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ABSTRACT

The chemical composition of planets is determined by the distribution of the various molecular species in the protoplanetary disk at
the time of their formation. To date, only a handful of disks have been imaged in multiple spectral lines with high spatial resolution.
As part of a small campaign devoted to the chemical characterization of disk-outflow sources in Taurus, we report on new ALMA
Band 6 (~1.3 mm) observations with ~0.15” (20 au) resolution toward the embedded young star DG Tau B. Images of the continuum
emission reveals a dust disk with rings and, putatively, a leading spiral arm. The disk, as well as the prominent outflow cavities, are
detected in CO, H,CO, CS, and CN; instead, they remain undetected in SO,, HDO, and CH;OH. From the absorption of the back-side
outflow, we inferred that the disk emission is optically thick in the inner 50 au. This morphology explains why no line emission is
detected from this inner region and poses some limitations toward the calculation of the dust mass and the characterization of the inner
gaseous disk. The H,CO and CS emission from the inner 200 au is mostly from the disk, and their morphology is very similar. The
CN emission significantly differs from the other two molecules as it is observed only beyond 150 au. This ring-like morphology is
consistent with previous observations and the predictions of thermochemical disk models. Finally, we constrained the disk-integrated
column density of all molecules. In particular, we found that the CH;OH/H,CO ratio must be smaller than ~2, making the methanol

non-detection still consistent with the only such ratio available from the literature (1.27 in TW Hya).

Key words. astrochemistry — stars: pre-main sequence — protoplanetary disks — ISM: individual object: DG Tau B —

1. Introduction

Planets form in protoplanetary disks through the assembly of
dust and gas. The chemical composition of planets depends on
the location and timescale for their formation and is intimately
connected to the spatial distribution and abundance of the vari-
ous molecular species in the disk. Over the last decade a number
of chemical surveys have been carried out with either single-dish
telescopes (e.g., Guilloteau et al. 2012, 2013) or low-resolution
interferometers (e.g., Oberg et al. 2010, 2011). The Atacama
Large Millimeter Array (ALMA) has allowed the characteriza-
tion of gaseous species with high spatial and spectral resolution.
Much of the focus has thus far been put on the imaging of CO
and its isotopologs (e.g., Ansdell et al. 2016; Long et al. 2017),
although some recent surveys also helped characterize S-bearing
and N-bearing molecules (e.g., Le Gal et al. 2019; Bergner et al.
2019).

On the other hand, the observations of complex organic
molecules (containing more than six atoms) in protoplanetary
disks are still in their early days. The characterization of these
molecules is fundamental for the understanding of how genetic
and metabolic molecules are formed and/or delivered to poten-
tially habitable planets. To date, only simple organic molecules

such as formaldehyde (H,CO), methanol (CH3;OH), methyl
cyanide (CH3;CN), and formic acid (HCOOH) have been ob-
served in protoplanetary disks and the number of such detec-
tions is very limited (Oberg et al. 2015b; Favre et al. 2018). In
particular, H,CO has been mapped in only a handful of disks
(e.g., van der Marel et al. 2014; Loomis et al. 2015; Oberg et al.
2017; Carney et al. 2017; Podio et al. 2019), while the only de-
tection of CH3OH was obtained for the nearby disk of TW Hya
(Walsh et al. 2016). A very important open question is whether
H,CO forms in the gas phase or through hydrogenation of icy
molecules of CO on dust grains (see, e.g., Walsh et al. 2014). On
the other hand, methanol can only form on grains.

The morphological characterization of dust grains in pro-
toplanetary disks is much more advanced than that of molec-
ular species. In fact, high-resolution images at either near-IR
or (sub)millimeter wavelengths are currently available for more
than a hundred sources (e.g., Garufi et al. 2017; Avenhaus et al.
2018; Andrews et al. 2018; Long et al. 2018). The vast major-
ity of these objects are Class II sources (following Lada 1987),
namely stars older than ~1 Myr that are visible at optical wave-
lengths and show a spectral energy distribution (SED) composed
of a stellar blackbody plus a substantial IR excess from the sur-
rounding disk. This census clearly reveals the systematic detec-
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Table 1. Properties of the observed lines. Columns are: molecular species, transition, frequency at rest frame (°=blended line), upper-level energy,
line strength, beam size, channel r.m.s., flux integrated over the main region (see text), column density. Errors on the flux have 1o confidence.
Parentheses denote a flux above 1o but below 30 confidence. The limits on the column density are derived assuming Te, between 30 and 300 K.

Molecule Transition Viest E, S; jyz Beam r.m.s. Fint Nx
(GHz) K) (D?» (@) (mJy/beam) (mlJy km/s) (10" cm™?)
2co 2-1 230.538000 17 0.02 0.14x0.11 1.2 - -
0-H,CO 312 - 21 225.697775 33 43.5 0.17x0.14 1.4 622 + 32 0.27 —2.98
CS 5-4 244.935556 35 19.1 0.16x0.13 0.6 920 + 14 0.20 - 0.70
2-1,J=2 -1 F=3 -3 226665956 16 42
71 J=§—§,F=§—§ 226.663692" 16 12 0.17x0.14 0.8 295+ 18 0.17 - 1.06
CN g g=3 -3 p=I- ;2268171 16 638
2—1 J:g - 3 Fzg —2 226874190® 16 42 0.17x0.14 1.3 754 + 29 0.18 = 1.10
2-1 J:% - §F=§ —% 226.875896" 16 2.6
S50, 450 —313 229.857618 19 4.6 0.17x0.14 0.8 <18
1157 — 1243 229.347630 122 3.1 0.17x0.14 0.9 (24 = 20) <1.60-4.48
SO, 542 — 0633 243.087647 53 0.7 0.16x0.13 0.8 22 +19) <1.75-11.75
S5:4—413 241.615796 24 5.7 0.16x0.13 09 42 +£21) <0.16 — 2.58
HDO 312 =221 225.896720 168 0.7 0.17x0.14 0.8 <18 <0.09 -0.70
211 —212 241.561550 95 04  0.16x0.13 0.9 <21 <0.24 -0.63
CH-OH 300—4_ 14 230.027060 40 0.7 0.17x0.14 09 <20
3 505 — 404 241791431 35 4.0 0.16x0.13 0.9 (26 +21) <0.55-10.86

