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Substructures in protoplanetary disks
I. Why Embedded Disks?

DSHARP, 2018

Substructures appear to 
be ubiquitous



Protoplanetary disk structures are not primordial



Stages of Star Formation
I. Why Embedded Disks?
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A New Era of Protostellar Disk Surveys

VANDAM: Orion  
300 Embedded Disks

CALYPSO (PdBI) 
16 Embedded Disks

ODISEA: Ophiuchus 
78 Embedded Disks

MASSES (SMA) - Perseus 
74 Embedded Disks8 Lucas A. Cieza et al.

Figure 3. The 53 individual detections resolved by our 1.3 mm observations, ordered by decreasing integrated flux (provided at the
bottom right of each panel).
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Appendix B: CALYPSO dust continuum maps

Fig. B.1. 1.3 mm (231 GHz) and 3.3 mm (94 GHz) PdBI dust continuum emission maps of L1448-N. The ellipses in the bottom left corner show
the respective synthesized beam sizes. The contours are levels of -3� (dashed) and 5�, then in steps of 10� from 10� to 100�, and finally in steps
of 20� beyond (rms noise computed in the map before primary beam correction as reported in Table 2). The maps have been corrected for primary
beam attenuation. The blue and red arrows show the direction of the protostellar jet(s) associated with the millimeter sources in the field, see Table
1 for further details.

Fig. B.2. Same as Fig. B.1 for L1448-C. The contours show levels of -3� (dashed), 5�, and 10� and then use steps of 40� from 20� on.
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A.J. Maury et al.: CALYPSO view of Class 0 protostellar disks

Fig. B.3. Same as Fig. B.1 for IRAS2A. The contours show levels of -3� (dashed), 5�, and 10� and then use steps of 20� from 20� on.

Fig. B.4. Same as Fig. B.1 for IRAS4A. The contours show levels of -3� (dashed), 5�, and 10� and then use steps of 20� from 20� on. IRAS4B
is detected to the southwest in the 94 GHz map, outside the area shown here, so that the structure of IRAS4A is well distinguished in the figure.

Fig. B.5. Same as Fig. B.1 for IRAS4B. The contours show levels of -3� (dashed), 5�, and 10� and then use steps of 30� from 20� on. The flux
density in the maps has been corrected for primary beam attenuation (the primary beam FWHM is shown as a pink dashed circle in the 94 GHz
map).
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Fig. B.6. Same as Fig. B.1 for IRAM04191. The contours show levels of -3� and 5� and then use steps of 10� from 10� on.

Fig. B.7. Same as Fig. 1 for L1521F. The contours show levels of -3� and 5� and then use steps of 10� from 10� on.

Fig. B.8. Same as Fig. B.1 for SerpM-S68N. The contours show levels of -3� and 5� and then use steps of 10� from 10� on. The dashed pink
contour in the 94 GHz continuum emission map shows the PdBI primary beam.
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A.J. Maury et al.: CALYPSO view of Class 0 protostellar disks

Fig. B.9. Same as Fig. B.1 for SerpM-SMM4. The contours show levels of -3�, 5�, and 10� and then use steps of 20� from 20� on.

Fig. B.10. Same as Fig. B.1 for SerpS-MM18. The contours show levels of -3� and 5� and then use steps of 20� from 10� on. The dashed pink
contour shows the PdBI primary beam.

Fig. B.11. Same as Fig. B.1 for SerpS-MM22. The contours show levels of -3� and 5� and then use steps of 10� from 10� on.

Article number, page 29 of 47

A&A proofs: manuscript no. ms-langedit-arxiv

Fig. B.12. Same as Fig. B.1 for L1157. The contours show levels of -3� and 5� and then use steps of 30� from 20� on.

