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ABSTRACT

Context. Planets form in protoplanetary disks and inherit their chemical composition. It is therefore crucial to understand the molec-
ular content of protoplanetary disks in their gaseous and solid components.
Aims. We aim to characterize the distribution and abundance of molecules in the protoplanetary disk of DG Tau and to compare them
with its dust distribution.
Methods. In the context of the ALMA chemical survey of Disk-Outflow sources in the Taurus star forming region (ALMA-DOT) we
analyze ALMA observations of the nearby disk-outflow system around the T Tauri star DG Tau in H2CO 31,2 − 21,1, CS 5− 4, and CN
2 − 1 emission at an unprecedented resolution of ∼ 0′′.15, which means ∼ 18 au at a distance of 121 pc.
Results. Both H2CO and CS emission originate from a disk ring located at the edge of the 1.3 mm dust continuum. CS probes a
disk region that is slightly further out with respect to H2CO; their peaks in emission are found at ∼ 70 and ∼ 60 au, with an outer
edge at ∼ 130 and ∼ 120 au, respectively. CN originates from an outermost and more extended disk/envelope region with a peak at
∼ 80 au and extends out to ∼ 500 au. H2CO is dominated by disk emission, while CS also probes two streams of material possibly
accreting onto the disk with a peak in emission at the location where the stream connects to the disk. CN emission is barely detected
and both the disk and the envelope could contribute to the emission. Assuming that all the lines are optically thin and emitted by the
disk molecular layer in local thermodynamic equilibrium at temperatures of 20 − 100 K, the ring- and disk-height-averaged column
density of H2CO is 2.4− 8.6× 1013 cm−2, that of CS is ∼ 1.7− 2.5× 1013 cm−2, while that of CN is ∼ 1.9− 4.7× 1013 cm−2. Unsharp
masking reveals a ring of enhanced dust emission at ∼ 40 au, which is located just outside the CO snowline (∼ 30 au).
Conclusions. Our finding that the CS and H2CO emission is co-spatial in the disk suggests that the two molecules are chemically
linked. Both H2CO and CS may be formed in the gas phase from simple radicals and/or desorbed from grains. The observed rings of
molecular emission at the edge of the 1.3 mm continuum may be due to dust opacity effects and/or continuum over-subtraction in the
inner disk, as well as to increased UV penetration and/or temperature inversion at the edge of the millimeter(mm)-dust which would
cause enhanced gas-phase formation and desorption of these molecules. CN emission originates only from outside the dusty disk, and
is therefore even more strongly anti-correlated with the continuum, suggesting that this molecule is a good probe of UV irradiation.
The H2CO and CS emission originate from outside the ring of enhanced dust emission, which also coincides with a change in the
linear polarization orientation at 0.87 mm. This suggests that outside the CO snowline there could be a change in the dust properties
that manifests itself as an increase in the intensity (and change of polarization) of the continuum and of the molecular emission.

Key words. Protoplanetary disks – Astrochemistry – ISM: molecules – Stars: individual: DG Tau

1. Introduction

With the discovery of more than 4000 exoplanets, two key goals
of modern astrophysics are to understand how planets form and
what chemical composition they inherit from their natal envi-
ronment. A viable way to answer these questions is to study pro-
toplanetary disks around young Sun-like stars. The outstanding
images recently obtained by the ALMA millimeter array provide
the first observational indication of ongoing planet formation in
disks of less than 1 Myr old, through rings and gaps in their

dust and gas distribution (e.g., ALMA Partnership et al. 2015;
Andrews et al. 2018; de Valon et al. 2020; Favre et al. 2019;
Fedele et al. 2018; Garufi et al. 2020; Sheehan & Eisner 2017,
2018). The chemical composition of the forming planets clearly
depends on the spatial distribution and abundance of molecules
in the disk at the time of their formation. The chemical charac-
terisation of disks of 0.1-1 Myr old is therefore crucial.