tion of morphological substructures ascribed to the dynamical
interaction potentially driven by embedded (unseen) planets. It
is still debated whether protoplanetary disks at this stage are ac-
tually in the process of forming planets or only host planets that
have already undergone most of their accretion (see, e.g., Manara
et al. 2018). An efficient way to tackle this problem is imaging
the less well studied Class I objects, namely protostars younger
than 1 Myr that are deeply embedded in their natal envelope and
that show a flatter SED between near- and far-IR wavelengths.
The few ALMA observations of such objects (e.g., ALMA Part-
nership et al. 2015; Sheehan & Eisner 2017b) reveal that disk
substructures are already present in the disk suggesting an early
onset of planet formation.

The observation of Class I disks at millimeter wavelengths
is challenged by the contaminating emission from the residual
envelope and by the prominent outflows that are often present
around this type of star. Nonetheless, these early structures also
carry fundamental information on the accretion and ejection pro-
cesses of material between the disk and the environment. The
small ALMA chemical survey of disk-outflow sources in Tau-
rus (ALMA-DOT), based on Cycle 4 to 7 ALMA programs, is
targeting these sources. In a pilot work, Podio et al. (2019) re-
ported on observations of the prototypical outflow-source DG
Tau showing that the high angular resolution and sensitivity of
ALMA can effectively help us characterize the disk chemical
composition by separating the disk emission from the outflow
and envelope contamination. In this paper, we report on ALMA
Cycle 4 observations of the continuum, CO, H,CO, CS, and CN
emission toward a prototypical Class I source (e.g., Watson et al.
2004), the low-mass star DG Tau B.

In the visible, the 1.1 Mg star DG Tau B (de Valon et al.
2020) is severely obscured by its 0.07 M circumstellar disks
(Guilloteau et al. 2011), as is clear from the Hubble Space Tele-
scope (HST) images by Stapelfeldt et al. (1997) and Padgett et al.
(1999). The evident dark lane visible in these images is sugges-
tive of a strongly inclined disk. However, the millimeter observa-
tions by Guilloteau et al. (2011) constrained the disk inclination
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to only ~ 65°, implying that the disk opening angle for small
particles in the outer regions is larger than 90° — 65° = 25°.
In several Class II sources with more inclined disks, the star is
not obscured by the disk (see, e.g., Pohl et al. 2017; Langlois
et al. 2018; Avenhaus et al. 2018). This implies that the early-
type SED of DG Tau B is due to its young evolutionary stage
and not by a coincidental alignment of disk and line of sight.
More importantly, the source is known to host a bright atomic jet
(Mundt et al. 1987; Podio et al. 2011) and a prominent molecular
outflow (Mitchell et al. 1994; Zapata et al. 2015; de Valon et al.
2020), which are indicative of a young star. CO, CN, H,CO, and
SO have been detected around DG Tau B by Guilloteau et al.
(2013), while CN and CO imaged with moderate angular reso-
lution (0.5”—-1.0") by Guilloteau et al. (2014) and Zapata et al.
(2015), and CO recently imaged with high angular resolution
(0.15”) by de Valon et al. (2020).

The paper is organized as follows. In Sect.2, we describe
the observing setup and the data reduction, in Sect. 3 we present
the results of the analysis, and in Sects. 4 and 5 we discuss our
findings and present our conclusions.

2. Observations and data reduction

ALMA observations of DG Tau B were performed during
Cycle 4 in August 2017 in an extended configuration with
baselines ranging from 17 m to 3.7 km. The total integration
time amounted to ~88 minutes. The bandpass was calibrated
with the quasar J0510+1800, and phase calibration was per-
formed every ~8 minutes using the quasar J0438+3004. The
correlator setup included 12 high-resolution (0.122 MHz) spec-
tral windows (SPWs) covering 12 molecular transitions of six
molecules: 12CO, H,CO, CN, HDO, CH;0H, and SO,, plus one
1.875 GHz broad SPW for continuum emission (and including a
strong CS spectral line).

Data reduction was carried out following standard proce-
dures using the ALMA pipeline in CASA 4.7.2. Self-calibration
was performed on the DG Tau B continuum emission, by com-
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Fig. 1. Continuum emission toward DG Tau B at 235 GHz (1.27 mm). Left panel: Original image in logarithmic color stretch. Middle panel: Same
image after applying unsharp masking, i.e., the subtraction from the original image of the same image smoothed by 0.1”. Right panel: Labeled
version of the same image. The isophote curves at 30, 250, and 1000 (with o = 0.034 mJy beam™!) are shown together with the location of the
broad ring (brown) and a putative spiral arm (gray) inferred from the unsharp masked image.