Fig. B.13. Same as Fig. B.1 for GF9-2. The contours show levels of -3�, 5�, and 10� and then use steps of 20� from 20� on.
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Radio Brightness is a Proxy for Disk Mass and Size
I. Why Radiative Transfer Modeling?

the cool, outer parts of the disk, where giant planets are expected
to form and contamination from the stellar photosphere is neg-
ligible. The low submillimeter opacities in disks can be used to
extrapolate the surface density of the outer disk into the inner,
optically thick regions and therefore determine the total disk mass
(Beckwith et al. 1990). Assuming that the submillimeter emis-
sion arises in an optically thin, isothermal portion of the disk, the
flux density (F!) and disk mass (Md) are directly proportional
(Hildebrand 1983):

Md ¼
d 2F!

"!B! Tcð Þ
; ð1Þ

where d is the distance, "! is the opacity, and B! (Tc) is the
Planck function at a characteristic temperature Tc . Moreover,
observations and theoretical models of the opacity in the sub-
millimeter indicate that "! is well matched by a simple power
law in frequency with index #, although the proposed normaliza-
tions vary significantly (Hildebrand 1983; Wright 1987; Pollack
et al. 1994; Henning & Stognienko 1996). With the same opti-
cally thin, isothermal disk assumptions, the submillimeter con-
tinuum emission should behave roughly as F! / ! 2þ#. So,
with major caveats (see x 3 and Appendix A), a single submilli-
meter flux density can give the mass of a disk and%2 flux points
can reveal the frequency dependence of the opacity. Assuming a
uniform grain composition and shape, the frequency behavior
of the opacity is set by the size distribution of the grains in the
disk. A number of single-dish surveys with single-element (or
small arrays of ) bolometers have been conducted in the Taurus-
Auriga star-forming region to address these issues, most of which
were carried out at 1.3 mm (Weintraub et al. 1989b; Beckwith
et al. 1990; Adams et al. 1990; Beckwith & Sargent 1991;
Mannings & Emerson 1994; Osterloh & Beckwith 1995; Motte
& André 2001). Current instrumentation provides the opportu-
nity for significantly more sensitive observations of disks in the
submillimeter.

High-resolution observations with (sub)millimeter interfer-
ometers have confirmed that circumstellar dust disks are geo-
metrically thin with radii on the order of 100 AU (e.g., Dutrey
et al. 1996; Kitamura et al. 2002). Detailed studies of individ-
ual disks reveal molecular gas in Keplerian rotation around the
central star (e.g., Weintraub et al. 1989a; Koerner et al. 1993a,
1993b; Dutrey et al. 1994; Koerner & Sargent 1995; Mannings
& Sargent 1997; Duvert et al. 1998; Guilloteau & Dutrey 1998;
Simon et al. 2000; Corder et al. 2005). While molecular gas is
the primary reservoir of mass in a disk, it is difficult to directly
determine Md from the high-resolution spectral line data because
the brightest, easily detectable lines (i.e., the rotational transitions
of CO) are optically thick (Beckwith & Sargent 1993; Dutrey
et al. 1996) and likely to be severely depleted (Dutrey et al. 1994,
2003). Interpretation of these lines and those from trace molecular
species requires sophisticated models of the disk structure (e.g.,
Dartois et al. 2003; Kamp & Dullemond 2004) and chemistry
(e.g., van Zadelhoff et al. 2001, 2003; Aikawa et al. 2002; Qi et al.
2003). Despite the tremendous amount of information provided
by these observations, our knowledge is still limited to a relatively
few disks on account of the large amount of time that must be
invested in an interferometric observation.

Multiwavelength submillimeter data could prove useful in
placing observational constraints on the dominant mechanism
of planet formation. By comparing with infrared SEDs and diag-
nostics of accretion, we can investigate the dissipation of disks
as a function of radius and see if there is consistency with the
timescales expected from the collisional growth of planetesimals.

The functional form of the opacity may provide information on
the mean grain size distribution in the disk and therefore evi-
dence for the growth of grains demanded by the standard
models of planet formation (e.g., Beckwith et al. 2000).