This field has long been hindered by observational difficul-
ties due to the small sizes of disks (∼ 100 au) and to the low gas-
phase abundance of molecules (peak abundances with respect to
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H2 down to 10−12, e.g., Walsh et al. 2014). However, the num-
ber of disks imaged at high angular resolution in CO isotopologs
(Booth et al. 2019b; Fedele et al. 2017; Isella et al. 2016; Zhang
et al. 2020) as well as in molecules other than CO has been
rapidly increasing with ALMA. In particular, ALMA allows the
radial distribution of small molecules to be retrieved, such as for
example hydrocarbons C2H, c-C3H2 (e.g., Bergin et al. 2016;
Bergner et al. 2019; Kastner et al. 2015; Loomis et al. 2020; Qi
et al. 2013b), nitriles CN, HCN, HC3N (Booth et al. 2019a; Hily-
Blant et al. 2017; Huang et al. 2017; Öberg et al. 2015b; van Ter-
wisga et al. 2019), H2CO (Carney et al. 2017, 2019; Garufi et al.
2020; Guzmán et al. 2018; Kastner et al. 2018; Loomis et al.
2015; Öberg et al. 2017; Podio et al. 2019; Pegues et al. 2020;
Qi et al. 2013a; van’t Hoff et al. 2020), S-bearing molecules CS,
H2S, and H2CS (e.g., Codella et al. 2020; Garufi et al. 2020; Le
Gal et al. 2019; Phuong et al. 2018; Teague et al. 2018; Loomis
et al. 2020; van’t Hoff et al. 2020), and molecular ions N2H+,
DCO+, H13CO+ (e.g., Booth et al. 2019a; Carney et al. 2018;
Favre et al. 2019; Mathews et al. 2013; Öberg et al. 2015a;
Qi et al. 2013b). The detection of complex organic molecules
(COMs) is more difficult, and only a few COMs have been de-
tected in non-bursting protoplanetary disks, such as CH3CN,
CH3OH, and HCOOH (Bergner et al. 2018; Favre et al. 2018;
Öberg et al. 2015b; Podio et al. 2020; Walsh et al. 2016). Other
COMs, such as CH3CHO and CH3OCHO, have been detected in
the disk of the FU Ori outbursting star V883 Ori (Lee et al. 2019;
van’t Hoff et al. 2018). In order to further our understanding in
this area, we crucially need to enlarge the census of molecular
distribution in disks, and to target younger disks because planet
formation may occur earlier than previously thought. However,
these disks are still partially embedded in their envelope and may
be associated with molecular outflows. Therefore, an unprece-
dented combination of angular resolution and sensitivity is re-
quired to detect the faint emission from the disk and disentangle
it from the other emitting components (e.g., the envelope and the
outflow). To this aim we initiated the ALMA chemical survey of
Disk-Outflow sources in the Taurus star forming region (ALMA-
DOT program) (Codella et al. 2020; Garufi et al. 2020; Podio
et al. 2019, 2020), which target Class I or early Class II disks
associated with outflows in simple diatomic molecules (CO and
CN), sulphur-bearing molecules (CS, SO, SO2, H2CS), as well
as simple organics (H2CO and CH3OH) at ∼ 20 au resolution.
The full sample, motivation, and overall results of ALMA-DOT
are described in Garufi et al. in prep.

One of the sources targeted in the context of ALMA-DOT
is the T Tauri star DG Tau (d = 121 ± 2 pc, Gaia Collabora-
tion et al. 2016, 2018). DG Tau is surrounded by a compact and
massive dusty disk imaged with CARMA (Isella et al. 2010) and
ALMA in polarimetric mode (Bacciotti et al. 2018). Interfero-
metric maps of CO and its isotopologs show that the envelope
dominates over the molecular emission on large scales (Kita-
mura et al. 1996; Schuster et al. 1993) while disk emission is
detected on scales < 2” (Güdel et al. 2018; Testi et al. 2002;
Zhang et al. 2020). The origin of the molecular emission de-
tected with the IRAM 30m and Herschel (Fedele et al. 2013;
Guilloteau et al. 2013; Podio et al. 2012, 2013) is unclear be-
cause DG Tau is also associated with a residual envelope and a
jet (Bacciotti et al. 2000; Eislöffel & Mundt 1998). Guilloteau
et al. (2013) suggest that the single-peaked profile of SO and
H2CO is due to envelope emission. However, recent ALMA ob-
servations show that ALMA filters out extended molecular emis-
sion from the outflow or the envelope, thus isolating the compact
emission from the disk, and show that H2CO originates from a
disk ring located at the edge of the dusty disk (Podio et al. 2019).

In this paper, we present ALMA Cycle 4 observations of CS
and CN molecules in the disk of DG Tau at an unprecedented
resolution of ∼ 0′′.15, or ∼ 18 au, we compare the distribution
of these molecules with that of H2CO analyzed by Podio et al.
(2019) and with the dust distribution and substructures, and dis-
cuss the chemistry of these species.

2. Observations and data products

2.1. Observations

ALMA observations of DG Tau were performed during Cycle 4
in August 2017 with baselines ranging from 17 m to 3.7 km
(project 2016.1.00846.S, PI: L. Podio). The bandpass was cal-
ibrated with the quasar J0510+1800, and phase calibration was
performed every ∼8 minutes using quasar J0438+3004. The cor-
relator setup consists of 12 high-resolution (0.122 MHz) spec-
tral windows (SPWs) covering several molecular transitions,
among which H2CO 31,2 − 21,1, and several hyperfine compo-
nents of the CN 2 − 1 transition, and one lower resolution spec-
tral window (0.977 MHz) for the continuum also covering the
CS 5 − 4 line (frequency, ν0, upper level energies, Eup, and line
strengths, Sijµ

2, are listed in Table 1). Data reduction was carried
out following standard procedures using the ALMA pipeline in
CASA 4.7.2. Self-calibration was performed on the source con-
tinuum emission by combining a selection of line-free channels
and applying the phase-solutions to the continuum-subtracted
SPWs. Continuum images and spectral cubes were produced
with "tclean" using an interactive mask on the visible signal until
the residuals show no appreciable signal, and a Briggs parame-
ter of 0.5. The continuum subtraction is performed by estimating
the continuum level from the frequency range adjacent to the tar-
geted lines, that is, from line-free channels. The flux calibration
was performed using the quasars J0238+1636 and J0510+1800,
obtaining an accuracy of ∼ 10%. The clean beam, channel width,
and r.m.s. over the channel of the resulting line cubes are listed in
Table 1. The continuum image has an r.m.s. of 0.12 mJy/beam.