bining a selection of line-free channels, and applying the phase-
solutions to the continuum-subtracted line SPWs. Two rounds of
self-calibration were attempted with solution intervals of 180 s
and 60 s. These operations improved the S/N of the continuum
image from 360 to 1400 and that of the channel maps by a rep-
resentative 10%. For a consistent astrometry among the SPWs,
the same self-calibration table was applied to all the SPWs. Con-
tinuum images and spectral cubes were produced using TCLEAN
interactively, applying a manually selected mask, and halting the
procedure when the visual inspection of the residuals revealed no
more source emission. When imaging the spectral line cubes we
used Briggs weighting of 2.0 to give more weight to the short
baselines and set a channel width of 0.648 km s! to improve
the S/N in a single channel. The r.m.s. was determined from a
large area in map, in the spectral channels without detectable line
emission. The beam size and r.m.s. of the resulting line cubes are
listed in Table 1. The maximum recoverable scale is ~1.3"”. The
integrated intensity (moment 0) maps and intensity weighted av-
erage velocity (moment 1) maps of all lines have been obtained
from channels with V = 3.4-9.4 km s~!, except CO from chan-
nels with V. = 2.8 - 58 kms™' and V = 7.0 - 124 km s7! to
avoid signal-free channels (see Sect.3.2). Moment 1 maps are
obtained by clipping fluxes below 30

3. Results
3.1. Dust emission

The continuum emission of DG Tau B at 235 GHz (1.27 mm) is
shown in Fig. 1. The inclined disk is clearly detected around co-
ordinates R.A.=04:27:02.574 and Dec=26°05'30".22. A Gaus-
sian fit to this signal yields a position angle P.A.=23.7° east
of north and inclination i = 62.3°. Continuum emission is de-
tectable above 30 confidence out to ~ 1.8"”. The separation en-
compassing 90% of the total flux is 1.06”. This distance corre-
sponds to the 250 isophote of Fig. 1 and, assuming a distance of
140 pc (see Appendix A), translates into a physical scale of 150
au.

The continuum emission of DG Tau B reveals the presence
of substructures. These are visible from the unsharp masked im-
age in Fig. 1. Unsharp masking is a technique that artificially in-
creases the contrast of an image by means of a negative blurred
version of the same image (see, e.g., Garufi et al. 2016; Pérez

et al. 2016). Although no quantitative analysis is recommendable
from the resulting image, this procedure clearly reveals the exis-
tence of shallow rings and gaps in the dust distribution. These ra-
dial variations are also visible in the radial profile of the original
image (see Sect. 3.4) where they can be quantified as deviations
of 20-30% in flux with respect to a constantly declining pro-
file. In addition to the rings, a spiral-like structure is marginally
visible to the east in both the original and the unsharp masked
images.

3.2. Gas emission

Extended emission is revealed from the maps of four of the seven
surveyed molecules: CO, CS, CN, and H,CO. Their integrated
intensity maps (moment 0) and intensity-weighted velocity maps
(moment 1) are shown in Fig. 2, while a summary of their proper-
ties can be found in Table 1. It should be noted that the CN 2—1
transition has a hyperfine structure with 19 components rang-
ing from 226.287 GHz to 227.191 GHz (see Guilloteau et al.
2013). The spectral windows of this dataset are centered around
two of the brightest hyperfine components (at 226.665 GHz and
226.874 GHz). Both lines are blended with other lines (see Table
1). In this work, we focus on the latter line since its emission is
brighter but similarly distributed to that of the former line.

As is clear from Fig. 2, the line emission originates from two
distinct physical regions: the outflow cavities (Sect.3.2.1) and
the circumstellar disk (Sect. 3.2.2). The velocities of the detected
emission span from ~3 km s~! to ~12 km s~'. However, no CO
emission is detected between 5.8 km s~! and 7.0 km s~!. This
velocity interval is centered around the systemic velocity of DG
Tau B (~6.4 km s~!, Guilloteau et al. 2013) indicating that the
absence of signal is due to the absorption from the large-scale
cloud around the source. The cloud would be, in turn, invisible
from our data because of spatial filtering (as in Mitchell et al.
1997). On the other hand, the CS, CN, and H,CO lines are de-
tected at the systemic velocity.

3.2.1. Molecular outflow

The most prominent contribution to the CO emission derives
from the two outflow cavities (Fig.2a and 2e). The redshifted
cone, to the NW, is much more extended and collimated than
the blueshifted cone, to the SE. The former is detected from
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Fig. 2. Line maps from DG Tau B. (a): CO moment 0. Dashed contours in the inset image define the scattered light from HST (Padgett et al.
1999). (b): H;CO moment 0. (¢): CS moment 0. (d): CN at 226.87 GHz moment 0. (¢): CO moment 1. (f): HCO moment 1. (g): CS moment 1.
(h): CN at 226.87 GHz moment 1. Fluxes at 30~ confidence are indicated by the gray notch on the color bars. All moment 1 maps are obtained by
clipping fluxes below 30~ and are shown with the same spatial scale. Contours on these maps are the 10007, 2507, and 30 of the continuum map
(Fig. 1). The stellar position is indicated by the central orange dot (offset from the center in panel a). The beam size of all images is shown to the

bottom left of (a). North is up, east is left.

V =7.5kms™! to 15.5 km s~!. The southern and northern edges
of the cone have slightly different velocities, revealing that the
outflow rotates in a direction consistent with the disk rotation
(see Sect. 3.2.2). In the inner 3", the southern edge shows an av-
erage velocity of 9 km s~!, while the northern edge of nearly 10
km s~!. The outflow width also varies with the velocity probed,
spanning from 45° at 8 km s~! to 30° at 13 km s~'. The maps of
H,CO, CS, and CN lines (Figs. 2b, 2c, and 2d) do not show any
obvious counterpart to the redshifted outflow. However, a closer
look to the individual frequency maps reveals marginal CS and
CN flux at V = 7.5 — 8.5 km s~! that is co-located with the
CO emission (see channel maps of Fig. B.2). At higher veloci-
ties where CO becomes brighter, this CS and CN contribution is
no longer visible.