In this paper we present a large catalog of such data for most
of the known YSOs in the Taurus-Auriga star-forming region.
The survey is uniform and sensitive and provides the most
multiwavelength measurements of the submillimeter continuum
spectra of YSOs to date. In x 2 we discuss the observations and
data reduction procedures. In x 3 we present a simple diskmodel
and use it to derive circumstellar disk masses, place some new
observational constraints on the submillimeter opacity proper-
ties of disks, and examine relationships between the disk prop-
erties and those of the central stars. The results are discussed in
x 4, and our conclusions are summarized in x 5. We include in
Appendices A and B a more in-depth discussion of the disk
models we employ and comments on some particularly inter-
esting sources.

2. OBSERVATIONS AND DATA REDUCTION

Simultaneous 450 and 850 $m continuum photometry obser-
vations of 90 YSOs in the Taurus-Auriga star-forming region
were obtained with the Submillimeter Common-User Bolometer
Array (SCUBA; Holland et al. 1999) at the 15 m James Clerk
Maxwell Telescope (JCMT) between 2004 February and 2005
January. Accurate reference coordinates (to &100) for each object
were obtained from the Two Micron All Sky Survey (2MASS)
Point Source Catalog. The effective FWHM beam diameters for
SCUBA photometry are 900 and 1500 at 450 (keA ¼ 443 $m) and
850 $m (keA ¼ 863 $m), respectively. The precipitable water
vapor (PWV) levels in these observations were 1.6 mm in the
mean, corresponding to zenith opacities of 0.32 at 850 $m and
1.73 at 450 $m. More than 50% of the observations were con-
ducted in very dry conditions (PWV' 1:5 mm). The data were
acquired in sets of 18 s integrations in a small nine-point jig-
gle pattern with the secondary mirror chopping (typically) 6000

in azimuth at 7.8 Hz. Each set consisted of between 15 and 40
integrations, and each source was usually observed for two
sets. Frequent skydip observations were used to determine atmo-
spheric extinction as a function of elevation and time. Pointing
updates on nearby bright standard sources were conducted be-
tween sets of integrations: the rms pointing offsets were '200.
Mars and Uranus were used as primary flux calibrators, ob-
served at least once per night when available. The secondary
calibrators HLTau, CRL 618, and CRL 2688 were also observed
approximately once every 60–90 minutes.

The demodulated SCUBA data were flat-fielded, despiked, and
corrected for extinction and residual sky emission using standard
tasks in the SURF software package (Jenness & Lightfoot 1998;
Jenness et al. 1998). The ‘‘unused’’ bolometers in the SCUBA
arrays provide a distinct advantage in sky subtraction over the
standard simple demodulation utilized for single-element (or small
array) detectors. With SCUBA, this technique has resulted in a
factor of&3 increase in the signal-to-noise ratio (Holland et al.
1999) and should give more robust flux measurements. The mean
and standard deviation voltages were used to determine the flux
density and rms noise level for each source, after appropriate
scaling based on the gain values derived from observations of
the calibrators. Repeated observations of the flux calibrators in
a given night of observing indicate a systematic uncertainty in
these gain factors of &10% at 850 $m and &25% at 450 $m.
These systematic errors dominate the uncertainties for brighter
sources. Observations of an additional 44 sources were obtained
from the SCUBA online archive and reduced in the samemanner,
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For Embedded Disks, Envelope Matters
I. Why Radiative Transfer Modeling?



Radiative Transfer Forward Modeling
I. Why Radiative Transfer Modeling?
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Modeling Embedded Disks in Orion
II. Disk Demographics: The Environment of Planet Formation

● PI of 5,000,000 core-hour allocation to model 100 single protostars 
in the VANDAM: Orion survey with NSF XSEDE supercomputers 

● Largest full radiative transfer modeling sample, to-date
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The Initial Mass Budget for Planet Formation
II. Disk Demographics: The Environment of Planet Formation

Not obvious that 
embedded disks are 
more massive than 

protoplanetary disks

Sheehan et al, in prep.