2.2. Data products

Channel maps of the H2CO 31,2 − 21,1 and CS 5 − 4 emission
are shown in Figs. A.1. For CN 2 − 1, the channel maps of the
brightest hyperfine component in our spectral setting (N = 2−1,
J = 5/2 − 3/2, F = 7/2 − 3/2) is shown in Fig. A.2.

The moment-0 maps of the H2CO 31,2 − 21,1 and CS 5 − 4
lines were obtained by integrating the line cubes over the ve-
locity channels where emission above the 3σ level is detected:
VLSR = (+3.24,+9.24) km s−1, i.e., ±3 km s−1 with respect to
systemic (Vsys = +6.24 km s−1, in agreement with Podio et al.
2013, 2019). A 3σ clipping was applied. For CN 2 − 1, almost
no emission above 3σ is detected in the channel maps, and there-
fore the moment-0 map is obtained by integrating on the same
velocity interval as for H2CO and CS and no clipping was used.
The moment-0 map of CN 2 − 1 is due to the blending of the
three hyperfine components at 226.87 GHz listed in Table 1. The
velocity offset between the brightest component (N = 2 − 1,
J = 5/2 − 3/2, F = 7/2 − 3/2) and the two fainter ones is −1.47
km s−1 and +0.78 km s−1. These offsets are smaller than the line
broadening due to the disk kinematics. Therefore, the moment-0
map obtained integrating on the disk velocity profile as defined
for the H2CO and CS lines (Vsys ± 3 km s−1) includes the contri-
butions from the three components. For this reason no moment-1
map was produced for CN 2 − 1. The moment-0 and 1 maps are
shown in Fig. 1.
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Table 1. Properties of the observed lines and of the relative line cubes, integrated intensities, and estimated column densities.

Line ν0
a Eup

a Si jµ
2a clean beam (PA) ∆V r.m.s. Fint NX

(MHz) (K) (D2) (km s−1) (mJy/beam) (mJy km s−1) (1013 cm−2)
o-H2CO 31,2 − 21,1 225697.775 33 43.5 0′′.17 × 0′′.13 (−20◦) 0.16 1.7 210 1.8 − 5.5

CS 5 − 4 244935.557 35 19.1 0′′.13 × 0′′.10 (−9.6◦) 0.6 0.6 352 1.7 − 2.5

CN 2 − 1, J=3/2-1/2, F=5/2-3/2∗ 226659.5584 16 4.2 0′′.14 × 0′′.12 (−7.6◦) 0.16 1.5 <75 < 2 − 5
J=3/2-1/2, F=1/2-1/2 226663.6928 16 1.2

CN 2 − 1, J=5/2-3/2, F=5/2-3/2 226874.1908 16 4.2 0′′.14 × 0′′.12 (−7.8◦) 0.16 1.5 173 1.9 − 4.7
J=5/2-3/2, F=7/2-3/2∗ 226874.7813 16 6.7
J=5/2-3/2, F=3/2-1/2 226875.8960 16 2.5

a Molecular parameters from the CDMS database (Müller et al. 2001).
∗ The CN 2 − 1 transition consists of 19 hyperfine structure components. The ALMA SPWs are centered on the brightest hyperfine components
of CN 2 − 1, indicated by an asterisk. Because of the line broadening due to disk kinematics, each of the CN 2-1, J=3/2-1/2, F=5/2-3/2, and CN
2-1, J=5/2-3/2, F=7/2-3/2 lines is blended with the adjacent hyperfine components reported in the table. The integrated line intensity refer to the
sum of the blended components.

The radial intensity profiles of the lines and of the 1.3 mm
continuum emission are obtained by azimuthally averaging the
unclipped moment-0 maps after deprojecting for the disk incli-
nation and are shown in Fig. 2.1 The azimuthal average was per-
formed on the number of resolution elements N enclosing the
full angle at separation r (N = 2πr/beam). The angular resolu-
tion of the obtained intensity profiles is set by the mean beam
size (

√
Bmax × Bmin = 0′′.15 (∼ 18 au), 0′′.11 (∼ 14 au), and 0′′.13

(∼ 16 au), for the H2CO, CS, and CN lines, respectively), as
indicated in Fig. 2.

3. Results

3.1. Spatial distribution of H2CO, CS, and CN emission

We analyze the distributions of the H2CO, CS, and CN emission
in the disk of DG Tau from the moment-0 and 1 maps shown in
Fig. 1. The map of H2CO was presented by Podio et al. (2019)
who reported emission from a disk ring located at ∼ 0′′.33 −
0′′.75 (40 − 90 au) distance from the star, at the edge of the mm
continuum emission.

