ⇥ 103 AU
Grid start radius . . . 30 AU
nnodes Number of grid nodes in the LIME calculations 7 ⇥ 104

CO/H2 Standard ISM abundance of CO 10�4

13CO/H2 Standard ISM abundance of 13CO 1.30⇥10�6

C18O/H2 Standard ISM abundance of C18O 1.79⇥10�7

C17O/H2 Standard ISM abundance of C17O 5.58⇥10�8

Freeze out factor . . . 0.01
Gas-to-dust-mass ratio Used for all conversions from dust to gas mass 100

CO isotopologues abundances of all models
X13CO

13CO abundance 2.6⇥10�7

XC18O C18O abundance 3.58⇥10�8

XC17O C17O abundance 1.12⇥10�8

Notes. Given abundances assume that C and O atoms maximally combine into CO.

Table 4: LIME model parameters of Fig. 5.

Parameter Description Value

Rotating toroid model
LA Luminosity of source A 18 L�
LB Luminosity of source B 3 L�
ṀA Mass accretion rate 3.75 ⇥ 10�6 M� yr�1

ṀB Mass accretion rate 2.75 ⇥ 10�6 M� yr�1

rc,A Centrifugal radius 75 AU
rc,B Centrifugal radius 20 AU

PP-disk model
LA Luminosity of source A 14 L�
LB Luminosity of source B 7 L�
⌃0,A Dust surface density at 10 AU 0.6 g cm�2

⌃0,B Dust surface density at 10 AU 5.0 g cm�2

H0,A Scale-height at 10 AU 1.5 AU
H0,B Scale-height at 10 AU 2.0 AU
iA Disk A inclination 60�

Table 5: LIME model parameters of Fig. 6.

Model ṀA [M� yr�1] ṀB [M� yr�1]

LA = 3 L� 9.0⇥10�6 1.3⇥10�6

LA = 7 L� 5.5⇥10�6 1.4⇥10�6

LA = 10.5 L� 4.6⇥10�6 1.6⇥10�6

LA = 14 L� 4.2⇥10�6 1.85⇥10�6

LA = 18 L� 3.75⇥10�6 2.75⇥10�6

LA = 20 L� 3.8⇥10�6 4.6⇥10�6

Notes. All models are rotating toroids, using rc,A = 75 AU and rc,B = 20
AU.

However, if larger amounts of CO are in front of disk A, on
similar spatial scales, then it could explain the extra line emis-
sion in the observations compared to the PP-disk model emis-
sion. Since the continuum emission is consistent with a PP-disk

model, we cannot exclude the possibility that the disk-like emis-
sion structure around source A could be from a flat disk, based
on our model and observations alone. It is also possible that the
presence of material in front of disk A could allow the rotating
toroid models to use the standard ISM CO abundance and still
qualitatively match the observations.