The morphology of the blueshifted outflow is far more com-
plicated. This structure is bright in CO and, unlike the redshifted
outflow, in CS (see Fig. 2¢). Focussing on the CS only (given the
above-mentioned absorption of CO at the systemic velocity), the
southern and eastern walls of this outflow cavity peak at veloci-
ties of 5.8 km s~! and 7.0 km s, respectively (see again chan-
nel maps of Fig. B.1 and B.2). Thus, our observations resolve a
rotation for the blueshifted outflow of AV =~ 1.2 km s~!, simi-
lar to the redshifted outflow. These southern and eastern outflow
walls are also visible in the CN, while only the eastern wall is
marginally visible in the H,CO. The CS map also shows a more
diffuse filament to the NE that is nearly parallel to the eastern
wall. However, this filament peaks at slightly bluer frequencies
being maximized at the systemic velocity (and being then invisi-
ble in the CO). This feature is also relatively bright in the H,CO.

Finally, our CO maps also reveal a straight, blueshifted arm
to the east of the star and running along the E-W direction (see
Fig. 2e and the third channel of Fig. B.1). This filament is clearly
misaligned from the outflow walls and has a higher velocity with
respect to the systemic velocity (-2 km s™!). It could therefore
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represent an inflow signature. Interestingly, this structure has no
counterpart in any of the other surveyed lines.

3.2.2. Circumstellar disk

The gaseous circumstellar disk is bright in CO, H,CO, CS, and
CN emission in the inner 2”7 around DG Tau B. However, all
the moment O maps of these lines also show an inner region with
negative fluxes. This region has an aspect ratio and an orientation
similar to those of the continuum emission. For H,CO and CS it
has a size of ~0.25” when measured along the major axis, while
it is significantly larger (= 0.8”) for CN. The same depression
was imaged in CN with coarser resolution by Guilloteau et al.
(2014). The negative values of the moment 0 map are inherited
from the velocities +1 km s~! of the systemic velocity (see line
profiles in Fig. B.3). Out of this velocity range, the flux in this
region rises to zero, but never becomes positive. The only ex-
ception is CO (see Fig. B.1 and B.2), but in this case the signal
is evidently from the blueshifted outflow and not from the disk.
For CN, the velocity range showing negative fluxes is larger than
for CS and H,CO, spanning from 4.5 to 8 km s~! (see Fig. B.3).
However, this feature is explained by the hyperfine nature of this
transition that results in three blended lines within a small veloc-
ity shift of +0.8 and —1.5 km s~! from the main line. The origin
of this inner depression is discussed in Sect. 4.1.

From 0.25” to 1.0”, the CS and H,CO lines show a broad
spectral pattern with AV ~ 2.5 km s~! around Viys; however, the
former peaks at Vs (see Fig. B.3) because of the strong contri-
bution from the molecular outflow (see Sect. 3.2.1). From Fig. 2f
and 2g, it is clear that the distribution of both lines is shifted
toward SE and is also slightly bent toward the same direction.
Both effects are due to the vertical origin of this type of emission
and to the disk flaring. At larger radii, the CS emission remains
relatively bright and appears co-located with the CO emission.
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Fig. 3. Illustration of the method used to infer the inner disk optical depth. Left: Radial profile of both outflow edges (below) and the estimated
disk optical depth (above). The extent of the top panel has been corrected for the inclination. Right: Sketch of the geometry used to extract the

radial profiles.

The extent of this outer disk emission can be evaluated in ~3.5”
along the disk major axis (where the outflow is absent) at V = 5.2
and 7.6 km s™! (see Figs.B.1 and B.2). On the other hand, the
H,CO emission becomes rapidly undetected outside 1.5”.

The distribution of the CN emission clearly differs from that
of CS and H,CO. First, the high-velocity components resolved
for CS and H,CO is undetected (see Fig.2h). This is a direct
consequence of the larger radii over which this molecule is not
revealed. Secondly, a significant amount of flux is detected to
the west of DG Tau B, where no H,CO or CS flux is recovered.
Most of the flux in this region has velocities between 5.2 and 7.6
km s7!, indicating that it is emission from the disk and not from
the blueshifted outflow.

3.3. Optical depth of continuum emission

The CO map reveals the presence of a faint lane at the base of
the redshifted outflow. Since this outflow lies on the back of the
disk, the absence of signal from the inner region is likely due to
the extinction exerted by the disk. If so, we can constrain the disk
optical depth from the amount of dimmed flux from the outflow.
First, we extracted the radial profile of the northern and southern
outflow edges, as shown in the right panel of Fig. 3. Both profiles
are rather flat from 0.3” outward, and we assumed the values
of those plateaus as the unattenuated emission Ioygow- Then we
converted the measured intensity /s into the extinction optical
depth Tex; through Texe = In(outtiow / Lobs)-

As is clear from the top panel of Fig. 3, the values of 7.4 con-
strained from the two outflow edges are nearly identical inside
0.4”, while they diverge outward. This is an indication that the
diminished flux of the inner region is actually due to the extinc-
tion from the disk, while at larger radii this method is biased by
the intrinsic brightness variations of the two outflow edges. Thus,
we conclude that the total extinction optical depth at 1.3 mm ap-
proaches unity at 0.35”. The total extinction is, in turn, given
by the sum of absorption and scattering optical depths, which
may both be important at millimeter wavelengths (see Isella et al.
2018).