The moment-0 map of Fig. 1 shows that the CS emission is
roughly co-spatial with that of H2CO. However, the azimuthally
averaged radial profiles of Fig. 2 reveal that the ring of CS is
displaced outward by ∼ 10 au; the H2CO emission peaks at
∼ 60 au and extends out to ∼ 120 au, while the CS emission
peaks at ∼ 70 au and extends out to ∼ 130 au. The ∼ 10 au offset
between the peaks of the H2CO and CS radial intensity profiles
is larger than the uncertainty on the estimate of their position
(the position of the intensity peak determined by Gaussian fitting
the peak profile is affected by an uncertainty of approximately
one-fifth of the nominal resolution imposed by the beam, that
is, ∼ 3.6 au for H2CO and ∼ 3 au for CS). Therefore, the radial
offset between the H2CO and CS emission peaks is real and not
due to a resolution effect. Being observed along the major axis,
this effect cannot be explained by a different vertical origin for
the H2CO and CS emissions. At larger radii, the CS emission
probes a stream of material extending from the redshifted NW
side of the disk out to ∼ 3′′ towards the north. The NW side
where this stream connects to the disk is the brightest disk
1 With respect to Podio et al. (2019) we revise the estimate of the disk
PA and inclination based on the fit of the self-calibrated continuum map
obtained by stacking all the SPWs. We obtain PA= 135◦ and i= 35◦.
However, we note that the extracted azimuthally averaged radial profiles
do not change significantly with respect to Podio et al. (2019).

region in the continuum emission (see radial cuts in Fig. B.1 of
Podio et al. 2019), in polarized intensity (Fig. 2 of Bacciotti
et al. 2018), and in line emission. The asymmetry between the
two disk sides in H2CO and CS emission is clearly seen in the
moment-0 maps (Fig. 1), as well as in the line spectra obtained
by integrating the line emission over the disk ring as defined by
Podio et al. (2019) (r ∼ 0′′.33 − 0′′.75 corresponding to 40 − 90
au; see Fig. 3), where the redshifted peak is brighter than the
blueshifted one in both lines. The line spectra obtained by
integrating the emission out to a radius of ∼ 3′′, that is, over a
region extending well beyond the 40 − 90 au disk ring, indicate
that this asymmetry is even more pronounced at larger scales.
The profiles of CN 2 − 1 and H2CO 31,2 − 21,1 integrated over a
3” region are similar to what is observed with the IRAM-30m by
Guilloteau et al. (2013). This indicates that outside the disk ring,
line emission is likely dominated by the circumstellar envelope,
in agreement with what is suggested by Guilloteau et al. (2013).

The channel maps of the CN 2 − 1 emission at 226.87
GHz show negative intensities in the inner disk region, that is,
for r < 50 au, in the channels corresponding to the systemic
velocity, for each of the three hyperfine components (see Fig.
A.2). For an embedded disk like DG Tau, this is likely due
to continuum over-subtraction. Circumstellar material may
absorb the disk line emission at Vsys as well as the continuum
emission at the corresponding frequency. This makes the disk
continuum in the frequency channel, which corresponds to the
systemic velocity, lower than in the adjacent channels. When
continuum subtraction is performed, the continuum level is
extracted from the frequency range adjacent to the targeted
lines. This yields a partial over-subtraction at the frequency
corresponding to Vsys. Besides the absorption in the inner disk
region, no CN 2 − 1 emission is detected in the outer disk where
continuum is fainter or in the channels at blue- and redshifted
velocities with respect to Vsys which should not be affected
by line/continuum absorption by the circumstellar material.
Despite the fact that no clear structures are detected in the
channel maps or in the moment-0 map (Figs. 1 and A.2), the
azimuthally averaged radial profile in Fig. 2 shows CN emission
above the dispersion. The profile indicates that CN emission
originates from a more extended region than H2CO and CS,
with a peak at ∼ 80 au and extending out to ∼ 500 au. However,
as the detected CN 2 − 1 emission is due to the blending of
three hyperfine components, it is difficult to retrieve information
on the gas kinematics or to draw conclusions as to whether the
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Fig. 1. Moment-0 maps (top panels) of H2CO 31,2 − 21,1 (left), CS 5− 4 (middle), and CN 2− 1 (right; blending of the three components at 226.87
GHz reported in Table 1) towards DG Tau. The corresponding moment-1 maps are shown in the bottom left and middle panels, while no moment-1
map is shown for CN 2 − 1 because of the blending of the three hyperfine components. The bottom right panel shows the map of the continuum
emission at 1.3 mm. The color scale indicates the line intensity in mJy beam−1km s−1(moment-0), the velocity VLSR in km s−1(moment-1), and the
intensity in mJy beam−1 (for the continuum map). The black contours indicate the 1.3 mm dust continuum emission (0.01% corresponding to the
5σ level, 10%, 30%, 50%, 70%, and 90% contours). The ellipse in the bottom left corner of each panel shows the ALMA synthesized beam.

CN emission is associated with the disk or is mostly (or totally)
dominated by the residual circumstellar envelope (which also
acts to absorb the line/continuum emission from the inner disk).
When integrated on the disk ring between 40 and 90 au, CN
shows a double-peaked profile similar to that of H2CO and CS
and consistent with disk emission (see Fig. 3). However, the
spectra integrated on a 3′′ circular area clearly indicate that the
CN emission is strongly affected by extended emission from the
residual envelope.