52 Tobin et al.

Figure 15. Cumulative distributions of dust disk masses within the Orion sample relative to Class II disk
surveys. The top panels use the dust opacity and temperature scaling with luminosity defined in Section
2.4, while the bottom panels use the same dust opacity law as the Class II disk samples and a temperature
of 20 K. The left panels show the full sample, while the right panels only show the non-multiple sample.
The protostellar sources in Orion all have significantly higher dust disk masses than the more-evolved Class
II disks from multiple star-forming regions. This suggests that the protostellar disks may be where planet
formation begins, given the significantly larger reservoir of dusty material.

Tobin, Sheehan et al., 2020
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Why the difference in disk masses?
II. Disk Demographics: The Environment of Planet Formation
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Why the difference in disk masses?
II. Disk Demographics: The Environment of Planet Formation
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How large are protostellar disks?
II. Disk Demographics: The Environment of Planet Formation
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A Diversity of Substructures
III. Substructures: Witnessing Planet Formation in Embedded Disks?
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Lee et al.  2019

A. de Valon et al.: ALMA observations of DG Tau B disk and CO outflow

Table 1. Best fit parameters to the disk continuum emission profile

Main profile Inner ring Outer ring
A rt � � B1 R1 �1 B2 R2 �2

(mJy/beam) (AU) (mJy/beam) (AU) (AU) (mJy/beam) (AU) (AU)
30 ± 1 18 ± 1 0.07 ± 0.02 0.7 ± 0.2 1.5 ± 0.1 62.3 ± 0.5 4.7 ± 0.5 0.4 ± 0.02 135 ± 1 22 ± 1

Fig. 1. (a) Continuum map at 232 GHz in logarithmic scale. White dotted contours show the 5, 10, 30, and 200 � levels (�=50 µJy/beam). The
white dashed line shows the disk major axis at PA=25.7�. (b) Continuum intensity profiles: Cut along PA=25.7� (in black) and deprojected and
azimuthally averaged (in red). The tapered power law central component and the two Gaussian components, derived from the fitting and before
beam convolution, are shown in blue dashed and dotted lines, respectively. Bottom panel shows the fit residuals and ±5� limit (dotted lines). (c)
Position-velocity diagram in 13CO along PA= 25.7� in a pseudo-slit of 400 width. The 3� contour is shown in black. The curves show maximum
expected line-of-sight velocities Vmax for three di↵erent models: a thin disk in Keplerian rotation around M? = 1.1M� at an inclination of i = 63�
(red dashed line), pure rotation with constant angular momentum Vmax / 1/r (blue dotted line), and a rotating and infalling bipolar shell (see Sect.
3.2.2) with Rd=300 au, ✓0 = 70� at an inclination of i = 63� (green solid line).

emission. The transition in morphology between low and mid-
high velocities can also be observed on the transverse PV dia-
grams in Fig. 3 where the slope of the velocity gradient steepens
at around V � Vsys ' 2 � 2.5 km s�1. Although it is not clear
whether these two kinematical components trace two physically
distinct mechanisms, we discuss their specific properties sepa-
rately below.

3.2.1. Inner rotating conical flow at (V � Vsys) > 2 km s
�1

The channel maps presented in Fig. 3 illustrate the coni-
cal morphology of the emission at �z  10” and at (V �
Vsys)= 2 and 5 km s�1 and they show a decreasing opening angle
with an increasing line-of-sight velocity. The outer cone is de-
fined from the channel map at 2.15 km s�1, which corresponds to
the lowest velocity channel where the conical component dom-
inates the emission until �z ⇡ 10”. The derived outer semi-
opening angle of '18� strikingly coincides with the opening of
the near-infrared (NIR) scattered light cavity observed by Pad-
gett et al. (1999). Figure 3 shows that the cone opening angle de-
creases to 12� at (V�Vsys) = 5.0 km s�1, and Fig. B.3 shows that
it stays constant at higher velocities. This strong velocity strat-
ification and hollow cone geometry is confirmed by the shape
of the transverse PV diagrams, which were constructed by posi-
tioning a pseudo-slit perpendicular to the flow axis (right panels
of Fig. 3). The outer contours of the PV diagrams decrease in
radii with increasing projected velocities, and then they become
almost vertical at the highest velocities (V � Vsys) � 5 km s�1,
defining a limiting inner cone. Because the velocity gradient in
the conical component is limited to a rather thin shell and narrow
range of angles, this suggests a "shear-like" velocity structure
within the cone walls with faster material on the internal side.