6. Discussion

The combined constraints from the dust continuum and CO
isotopologue emission, necessitate very high PP-disk model
scale-heights around source B, H0 > 3.0 AU at 10 AU, which
is suggestive of a nonsettled disk with a large vertical dis-
tribution, meaning that it is indicative of a structure simi-
lar to that of the di↵use, rotating toroid model. These scale-
heights are unprecedented for Class II disks, but similar to the
one reported by Tobin et al. (2013), who find a best-fit PP-disk
model to the Class 0 disk around L1527 with a scale-height of
48 AU at 100 AU. In comparison, when converting H0 to the
scale-height at 100 AU, the PP-disk model around source B
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condenses into dust grains that are seen around W-R stars. The dust grains survive passage through the reverse
shock and the low density shocked wind, reach the dense shell swept-up by the bubble, detach from the decelerated
wind and are injected into the shell. Some portions of this shell subsequently collapses to form the dense cores that
give rise to solar-type systems. The subsequent aspherical supernova does not inject appreciable amounts of 60Fe into
the proto-solar-system, thus accounting for the observed low abundance of 60Fe. We discuss the details of various
processes within the model and conclude that it is a viable model that can explain the initial abundances of 26Al and
60Fe. We estimate that 1–16% of all Sun-like stars could have formed in such a setting of triggered star formation in
the shell of a WR bubble.
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Over the course of last decade, the Nice model has dramatically changed our view of the solar system’s formation
and early evolution. Within the context of this model, a transient period of planet-planet scattering is triggered
by gravitational interactions between the giant planets and a massive primordial planetesimal disk, leading to a
successful reproduction of the solar system’s present-day architecture. In typical realizations of the Nice model, self-
gravity of the planetesimal disk is routinely neglected, as it poses a computational bottleneck to the calculations.
Recent analyses have shown, however, that a self-gravitating disk can exhibit behavior that is dynamically distinct,
and this disparity may have significant implications for the solar system’s evolutionary path. In this work, we explore
this discrepancy utilizing a large suite of Nice odel simulations with and without a self-gravitating planetesimal disk,
taking advantage of the inherently parallel nature of graphic processing units. Our simulations demonstrate that
self-consistent modeling of particle interactions does not lead to significantly different final planetary orbits from
those obtained within conventional simulations. Moreover, self-gravitating calculations show similar planetesimal
evolution to non-self-gravitating numerical experiments after dynamical instability is triggered, suggesting that the
orbital clustering observed in the distant Kuiper belt is unlikely to have a self-gravitational origin.
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Globulettes are small (radii < 10 kAU) dark dust clouds, seen against the background of bright nebulae. A majority
of the objects have planetary mass. These objects may be a source of brown dwarfs and free floating planetary mass
objects in the galaxy. In this paper we investigate how many globulettes could have formed in the Milky Way and
how they could contribute to the total population of free floating planets. In order to do that we examine H-alpha
images of 27 H II regions. In these images, we find 778 globulettes.
We find that a conservative value of the number of globulettes formed is 5.7×1010. If 10 % of the globulettes form free
floating planets then they have contributed with 5.7× 109 free floating planets in the Milky Way. A less conservative
number of globulettes would mean that the globulettes could contribute 2.0 × 1010 free floating planets. Thus the
globulettes could represent a non-negligible source of free floating planets in the Milky Way.
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HII領域の画像を丹念に調べて，Globulettes のサイズ分布や銀河系内の総数を見積もり。 
フリーフローティングプラネットの起源（母胎）か？ 
画像があれば良かったのだが。。。
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We identify and roughly characterize 66 candidate binary star systems in the Pleiades, Praesepe, and NGC 2264
star clusters based on robotic adaptive optics imaging data obtained using Robo-AO at the Palomar 60′′ telescope.
Only ∼10% of our imaged pairs were previously known. We detect companions at red optical wavelengths having
physical separations ranging from a few tens to a few thousand AU. A 3σ contrast curve generated for each final
image provides upper limits to the brightness ratios for any undetected putative companions. The observations are
sensitive to companions with maximum contrast ∼6m at larger separations. At smaller separations, the mean (best)
raw contrast at 2′′ is 3.8m (6m), at 1′′ is 3.0m (4.5m), and at 0.5′′ is 1.9m (3m). PSF subtraction can recover close
to the full contrast in to the closer separations. For detected candidate binary pairs, we report separations, position
angles, and relative magnitudes. Theoretical isochrones appropriate to the Pleiades and Praesepe clusters are then
used to determine the corresponding binary mass ratios, which range from 0.2–0.9 in q = m2/m1. For our sample of
roughly solar-mass (FGK type) stars in NGC 2264 and sub-solar-mass (K and early M-type) primaries in the Pleiades
and Praesepe, the overall binary frequency is measured at ∼15.5±2%. However, this value should be considered a
lower limit to the true binary fraction within the specified separation and mass ratio ranges in these clusters, given
that complex and uncertain corrections for sensitivity and completeness have not been applied.
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star-forming cloud
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Recent XMM-Newton observations of the B2 type star ρOphA indicated a periodicity of 1.205d, which was ascribed
to rotational modulation. Since variability of X-ray emission in massive stars is frequently the signature of a magnetic
field, we investigated whether the presence of a magnetic field can indeed be invoked to explain the observed X-
ray peculiarity. Two FORS2 spectropolarimetric observations in different rotation phases revealed the presence of
a negative (⟨Bz⟩all = −419 ± 101G) and positive (⟨Bz⟩all = 538 ± 69G) longitudinal magnetic field, respectively.
We estimate a lower limit for the dipole strength as Bd = 1.9 ± 0.2 kG. Our calculations of the Kepler and Alfvén
radii imply the presence of a centrifugally supported, magnetically confined plasma around ρOphA. The study of the
spectral variability indicates a behaviour similar to that observed in typical magnetic early-type Bp stars.
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X線変光から1.2日で自転しているらしいことがわかった ρOph A中の B2型星のZeeman観測による磁場調査。 
異なる自転フェーズ角の測定から，磁場強度やDipole成分を見積もり。
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Low-metal環境であるSMCに含まれている星間物質（分子雲成分）を対象に 
遠赤外禁制線{CII], {OI], {NII], [OIII]（Herschel）とCO (ALMA/ACA)を組み
合わせて解析。分子雲のLow Av領域はCOが解離していて放射は見えず，[CII]で
トレースされている。