3.2. Dust substructures

To highlight the possible presence of dust substructures, we
applied an unsharp masking filter to the continuum image at
1.3 mm as well as to that presented by Bacciotti et al. (2018) at
0.87 mm. Unsharp masking consists in subtracting from the im-
age a blurred version of the same image in order to artificially in-
crease the contrast (see application to disks by e.g., Quanz et al.
2011; Pérez et al. 2016). Similarly to Garufi et al. (2016), here
we first divided the original image by the local variance in each
pixel and then subtracted the image smoothed by 60 mas. This

technique revealed a ring at ∼ 40 au in the continuum maps at
0.87 mm and at 1.3 mm (see Fig. 4). This structure corresponds
to the tentative shoulder identified by Podio et al. (2019) who ex-
tracted the radial intensity profile along the disk major axis and
calculated its second derivative (see their Fig. B.1). The loca-
tion where the second derivative of the intensity profile becomes
negative, indicating a local increase of the continuum intensity,
is between 38 and 44.5 au, in perfect agreement with the position
of the ring revealed by applying unsharp masking. However, the
precise morphology of the ring should be interpreted with cau-
tion given the arbitrariness of the technique. The barely visible
outer ring in the map at 0.87 mm is an artifact of the procedure,
and is routinely generated at the outer edge of the detectable sig-
nal. Hence, this structure corresponds to the outer edge of the
disk emission.

3.3. Molecular column density

In Podio et al. (2019), we computed the column density of H2CO
in the outer disk ring. Here, we followed the same procedure
to constrain the column density of CS and CN. We integrated
the relative emission over the same area as the H2CO (a circular
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Fig. 2. Azimuthally averaged radial intensity profile of H2CO 31,2 − 21,1 (blue), CS 5 − 4 (green), and CN 2 − 1 (brown; blending of the three
components at 226.87 GHz reported in Table 1) in mJy beam−1 km s−1(left axis), and of the 1.3 mm continuum (red) in mJy beam−1( right axis).
The radial distance is indicated in au on the bottom axis and arcseconds on the top axis. The angular resolution of the lines/continuum profiles
is indicated by the corresponding horizontal lines. The shaded areas indicate the dispersion of the intensity values around the mean along each
annulus in the radial direction. The vertical dashed lines indicate the position of the CO snowline (black), and of the peaks of the emission in
H2CO 31,2 − 21,1 (blue), CS 5 − 4 (green), and CN 2 − 1 (brown).

ring extending from 0′′.33 to 0′′.75) and converted this integrated
flux into column density assuming local thermodynamic equi-
librium (LTE) and optically thin emission through the molecular
parameters and partition function from the Cologne Database of
Molecular Spectroscopy (CDMS, Müller et al. 2001). The as-
sumption of LTE is justified as the gas density in the so-called
molecular layer where the lines are thought to originate (see,
e.g, Öberg et al. 2017; Walsh et al. 2014) is high (from ∼ 108

to ∼ 1012 cm−3 according to the disk model by Podio et al.
2013), and is well above the critical density of the considered
lines (at 20 − 100 K, ncr ∼ 7.0 − 4.6 × 105 cm−3 for H2CO
31,2 − 21,1, ∼ 1.7 × 106 − 9.5 × 105 cm−3 for CS 5 − 4, and
∼ 2.2× 106 − 6.4× 105 cm−3 for CN 2− 1, Shirley 2015). Under
LTE, the levels are populated according to the Boltzmann distri-
bution and the excitation temperature is equal to the gas kinetic
temperature Tex = TK. The temperature of the emitting layer
has to be assumed as we have only one line per species. Recent
multi-line studies of CS and H2CO emission in a few protoplan-
etary disks indicate that the lines originate from a disk layer at
or above the CO freeze-out temperatures (Le Gal et al. 2019;
Pegues et al. 2020; Teague et al. 2018). Therefore, we assume
a lower range of temperatures with respect to what was previ-
ously assumed by Podio et al. (2019) and compute the column
density of H2CO, CS, and CN for Tex = TK = 20 − 100 K.
This procedure yielded ring- and disk-height averaged column
densities of 1.8 − 5.5 × 1013 cm−2 for o-H2CO, which translates
into a total column density of 2.4 − 8.6 × 1013 cm−2 for H2CO
based on the o/p ratio estimated by Guzmán et al. (2018), and of
1.7 − 2.5 × 1013 cm−2 for CS. For CN the integrated fluxes are

obtained from the moment-0 maps of the CN 2 − 1 components
at 226.66 and 226.87 GHz. From the brightest lines at 226.87
GHz a column density of 1.9 − 4.7 × 1013 cm−2 is estimated,
which is consistent with the upper limit derived from the fainter
components at 226.66 GHz. The derived column density values
are in agreement with the range of values found for other disks
(Carney et al. 2019; Pegues et al. 2020 for H2CO, Le Gal et al.
2019; Teague et al. 2018 for CS, and Hily-Blant et al. 2017 for
CN, Garufi et al. 2020; Podio et al. 2020; van’t Hoff et al. 2020
for the three molecules). The integrated line intensities and the
derived column densities are summarized in Table 1.