By extrapolating the conical morphology fit by the naked eye
to the channel maps of Fig. 3 at �z < 10”, we derived upper
limits to the anchoring radii in the range of 10 to 60 au for the
inner and outer cone, respectively. No important dynamical or
structural changes are observed along the outflow cone over its
extent, except for a small increase in the opening angle at �z >
10”, suggesting a quasi steady-state flow.

The PV cuts also reveal a systematic velocity di↵erence be-
tween symmetric positions at ±r from the flow axis, especially
at low heights above the disk (see white circles in Fig. 3). As-
suming axi-symmetry, this di↵erence can only be due to rota-
tion. We thus confirm the finding of Zapata et al. (2015) that
the conical redshifted outflow component rotates coherently with
altitude and in the same direction as the disk. We observe a
velocity shift �V= 1.0 km s�1 at z = 2.500 at a radius of
r=0.8500(=120 au), indicating a typical specific angular momen-
tum of ' 65 au km s�1 for VZ ⇡ 9 km s�1. A similar value is
found at other positions along the cone (Fig. 3).

Assuming a steady flow, the mass flux along the conical
structure is estimated from (V � Vsys) = 2.15 to 8 km s�1 at
Ṁ = 1.7� 2.9⇥ 10�7

M� yr
�1 depending on the opacity hypoth-

esis (see Appendix C for more details). The derived mass flux is
35±10 times larger than the mass flux of the receding atomic jet
of 6.4⇥10�9 M� yr�1 estimated by Podio et al. (2011), making it
of the same order as the mass accretion rate onto the star if a stan-
dard ejection/accretion ratio of 0.01–0.1 (Hartigan et al. 1994) is
adopted for the atomic jet. On the other hand, the linear momen-
tum flux for the inner CO conical outflow is on the same order
of magnitude as that of the jet (two to four times higher depend-
ing on the opacity hypothesis). Similar results were found in the
smaller conical outflow of HH30 (Louvet et al. 2018) and in the
inner molecular outflow shells of the Class 0/I source HH46-47
(Zhang et al. 2019)
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Figure 1. (a,b,c) Intensity maps for the observed data at ALMA Band 7, and JVLA Q- and K-bands, respectively. The color map represents
the brightness temperature. The horizontal and vertical axes indicate west-east and south-north directions. The white ellipses at the bottom left
indicate the beam sizes (✓maj ⇥ ✓min; P.A.): 0.00072⇥0.00067;-11�(Band 7), 0.00087⇥0.00068;76�(Q band), and 0.00095⇥0.00075;-82�(K band). The
RMS noise level is 0.3K, 11K, and 21K for Band 7, Q band, and K band, respectively. In the ALMA Band 7 image, the green contours show
the brightness temperature; the first contour starts at 10�, and the interval is 23�. The clump locations are marked with the crosses. For the
JVLA images, the green contours show the brightness temperature observed at Q band; the first contour is at 3.5� (⇠ 40K), and the interval is
3.0�. (d) the bottom right panel shows the Q band image where free-free contamination is subtracted. The beam size is 0.00096⇥0.00076;-82�.
The solid blue contours in the subtracted map are plotted in the same manner as (b) and (c), but with 1.5� intervals and the RMS noise level in
the smoothed Q band data, �0 ⇠ 7K. The estimated free-free emission for Q band is indicated by the green dashed contours at 2, 3, 4, 5�0. The
blue dashed line indicates the midplane, which we define the north-south line passing through the peak position of clump-N in the subtracted
image.