3.4. Radial distribution of dust and gas emission

A clear differentiation in the radial distribution of the dust and
the various molecular species emerges from the previous sec-
tions. This trend is clear from Fig. 4. The radial profiles that we
show are obtained through an azimuthal average that takes into
account the basic disk geometry. The choice of the average is
motivated by the weakness of the molecular lines that are some-
times barely detected along specific angles (see, e.g., the CN
along the major axis). Clearly, this approach does not distinguish
between the disk and outflow emission. To obtain the profile, we
first extracted the continuum emission adopting the stellar posi-
tion, P.A., and inclination inferred in Sect. 3.1. To take into ac-
count the vertical origin of the molecular emission with simple
geometrical considerations, we followed a technique commonly
used by the near-IR community (de Boer et al. 2016; Avenhaus
et al. 2018) that exploits the apparent displacement from the cen-
ter of any ring raised above the midplane. We superimposed the
shape of projected circular rings, varying their different vertical
locations until the match with the observed shift between molec-
ular and continuum emission was reached. For both H,CO and
CS this exercise yielded an angle between emitting layer and
midplane of 12°, corresponding to a disk scale height of 23 au
at a separation of 100 au. Our poor understanding of the actual
origin of CN limits the applicability of this method and, in the
absence of better constraints, we also adopted 12°.
In summary, Fig. 4 shows the following:

— The dust disk is detected out to 250 au (with 90% of the flux
enclosed in 150 au, see Sect. 3.1). The profile is much steeper
than any gaseous component.

— The dust disk shows substructures, in particular a broad ring
at 140 au.

— No line is detected at separations smaller than 50 au. This
radius corresponds to the region where the dust disk is opti-
cally thick at 1.3 mm.

— The H,CO and CS profiles are nearly identical in the inner
200 au, where the emission is mainly from the disk. At larger
radii, the H,CO soon becomes undetectable, while the CS
extends out to 500 au. This outer emission is partly from the
disk and partly from the blueshifted outflow.

— Unlike H,CO and CS, no CN emission is detected between
50 au and 150 au. This molecule is detected out to almost 400
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Fig. 4. Radial profile of continuum and spectral line emission, obtained from the azimuthal average of a disk with 12° opening angle. Continuum
and H,CO emission is from the disk only, while that of CS and CN is also from the outflow cavity. Error bars are obtained by propagating the
uncertainties at all angles and do not include the dispersion of the averaged sample. Only fluxes above 30 confidence are shown. The vertical line
indicates the extent over which the continuum emission is optically thick (see Sect. 3.3).

au, although a fraction of this emission originates, as CS, in
the blueshifted outflow.

3.5. Fluxes of detected and undetected lines

To estimate the amount of large-scale flux that our interferomet-
ric observations are insensitive to, we measured the total H,CO
and CN 226.87 GHz flux over a region of 11”x11”. In fact,
Guilloteau et al. (2013) reported observations of these two lines
around DG Tau B using the IRAM single-dish telescope (having
a beam size equal to the selected region). We found an H,CO flux
of 1.25 Jy km s~! and CN flux of 0.93 Jy km s~!. These values
are respectively 20% and 30% lower than what was measured by
Guilloteau et al. (2013). In view of the 10% uncertainty from the
flux calibration, the amount of missing flux may be moderate.

A more stringent measurement of the disk flux is obtained by
integrating only the flux between 0.3” and 2.0” (referred to as
the main region) and considering the geometrical parameters of
Sect. 3.4. On the other hand, the integration of the CN emission
was performed between 0.8 and 2.5”. The resulting fluxes are
shown in Table 1. CS turned out to have the brightest emission,
as is intuitive from Fig. 4.

None of the HDO, CH30H, and SO, lines are detected down
to the achieved sensitivity of ~1 mJy/beam. The total flux in-
tegrated over the main region is typically larger for SO, lines,
although this flux is more than one order of magnitude lower
than it is for the detected lines. We averaged all lines of the same
species, but this approach also fails to yield any significant de-
tection, as can be seen in the disk-integrated spectral profiles of
Fig.B.3.

3.6. Column density of molecules

Constraints on the column density of a species can be obtained
from the line brightness. Our poor knowledge of the gas tem-

Article number, page 6 of 13

perature and density profile does not allow us to convert the line
intensity profile into a column density profile. Therefore, fol-
lowing the procedure described by Podio et al. (2019), we es-
timated the disk-integrated column density from the line flux
integrated on the line emitting area (see Sect. 3.5 and fluxes in
Table 1). We assumed local thermodynamic equilibrium and op-
tically thin emission (see, e.g., Egs. (1) and (2) in Bianchi et al.
2017), and adopted the molecular parameters from the Cologne
Database of Molecular Spectroscopy (Miiller et al. 2005). Fi-
nally, we adopted a global value of the molecular excitation tem-
perature throughout the disk, leaving this parameter spanning
from 30 to 300 K. The inferred column densities are summarized
in Table 1.

The total column density of H,CO was constrained from
our 0-H,CO line by assuming an ortho-to-para ratio of 1.8-2.8
(Guzman et al. 2018), resulting in a value of Ny,co = (0.4 -
4.6) - 10" cm™2. From the non-detection of methanol, we then
inferred a CH3;OH/H,CO ratio < 1.5 — 2.3 (depending on Tey).
These limits are consistent with the only estimate available for a
protoplanetary disk (1.27 in TW Hya, Carney et al. 2019), and
with the upper limits obtained for HD 163296 and DG Tau (<0.24
and <1, Carney et al. 2019; Podio et al. 2019). An approximately
three times deeper exposure of the CH3;OH of DG Tau B is thus
necessary to judge whether this ratio is comparable to TW Hya.
Among the other non-detections, the lowest limits are found for
the HDO at 225.9 GHz, although these are only marginally lower
than the abundances of detected species.