As shown by recent observational studies (Le Gal et al. 2019;
Pegues et al. 2020; Teague et al. 2018), CS and H2CO emis-
sion may be optically thick in protoplanetary disks. In order
to check whether or not and to what extent line opacity may
affect our column density estimates, which are derived assum-
ing optically thin emission, we converted the ring-integrated line
spectra shown in Fig. 3 in brightness temperature (see Fig. B.1
in Appendix B). The line brightness temperature, TB, is well
below the gas temperature for optically thin lines, while it is
∼ (0.6−0.8)×TK for thermalized lines. We find that the intensity
peak of the H2CO 31,2 − 21,1 and CS 5 − 4 integrated spectra is
TB ∼ 1.5 K. This value is well below the typical gas temperatures
of the H2CO and CS emitting disk layer (Tex ∼ TK ∼ 11 − 37
K for H2CO (Pegues et al. 2020), and ∼ 20 − 35 K for CS (Le
Gal et al. 2019; Teague et al. 2018)). Thus, we conclude that the
observed lines are likely optically thin. Le Gal et al. (2019) and
Pegues et al. (2020) find that H2CO and CS emission is mildly
optically thick in the protoplanetary disks MWC 480 and LKCa
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Fig. 3. H2CO 31,2 − 21,1, CS 5 − 4, and CN 2 − 1 spectra integrated over a 0′′.33 − 0′′.75 ring area (top panels) and over a 3′′ circular area (bottom
panels). The vertical dashed lines indicate the systemic velocity, Vsys = +6.24 km s−1. For CN 2− 1, the velocity scale corresponds to the brightest
of the three hyperfine components at 226.87 GHz reported in Table 1 (N = 2−1, J = 5/2−3/2, F = 7/2−3/2), and the position of the two fainter
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15, and that H2CO is also mildly optically thick in DM Tau and
J1604-2130. These latter authors infer τ ∼ 0.07 − 0.4 for CS
5 − 4 and τ ∼ 0.14 − 0.85 for the H2CO lines with the lower
upper level energies, that is, Eup ∼ 20 − 34 K, and therefore the
column densities derived using the optically thin approximation
are underestimated by a factor of about two. As we cannot ex-
clude that the detected H2CO and CS emission lines are mildly
optically thick in the disk of DG Tau, our estimates of the col-
umn densities may also be underestimated by a factor of a few.

4. Discussion

4.1. The origin of ring-like emission

The H2CO, CS, and CN moment-0 maps and radial intensity
profiles show that the bulk of the line emission originates from
an outer disk ring while poor emission (or even negative fluxes
in the case of CN and CS) is detected in the inner disk region,
that is, at radii ≤ 50 au. As discussed in Podio et al. (2019),
the depression or lack of emission in the inner disk region may
be due to: (i) lower molecular column density in the inner disk
region; (ii) optically thick dust suppressing line emission; and
(iii) absorption of the dust continuum emission by optically thick
line emission from the disk itself and/or from circumstellar ma-
terial, which would then lead to an over-subtraction at the line
frequency when removing the continuum evaluated in the fre-
quency range adjacent to the line. As discussed in Sect. 3.1, the

latter may be the cause of the negative values seen in the inner
disk region in the channel maps, the moment-0 map, the radial
profile, and the integrated spectra of CN 2 − 1. Negative fluxes
in the inner 20 au are also seen in the radial intensity profile of
CS 5 − 4, while no negative values are seen in the H2CO profile.
Following Podio et al. (2019) we exclude that the depression in
the H2CO and CS emission is due to dust opacity for r > 20
au. This is based on previous modeling of the continuum emis-
sion that shows that the disk is optically thick in the inner 10 au.
Further out, the optical depth sharply decreases to values lower
than 0.5 at ∼ 20 au (Isella et al. 2010). Furthermore, if the inner
depression was due to optically thick dust, the observed molecu-
lar rings would be centered around the continuum peak. Instead,
Podio et al. (2019) noted that the H2CO ring is displaced along
the major axis with respect to the continuum and the same effect
is visible in the CS map presented in this work (see Fig. 1). Fi-
nally, in the case of optically thick dust, all the lines should be
equally suppressed at the same radii whereas the inner profile of
our lines is different (see Fig. 2), with the CO isotopologs, 13CO
and C18O, which show a smaller hole in their distribution com-
pared to H2CO (of ∼ 25 au, Güdel et al. 2018). This behavior is
the opposite of what was observed for DG Tau B by Garufi et al.
(2020).

In conclusion, while we cannot exclude the presence of
H2CO and CS emission in the inner 25 au disk region, which
would remain undetected due to optically thick dust and/or con-
tinuum over-subtraction due to optically thick line emission, we
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confirm the presence of an outer ring of enhanced molecular
emission at the edge of the mm continuum. An inner hole or
dip in the distribution of H2CO was also detected in other disks,
namely TW Hya (Öberg et al. 2017), HD 163296 (Carney et al.
2017), V4046 Sgr (Kastner et al. 2018), and 5 out of 13 disks
associated with H2CO emission in the survey of (Pegues et al.
2020; two of which are HD 163296 and V4046 Sgr). However,
for all disks except IM Lup and HD 163296, optically thick dust
is likely not the cause of the observed lack of H2CO in the inner
disk region, similarly to what we conclude for the disk of DG
Tau. Moreover, a peak of the H2CO emission at the edge of the
millimeter continuum is found in both TW Hya and HD 163296,
as well as in 4 of the 13 disks with detected H2CO in the survey
by Pegues et al. (2020). Concerning CS, the studies by Le Gal
et al. (2019) and Loomis et al. (2020) show centrally peaked CS
emission in all but one out of five disks and no emission bump at
the edge of the continuum. An emission peak at the edge of the
dusty disk has also been reported for other molecules, such as
DCO+ and CO isotopologs (see, e.g., Favre et al. 2019; Huang
et al. 2016; Öberg et al. 2017).