The total flux density of the model is ⇠ 3–5mJybeam-1.
We have found that while the synthetic observations with
the VLA B-configuration resolve a smooth disk, those with
the A-configuration yield an apparent clumpy structure ex-
tending in the north-south direction. However, typically 50–
70% of the flux has been lost in the A-configuration obser-
vations, while the flux density is sufficiently recovered in the
B-configuration observations even with an hour integration
time. (We show an example of our synthetic observations for
a smooth disk in Figure 8.) Apparently, simultaneously re-

producing major features of the detected clumps in our actual
observations with both of A- and B-configurations (Figure 5)
is likely difficult with a single smooth disk model, unless we
may fine-tune parameters of the model and/or synthetic ob-
servations. We have not found any of such fine-tuned param-
eters in our observations. A smooth disk model would not
be capable of reproducing all of the observed features simul-
taneously. It appears that a smooth disk requires a series of
coincidences to be observed as clumpy structure found in our
Q-band data.

Nakatani et al. 2020
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The observed 1.3 mm continuum is well fitted by two
Gaussian components—a central compact component and a
broad component—with residuals at most 5.5� but mostly
less than 3�, as was also highlighted by Yen et al. (2014).
The fitting was performed with the MIRIAD fitting task im-
fit. The deconvolved size of the central compact component
is 0 .00097⇥ 0 .00037 (⇠14 au⇥5 au), and the position angle is
49�. The total flux density of the central compact component
is 5.9± 0.32 mJy, which is slightly less than the 7.6± 0.5
mJy measured by Yen et al. (2014). On the other hand, the
total flux density of the broad component is ⇠53±4.5 mJy,
which is larger than the 42±3.7 mJy measured by Yen et al.
(2014). This would be because the central compact compo-
nent was spatially unresolved in the previous observations.
The total flux density derived from the two Gaussian com-
ponents is 59 ± 4.5 mJy, which is ⇠ 10 mJy larger than the
value measured in Yen et al. (2014). This increase of the
total flux density is greater than the uncertainty of the flux
calibration of ⇠10%, and likely due to the self-calibration as
mentioned in Section 2. The deconvolved size of the broad
Gaussian component is 4 .001⇥ 1 .002 (corresponding to ⇠570
au⇥170 au), and the position angle is 69�, which are both
consistent with previous observations (Yen et al. 2014). As-
suming that the 1.3 mm continuum emission arises from a
geometrically thin disk, we estimate the inclination angle i of
the disk to be ⇠73�from the lengths of the major and minor
axes of the broad Gaussian component (i = 90� corresponds
to the edge-on configuration).

The disk gas mass is estimated from the total continuum
flux density with the following equation:

Mdisk =
F⌫d2

⌫B⌫(Tdisk)
, (1)

where F⌫ is the total flux density of the continuum emis-
sion, d is the distance to the object, ⌫ is the dust mass
opacity at frequency ⌫, B⌫ is the Plank function, and Tdisk
is the mean disk temperature. We assumed the distance to
be 140 pc, and the dust temperature to be 25 K, which is
the minimum disk temperature within a radius of 500 au in
a disk model in Yen et al. (2014). This dust temperature
is consistent with the temperature suggested from our cal-
culations of a disk model with RADMC-3D, and that sug-
gested in a previous work (Brinch et al. 2007, see Section
5.2 for more information). The dust mass opacity is as-
sumed to follow ⌫ = 0.1(⌫/1THz)� with � = 1, resulting in
⌫ = 0.023 g cm-2 at 234 GHz (Beckwith et al. 1990; Jør-
gensen et al. 2007). The total disk gas mass is thus esti-
mated to be 7.1⇥10-3 M� with F⌫ = 59 mJy. When using the
dust opacity ⇠0.90 g cm-2 derived by Ossenkopf & Henning
(1994), a total disk gas mass of 1.8⇥ 10-2 M� is obtained.