4. Discussion
4.1. Origin of the inner depression

All detected lines show an inner depression (see Sect. 3.2.2). As
discussed by Oberg et al. (2015a), this feature can be explained
by (i) an actual drop in the gas surface density, (ii) the absorption
by an optically thick disk continuum, (iii) the absorption by fore-
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ground material, or (iv) chemical reactions specific to a species
that hinder its emission.

The presence of negative values implies that the continuum
absorption from foreground material is at least contributing to
this inner depression. All other scenarios can at most conceal
the line emission, whereas an actual absorption by colder mate-
rial in the line of sight is necessary to yield negative fluxes after
the process of continuum subtraction (see Sect.2). For CS and
H,CO, negative fluxes are found only at the Vi, while for CN
the spectral broadening is explained by the presence of blended
lines (see Table 1). Therefore, the absorption must be due to the
rest-frame large-scale cloud.

Within the inner depression, no H,CO and CS signal is de-
tected at any velocities. Emission from gas in Keplerian motion,
however, would not be obscured by the foreground material at
Veys- Thus, an additional mechanism should contribute to the in-
ner depression. As commented in Sect. 3.4, the innermost CO,
CS, and H,CO detectable signal lies at radii closely comparable
to the size of the optically thick dust continuum. This suggests
that the suppression of gas emission in the inner disk region is
due to the presence of optically thick, saturated continuum emis-
sion that overwhelms any line emission even if it lies closer to the
observer. A similar morphology was discussed for a younger ob-
ject by Harsono et al. (2018), who invoked the substantial pres-
ence of grains larger than 1 mm to explain the high optical depth.
A direct consequence of this effect is that the gaseous distribu-
tion in the inner 50 au around DG Tau B cannot be constrained
from millimeter observations, but will instead require centimeter
maps.

4.2. Molecular characterization

One of the main results of Sect. 3 is that the H,CO and CS fluxes
have similar spatial distributions and strengths in the inner 200
au (where the emission is mainly from the disk). On the other
hand, the CN distribution substantially differs. In principle, this
result is surprising since the emission of CS and CN is often as-
sumed to be co-spatial (see, e.g., Teague et al. 2016; Hily-Blant
et al. 2017). CN is known to be highly sensitive to UV radia-
tion, making this molecule a good tracer of the warm disk sur-
face (Cazzoletti et al. 2018). The greater symmetry between the
near and far side with respect to CS and H,CO (see Fig. 2) may
thus support a view where (part of) the CN emission detected
to the NW actually originates from the upper layer of the disk’s
back side. This type of detection is in fact common for relatively
inclined disks, also in scattered light, since those observations
trace the small dust grains at the uppermost disk layer (see, e.g.,
Avenhaus et al. 2018).

Cazzoletti et al. (2018) showed that a ring-like structure (as
observed by, e.g., Teague et al. 2016; van Terwisga et al. 2019)
is a natural morphology of the CN emission even in full gaseous
disks. Our images cannot firmly constrain such a morphology
because of the inner depression discussed in Sect. 4.1. Nonethe-
less, the CN depression is much larger than that of the other
molecules (see Sect.3.4). This suggests that the CN is intrin-
sically emitted in a large ring-like structure. The models by Caz-
zoletti et al. (2018) showed a scaling relation between the ring
width and the gaseous disk mass. Given the very high disk mass
of DG Tau B, this relation may support a view where the CN
emission is observed as a ring. The range of inferred CN col-
umn densities (see Table 1) is in agreement with the expectation
by Cazzoletti et al. (2018). However, the large observational un-
certainty inherited from our poor knowledge of the gas temper-
ature prevents us from testing any scaling relations between the

CN column density and the stellar and/or disk properties. In any
case, a fraction of the CN emission from DG Tau B may partly
derive from the rotating envelope (as concluded by Guilloteau
et al. 2014).

As for the CS, a recent small survey of TTS by Le Gal et al.
(2019) revealed that this emission is always centrally peaked or
at most shows a small central dip. On the other hand, Teague
et al. (2018) showed an inner depression around TW Hya. There
is instead a general similarity in the resolved maps of H,CO,
with the presence of a relatively large inner hole and strong flux
being detected from the outer disk (van der Marel et al. 2014,
Loomis et al. 2015; Oberg et al. 2017; Carney et al. 2017; Podio
etal. 2019). Different interpretations are given for this inner hole,
with some authors leaning toward absorption (e.g., Carney et al.
2017, for HD163296) and some others toward the real drop in
molecular abundance (e.g., Oberg et al. 2017; Podio et al. 2019,
for TW Hya and DG Tau). Given the premise of Sect.4.1, DG
Tau B would belong to the former case. This limited sample does
not allow us to find any evolutionary trend as DG Tau B and DG
Tau are young sources, while HD163296 and TW Hya are older
sources. None of the detected molecules show any secondary
peak of emission at the edge of the millimeter dust emission,
as is observed in HyCO (Carney et al. 2017; Oberg et al. 2017;
Podio et al. 2019), CO (Huang et al. 2016), and DCO+ (Carney
et al. 2018).

H,CO can either form in the gas phase from the reactions be-
tween CH3 and atomic oxygen or on dust grains through double
hydrogenation of the CO condensed in the grain mantle (Walsh
et al. 2014; Loomis et al. 2015). Stronger H,CO fluxes from the
outer disk regions are expected from the latter scenario because
most of the CO is frozen onto dust grains. On the other hand, gas-
phase formation is expected to produce centrally peaked emis-
sion profiles (Loomis et al. 2015). Since the inner 50 au of the
gaseous component are not traced by these observations (see
Sect.4.1), we cannot rule out that such a centrally peaked com-
ponent exists, and thus cannot conclude whether H,CO forms in
gas phase or on dust grains.