Concerning CN, as discussed in Sect. 3.1, almost no emis-
sion is detected in the channel maps and in the moment-0 map,
but CN emission is clearly visible in the azimuthally averaged ra-
dial profile and in the integrated spectra (Figs. 2 and 3). It is not
clear if the emission originates at least partially from an outer
disk region or if it is mostly from the envelope. In the second
case, the negative fluxes in the inner disk region could be due to
absorption of the disk continuum emission by the surrounding
extended envelope, which would mask any disk emission.

4.2. The interplay of gas and dust

To quantify the degree of dust accumulation occurring at the lo-
cation of the dust ring revealed by unsharp masking (see Fig. 4),
we integrated the continuum flux encompassed in the original
map at the ring location as well as the total flux from the disk.
A Gaussian fit to the observed emission yields a disk major axis
of 0′′.45 and a disk inclination i of 35◦. The flux integrated over
this region is 0.29 Jy whereas the ring flux amounts to 0.04 Jy. It
is therefore clear that this substructure is morphologically differ-
ent from the bright structures recurrently imaged by ALMA (see
e.g., Andrews et al. 2018). Indeed, the dust ring in the disk of
DG Tau only shows a ∼ 10% flux enhancement with respect to
the contiguous disk regions and this converts into a comparable,
and thus marginal, amount of dust accumulation (assuming that
the enhanced emission is not due to changes in the dust opacity
and/or temperature in the ring). The dust mass of disk and ring
can be obtained from the aforementioned fluxes in the assump-
tion of optically thin emission through:

Mdust =
Fmmd2

κλBλ(Tdust)
, (1)

where the dust opacity κλ at 1.3 mm is assumed to be a global
2.3 cm2 g−1 (from Beckwith et al. 1990) and the Planck function
Bλ(Tdust) is calculated from an overall dust temperature Tdust of
20 K. Under these assumptions, the total dust mass is ∼ 120 M⊕
and the ring dust mass is ≈ 16 M⊕.

The dusty ring visible after unsharp masking shows spatial
analogies with both the linear polarization map at 0.87 mm by
Bacciotti et al. (2018) and the molecular emission presented in
this work, as shown in Fig. 4. The orientation of the polarization
vectors changes from parallel to the disk minor axis to azimuthal
at the radial location of the ring, that is, at ∼ 40 au. This confirms

the suggestion made by Bacciotti et al. (2018) that sharp changes
in the orientation of the polarization pattern may betray the pres-
ence of yet unseen substructures in the dust and gas distribution.
Moreover, both the CS and H2CO rings of emission of Fig. 1 lie
at the outer edge of the continuum substructure. We also note that
the dusty ring is located beyond the CO snowline at RCO ∼ 30
au, as computed by the thermo-chemical disk model ProDiMo
(Podio et al. 2013). This suggests that outside the CO snowline
there could be a change in the dust properties (e.g., dust grain
size and opacity) which would lead to (i) an enhancement of
the dust continuum emission; (ii) a change of the orientation of
the polarization due to dust grain self-scattering (Bacciotti et al.
2018); and (iii) an enhancement of H2CO and CS emission.

4.3. The chemical origin of detected molecules

The observed H2CO 31,2 − 21,1 and CS 5 − 4 emission originate
from roughly the same radial region of the disk, that is, from a
ring located between ∼ 40 au and ∼ 130 au and with a peak close
to the edge of the distribution of the mm dust grains, with the
CS emission displaced by ∼ 10 au towards the outer disk. The
two transitions have very similar upper level energy and critical
density (Eup = 33 K, and 35 K, and ncr ∼ 7 − 5 × 105 cm−3, and
17−9.5×105 cm−3 at 20−100 K, for the H2CO and the CS line,
respectively). Therefore, they are excited in similar conditions
and it is reasonable to assume that they also arise from the same
vertical region of the disk, in agreement with disk modeling by
Fedele & Favre (2020) and with the ALMA images of the edge-
on disk of IRAS 04302+2247 (Podio et al. 2020).

H2CO and CS could also be linked from a chemical point of
view. Following Le Gal et al. (2019) the main formation routes
of CS are either (i) rapid ion–neutral reactions between S+ and
small hydrocarbons (such as CHx and CyH, with x = 1 − 4
and y = 2 − 3), which produce carbonated S-ions, including
HCS+, CS+, HC3S+, and C2S+, which subsequently recombine
with electrons to form neutral S-bearing species; or (ii) neu-
tral–neutral reactions between S and small hydrocarbons (at
deeper disk layers). The main formation route of H2CO in gas
phase is through the reaction CH3 + O, which is efficient in
the warm inner region and molecular layers of the disk where
atomic oxygen is produced by photodissociation of gas-phase
CO (e.g., Loomis et al. 2015; Willacy & Woods 2009). The latter
also makes available C for the formation of small hydrocarbons
which boost the formation of both H2CO and CS. Finally, both
species are easily destroyed in the disk atmosphere due to photo-
dissociation and reactions with protons and protonated ions (i.e.,
with H+, H+