Survey (PILS), together with a qualitative study of the dust and gas density distribution of IRAS 16293−2422. A 3D
dust and gas model including disks and a dust filament between the two protostars is constructed which qualitatively
reproduces the dust continuum and gas line emission.
Results and conclusions. Radiative transfer modeling of source A and B, with the density solution of an infalling,
rotating collapse or a protoplanetary disk model, can match the constraints for the disk-like emission around source
A and B from the observed dust continuum and CO isotopologue gas emission. If a protoplanetary disk model is used
around source B, it has to have an unusually high scale-height in order to reach the dust continuum peak emission
value, while fulfilling the other observational constraints. Our 3D model requires source A to be much more luminous
than source B; LA ∼ 18 L⊙ and LB ∼ 3 L⊙.
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The Small Magellanic Cloud (SMC) provides the only laboratory to study the structure of molecular gas at high
resolution and low metallicity. We present results from the Herschel Spectroscopic Survey of the SMC (HS3), which
mapped the key far-IR cooling lines [C ii], [O i], [N ii], and [O iii] in five star-forming regions, and new ALMA 7m-
array maps of 12CO and 13CO (2 − 1) with coverage overlapping four of the five HS3 regions. We detect [C ii] and
[O i] throughout all of the regions mapped. The data allow us to compare the structure of the molecular clouds and
surrounding photodissociation regions using 13CO, 12CO, [C ii], and [O i] emission at <∼10 arcsec (< 3 pc) scales. We
estimate AV using far-IR thermal continuum emission from dust and find the CO/CII ratios reach the Milky Way value
at high AV in the centers of the clouds and fall to ∼ 1/5− 1/10× the Milky Way value in the outskirts, indicating the
presence of translucent molecular gas not traced by bright 12CO emission. We estimate the amount of molecular gas
traced by bright [C ii] emission at low AV and bright 12CO emission at high AV . We find that most of the molecular
gas is at low AV and traced by bright [C ii] emission, but that faint 12CO emission appears to extend to where we
estimate the H2-to-HI transition occurs. By converting our H2 gas estimates to a CO-to-H2 conversion factor (XCO),
we show that XCO is primarily a function of AV , consistent with simulations and models of low metallicity molecular
clouds.
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Dynamics of magnetic flux tubes and IR-variability of Young Stellar Objects
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We simulate the dynamics of slender magnetic flux tubes (MFTs) in the accretion disks of T Tauri stars. The dynamical
equations of our model take into account the aerodynamic and turbulent drag forces, and the radiative heat exchange
between the MFT and ambient gas. The structure of the disk is calculated with the help of our MHD model of the
accretion disks. We consider the MFTs formed at the distances 0.027–0.8 au from the star with various initial radii and
plasma betas β0. The simulations show that the MFT with weak magnetic field (β0 = 10) rise slowly with speeds less
than the sound speed. The MFTs with β0 = 1 form outflowing magnetized corona of the disk. Strongly magnetized
MFTs (β0 = 0.1) can cause the outflows with velocities 20–50 km s−1. The tubes rise periodically over times from
several days to several months according to our simulations. We propose that periodically rising MFTs can absorb
stellar radiation and contribute to the IR-variability of Young Stellar Objects.
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High-mass stars form in much richer environments than those associated with isolated low-mass stars, and once they
reach a certain mass, produce ionised (HII) regions. The formation of these pockets of ionised gas are unique to the
formation of high-mass stars (M > 8 M⊙), and present an excellent opportunity to study the final stages of accretion,
which could include accretion through the HII region itself. This study of the dynamics of the gas on both sides of
these ionisation boundaries in very young HII regions aims to quantify the relationship between the HII regions and
their immediate environments.We present high-resolution (∼0.′′5) ALMA observations of nine HII regions selected from
the Red MSX Source (RMS) survey with compact radio emission and bolometric luminosities greater than 104 L⊙.
We focus on the initial presentation of the data, including initial results from the radio recombination line H29α, some
complementary molecules, and the 256 GHz continuum emission. Of the six (out of nine) regions with H29α detections,
two appear to have cometary morphologies with velocity gradients across them, and two appear more spherical with
velocity gradients suggestive of infalling ionised gas. The remaining two were either observed at low resolution or
had signals that were too weak to draw robust conclusions. We also present a description of the interactions between
the ionised and molecular gas (as traced by CS (J=5–4)), often (but not always) finding the HII region had cleared
its immediate vicinity of molecules. Of our sample of nine, the observations of the two clusters expected to have
the youngest HII regions (from previous radio observations) are suggestive of having infalling motions in the H29α
emission, which could be indicative of late stage accretion onto the stars despite the presence of an HII region.
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円盤内縁部の理論的構造解析に基づき，YSOsが示す赤外変光と関連させて議論。