The outflow cavities of embedded objects have already been
imaged in CS, CN, and H,CO (e.g., Bachiller et al. 2001;
Codella et al. 2014; Tychoniec et al. 2019). Intriguingly, our
images reveal the detection of CS, CN, and (marginally) H,CO
only from the blueshifted outflow, which is however fainter in
CO (see also de Valon et al. 2020), as well as less extended and
collimated. Podio et al. (2011) inferred the same mass loss rate
for the two lobes and concluded that the morphological differ-
ences must be ascribed to the different interaction for the eject-
ing material with an inhomogeneous environment. These diverse
conditions of the medium should therefore also have an impact
on the chemical conditions that allow or not the emission of CS,
CN, and H,CO.

4.3. Dust characterization

The dust disk is optically thick over approximately 20% of its
extent (even 30% if we consider the dust outer edge of 150 au
inferred in Sect.3.1). An important implication of this feature
is that the disk dust mass estimated from millimeter observa-
tions (= 225 Mg, Guilloteau et al. 2011) is appreciably underes-
timated. This reinforces the idea that DG Tau B is, in the context
of Class I objects, an extraordinarily massive disk. In fact, its
(underestimated) dust mass is four times higher than the aver-
age found for ten Class I sources in Taurus by Sheehan & Eisner
(2017a) and three times higher than that found for three dozens
Perseus sources by Tychoniec et al. (2018). These authors also
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constrained the dust disk mass of Class 0 sources from the same
region finding an average value comparable with that of DG Tau
B. Even so, DG Tau B is only 2—-3 times more massive than
the most massive Class II disks in the young regions of Lupus
(IM Lup, RU Lup), Taurus (GG Tau, GM Aur), and Chamaeleon
(HD97048). This behavior is circumstantial evidence that the
dispersal of millimeter-sized grains (by sublimation or growth)
occurs less rapidly in massive disks, as also dictated by the shal-
low temporal trend found for these objects (Garufi et al. 2018).

Another peculiarity of the dust disk of DG Tau B is that it is
smaller than the gaseous disk (see CS and CO emission at 7.0-
7.6 km/s in Fig. B.2 and de Valon et al. 2020). In principle, this
effect is suggestive of a substantial dust radial drift, although it
can also be partly explained by optical depth effects (Facchini
et al. 2017, 2019; Trapman et al. 2019). Radial drift in DG Tau
B would point to an efficient grain growth and inward migration
that occurred very early in the disk lifetime given its young evo-
lutionary stage. The efficient grain drift in massive and extended
disks may be surprising since these objects are expected to gen-
erate radial traps (manifesting as rings or inner cavities) that ef-
ficiently hinder the radial drift (see, e.g., Pinilla et al. 2012).

Finally, the dust disk of DG Tau B shows multiple rings (see
Fig.4 and de Valon et al. 2020) as well as, putatively, a spiral
arm (see Fig. 1). The existence of disk substructures around a
Class I object is intriguing, but it is not a first (e.g., ALMA Part-
nership et al. 2015; Sheehan & Eisner 2017b, 2018). Spiral arms
in young objects have already been seen in the millimeter (Pérez
et al. 2016; Andrews et al. 2018). This feature in DG Tau B,
if confirmed, would present an interesting peculiarity. It would
in fact be leading, i.e., the outer region would precede the in-
ner one. Spiral arms in another Class I object have recently been
reported by Lee et al. (2019), who concluded that the accretion
from the surrounding envelope makes the outer disk gravitation-
ally unstable and thus drives the spiral formation. The high disk
mass may potentially be sufficient to make the disk gravitation-
ally unstable, although the disk-to-star mass ratio of DG Tau B
(~0.06) is slightly lower than the formal threshold determined
from analytic treatment of disk instabilities (0.1; e.g., Kratter &
Lodato 2016).

On the other hand, rings in disks are recurrently observed
at any evolutionary stage (e.g., Andrews et al. 2016; Sheehan
& Eisner 2018). Since the dynamical interaction with (form-
ing) planets is among the most promising explanations for these
structures (e.g., Dong et al. 2015; Isella et al. 2016), their pres-
ence so early in the disk lifetime has been used to support the
scenario of rapid giant planet formation (ALMA Partnership
et al. 2015). The timescale for the formation of these planets
could play a role in determining the predominance of the two
competing processes of dust drift and dust trapping and, in turn,
could allow or hinder a rapid (1-2 Myr) evolution of the disk.
Speculatively, in massive disks like that of DG Tau B dust trap-
ping eventually becomes the dominant process, and thus allows
long disk lifetimes like those seen in TW Hya and HD163296.

5. Conclusions

As part of a small ALMA chemical survey of disk-outflow
sources in Taurus (ALMA-DOT), we reported on new high-
resolution (~0.15", i.e., 20 au) Band 6 observations of the Class
I object DG Tau B. Continuum, CO, CS, CN, and H,CO emis-
sion is detected from both the circumstellar disk and the outflow
cavities while SO,, CH30H, and HDO lines remain undetected.
The main results of the analysis are as follows:
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— The dusty disk shows shallow substructures. In particular,
a broad ring is revealed at 140 au. The image also shows
marginal evidence of a spiral arm that would be leading.

— From the occultation of the background outflow, we con-
cluded that the inner 50 au of the disk emission is optically
thick at 1.3 mm. This region corresponds to one-third of the
dust disk extent (150 au) if constrained from the separation
where 90% of the flux is enclosed.