3.2. C18O J =2–1

Figure 2. Total intensity map (contours) and mean velocity
map (color) of the C18O J =2–1 emission of L1489 IRS. Con-
tour levels are -3, 3, 6, 9, 12 ⇥�, where 1� corresponds to
8.2 mJy beam-1 km s-1. Negative contours are shown with dashed
lines. The cross shows the position of the central protostar (i.e., 1.3
mm continuum emission peak). The blue and red arrows denote the
direction of the blueshifted and redshifted components of the out-
flow, respectively, with a position angle of 165� (Hogerheijde et al.
1998). The black-filled ellipse in the bottom-left corner indicates
the synthesized beam size: 0 .0033⇥ 0 .0024, P.A.= 30�. Dashed lines
show the direction of elongation at a small scale of r ⇠ 140 au and
a large scale of r ⇠ 600 au.

Figure 2 shows the total intensity map (i.e., moment 0
map) integrated over the velocity from 2.37 km s-1 to 12.23
km s-1 and the mean velocity map (i.e., moment 1 map) of
the C18O J =2–1 line emission of L1489 IRS. The moment
0 and 1 maps of the 13CO line are shown in Figure 17 (see
Appendix C). The overall structure of the C18O total inten-
sity map is flattened and elongated from NE to SW, similar to
that of the continuum emission. Its elongation is almost per-
pendicular to the molecular outflow direction (Tamura et al.
1991; Hogerheijde et al. 1998; Yen et al. 2014). The over-
all velocity structure is described as blueshifted velocities on
the NE side of the central protostar and redshifted veloci-
ties on the other side with respect to the systemic velocity of
7.3 km s-1 of the L1489 IRS system. This velocity gradient
from NE to SW in the direction of the elongation is inter-
preted as rotation around the protostar. The emission tail to
the southwest is much longer than its northeastern counter-
part, showing a non-axisymmetric morphology with respect
to the central protostellar position. The elongation is ⇠1100
au across and broader than that of the 1.3 mm continuum.
The total intensity map shows a double peak centered around
the protostellar position, which was not spatially resolved in

Sai et al. 2020
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Figure 1. a. ALMA continuum emission revealing the clear disk ring structure. Dust continuum contours are 15, 30, 60, 100,
120, 180 times �, the rms noise of the continuum. Note: the “tilted” asymmetry of the inner disk is likely due to the elongated
beam. b. ALMA 12CO J = 2 � 1 and c. C18O J = 2 � 1 disk emission. d. Large scale filamentary emission surrounding
the [BHB2007] 1 disk. Red-shifted and blue-shifted emission is velocity-integrated between 4.5 � 7.0 and �0.4 � 2.7 km s�1,
respectively. Increased noise at the edge of the primary beam is more visible at the bottom-left hand corner, but the filaments
in the image center and top are clear.

Molecular emission reveals large scale (⇠ 4000 au) and
narrow (⇠ 80�300 au) bipolar filaments connecting the
ambient gas and the source (Fig. 1d). These structures
are distributed in a north-south orientation, similar to
the major axis of the disk. The northern (red-shifted)
and southern (blue-shifted) filaments exhibit a velocity
shift of ⇠ ±2 � 3 km s�1 with respect to the source
ambient velocity.
No clear velocity gradients are seen along the fil-

aments, whose entire structures are visible over a ⇠
1 km s�1 velocity range in each lobe. This low velocity
width implies we are likely seeing the filament along the
plane of the sky. Interestingly, the pair of filamentary
structures have global red and blue shifts. The northern
filament is red shifted as the disk is with a similar veloc-
ity. The same is true for the southern filament, which

is largely blue shifted, consistent with the disk rotation
on the southern side of the disk.
If these features are indeed filaments, they appear

to be orbiting the system like large propellers or gas
streamers accreting into the disk (§5.1). Alternatively,
we could be seeing a limb-brightened large (> 1000 au)
scale outer disk or flattened envelope, where the central
channels are too optically thin to observe in emission.
Additional observations of higher critical density tracers
with deeper observations would be needed to disentan-
gle a filament or remnant flattened envelope. What we
can say with certainty is that we see large scale emission
associated with the disk based on its velocities that is
moving too slowly to be an outflow, and is oriented par-
allel to the disk plane rather than along a conventional
outflow axis.

Alves et al. 2020
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