— Emission from CO, H,CO, CS, and hyperfine CN transitions
is detected from our maps. In the inner 200 au the emission
mostly originates from the disk while farther out it is a com-
bination of disk and outflow signal. The distributions of the
CS and H,CO emission from the disk are nearly identical,
while that of CN substantially differs, being relatively strong
on the disk’s back side.

— CS is detected out to 500 au and CN to 400 au, while H,CO
only to 250 au. As observed in other disks, the gaseous disk
is therefore significantly larger than the dusty disk.

- CO, CS, and H,CO lines show a flux depression from an
inner region as large as the optically thick region (50 au). The
lack of line emission from this region is therefore explained
by the saturated continuum emission overwhelming it.

— No CN signal is observed out to 150 au. This indicates that
the CN is effectively emitted in a ring-like structure, in line
with previous observations and modeling of this molecule.

— In contrast with previous observations, we do not detect a
secondary line peak at the edge of the millimeter continuum.

— The obscuration of the inner disk region prevents us from
concluding whether the H,CO is formed in gas phase, which
would produce centrally peaked emission, or on dust grains,
which instead would enhance emission from the outer disk.

— We determined the upper limits to the column density of
SO,, CH30H, and HDO. This reveals, in particular, that the
CH;3;0H-to-H,CO ratio must be lower than 2.3.

— The CO emission from the outflow cavities is very bright.
The redshifted outflow is more extended and collimated. Its
aperture varies with the velocity probed.

— Strong CS and CN emission as well as faint H,CO emission
is detected from the blueshifted outflow only. The different
morphology and chemistry of the two outflows suggest that
the interaction of ejecting material with the medium is sub-
ject to different physical conditions.

DG Tau B hosts an exceptionally massive disk even in the
context of Class I objects. The substantial dust growth and radial
drift as well as the presence of shallow rings in the dust indicate a
very early dust processing. These processes can respectively fa-
cilitate and be the consequence of planet formation. This could
in principle suggest that planets have already formed in disks
younger than 1 Myr, or at least in those as massive as the disk
of DG Tau B. In any case, the large optically thick region at mil-
limeter wavelengths inferred in this work is an important caveat
to the determination of dust mass and gas column density that
may also apply to other sources.

As of today, all these results cannot be properly put into con-
text. DG Tau B is among the few young Class I sources that
are currently well characterized and among the few protoplane-
tary disks with resolved maps of several chemical species. Fu-
ture analogous analyses for other early-stage disks, such as Haro
6-13 or HL. Tau, will be particularly important to constrain the
occurrence of these peculiarities. The ultimate question arising
from this work is in fact whether all young, embedded disks will
resemble (a smaller scale of) DG Tau B or whether this source
can be considered an exceptional object and the precursor of
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other extraordinarily long-lived disks like those of TW Hya and
HD163296.
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Appendix A: Distance to DG Tau B

The distance to DG Tau B is unconstrained because its embed-
ded nature impedes the measurement of its parallax in the visi-
ble. A natural approach would be to assume the same distance as
the neighboring DG Tau (d = 121 pc, Gaia Collaboration et al.
2018). Their systemic velocities are comparable (see Guilloteau
et al. 2013), but several other Taurus sources show similar val-
ues.

Rodriguez et al. (2012) determined the proper motion of DG
Tau B from VLA observations at radio wavelengths (AR.A. = 3.8
+ 1.9 mas, ADec = —20.6 + 3.3 mas). This value is comparable
to but not consistent with that of DG Tau (AR.A.= 6.2 + 0.4
mas, ADec = —19.3 + 0.2 mas). Thus, we searched for other
apparently nearby stars (<10 pc at a reasonable 140 pc) with
proper motion consistent with DG Tau B, and found in particular
three: V¥ FV Tau/c, KPNO-Tau 13, and 2MASS J0426+2443.
These objects have a Gaia distance of 140, 133, and 119 pc. In
particular, the first target shows nearly the same proper motion
of DG Tau B and is less than 1 pc away from DG Tau b. In this
work, without better constraints, we assume the distance to DG
Tau B to be 140 pc. However, we cannot rule out that the source
is closer to DG Tau and 2MASS J0426+2443 at d =120 pc.

Appendix B: Channel maps and line profiles

Individual channel maps of CO, H,CO, CS, and CN are shown
in Figs. B.1 and B.2. The spectral profiles obtained by integrat-
ing the emission at different disk regions are shown in Fig. B.3.
These regions are the inner 0.2” (inner hole), 0.5”-2.0"” (main
region), and 3.5 —4.5" (outer region).
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Fig. B.1. Channel maps of the molecular emission. The H,CO line is shown along the first and fourth rows, the CS along the second and the fifth
rows, and the CN along the third and the sixth rows. The inner ellipse indicate the innermost contour of the continuum emission from Fig. 1 (1000
significance). The beam size of all images is shown in the bottom left corner of the first panel. North is up, east is left. It continues in Fig. B.2.
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Fig. B.2. Continued from Fig. B.1.
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Fig. B.3. Spectral line profiles. Lines in the first row (detected) are integrated over three rings at different radii: 0 — 0.2” (the inner hole), 0.5”
— 2.0” (the main region), and 3.5” — 4.5” (the outer region). The shaded region highlights the profile from the inner hole. Arrows on the CN line
profile denote the presence of blended lines. For lines in the second row (undetected) only the profile over the main region is shown. For these
lines, the profile is obtained by averaging all available lines for that species. The vertical line indicates the systemic velocity of the source (6.4 km

s7h.
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