3 , and HCO+), and will freeze-out onto dust grains
in the disk midplane. The freeze-out will occur when the dust
temperature falls below their freeze-out temperature (Td) which
is ∼ 65 K for CS and ∼ 90 K for H2CO as estimated from the
binding energy by Wakelam et al. (2017) (Eb=3200 K and 4500
K, respectively)2 lower binding energies and freeze-out temper-
atures are found by Penteado et al. (2017). Therefore, if H2CO
and CS are primarily produced in gas-phase in the disk molecu-
lar layer, their abundance would be strongly linked to the pres-
ence of small hydrocarbons, such as CH3. On the other hand,
there could be a second reservoir of H2CO and CS due to the
release from the dust-grain mantles. For both H2CO and CS, the
peak of emission at the edge of the millimeter continuum could
be due to several mechanisms, as discussed by Carney et al.

2 The binding energies (BE) of CS and H2CO by Wakelam et al. (2017)
are in agreement with the range estimated by Ferrero et al. (2020) and
Codella et al. (2020), while
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Fig. 4. Left panel: Continuum map at 0.87 mm after unsharp masking compared with the orientation of the linear polarization vectors at 0.87 mm
(Bacciotti et al. 2018). The orange ellipse in the bottom left corner indicates the synthesized beam of the 0.87 mm continuum. Right panel: RGB
image showing the continuum at 1.3 mm after unsharp masking (in red), H2CO 31,2 − 21,1 (in blue), and CS 5 − 4 (in green). The blue, red, and
green ellipses in the bottom left corner indicate the synthesized beam for H2CO, continuum, and CS, respectively.

(2017), Öberg et al. (2017), Pegues et al. (2020), and Podio et al.
(2019): (i) enhanced photodesorption from dust grains; (ii) en-
hanced photodissociation of CO, which produces atomic O and
small hydrocarbons for the formation of H2CO, as well as CS;
or (iii) temperature inversion in the outer disk region with fewer
solids.

With respect to H2CO and CS, CN emission originates from
a larger ring located outside the dusty disk, and extending from
∼ 80 au to ∼ 500 au. CN ring-like emission was detected in a
few other disks, namely in TW Hya (Hily-Blant et al. 2017), and
the Sz 71 and Sz 68 disks in Lupus (van Terwisga et al. 2019).
As discussed by Cazzoletti et al. (2018), the main reactions that
form CN start from H∗2, that is, H2 molecules that are pumped
into excited vibrational states by far-ultraviolet (FUV) radiation.
The reaction N + H∗2→ NH +H is followed by C+ + NH→ CN+

+H, and CN+ finally goes to CN through a charge transfer with
H, or following dissociative recombination of the intermediates
HCN+ and HCNH+. As the abundance of H∗2 strongly depends
on the FUV radiation, CN could be a good tracer of the outer
disk surface layers which are more strongly exposed to intense
FUV irradiation, as predicted by disk thermo-chemical models
(Cazzoletti et al. 2018; Fedele & Favre 2020), and in agreement
with the CN ring-like morphology detected in the disks of TW
Hya, Sz 71, and Sz 68 (Hily-Blant et al. 2017; van Terwisga et al.
2019). However, a recent study by Arulanantham et al. (2020)
shows that the intensity of the CN lines detected at mm wave-
lengths are anticorrelated with the FUV continuum measured
from the HST spectra. This may be due to the fact that although
FUV irradiation promotes CN formation due to increased pro-
duction of H∗2 and atomic N, it also increases CN destruction. In
light of this, in the case of DG Tau, the detected CN emission is
likely to originate mostly from the circumstellar envelope, and
only in small part from the UV irradiated outer disk layers.

5. Conclusions

ALMA observations at 0′′.15 resolution of the disk of DG Tau
show that H2CO and CS emission originates from a disk ring lo-
cated at the edge of the 1.3 mm dust continuum (Rdust ∼ 66 au),

with the peak of CS emission being found at ∼ 70 au, that is,
slightly outside the H2CO peak at ∼ 60 au. The fact that H2CO
and CS emission are roughly co-spatial suggests that CS and
H2CO molecules are chemically linked, as both of them may be
formed in gas-phase from simple radicals, and/or desorbed from
dust grain mantles. Moreover, as the considered CS and H2CO
lines have similar excitation conditions it is likely that they orig-
inate from the same disk region both radially and vertically. The
CN emission emerges outside the 1.3 mm dust emission (∼ 80
au) and extends out to ∼ 500 au. The anti-correlation between
H2CO, CS, and CN line emission and the dust continuum could
be due to (i) dust opacity and/or over-subtraction of the contin-
uum (due to optically thick circumstellar gas) which screen line
emission from the inner disk; and/or (ii) the fact that the outer
disk at the edge of/outside the mm dust is more exposed to UV
radiation which may enhance the abundance of simple radicals,
atomic O, and H∗2, thereby enhancing gas-phase formation of CS,
H2CO, and CN, as well as photodesorption of molecules from
grains. Some features of the observed molecular emission, such
as the co-spatiality of H2CO and CS emission, CN emission ex-
tending out to larger radii, is in agreement with the predictions of
thermo-chemical models (Cazzoletti et al. 2018; Fedele & Favre
2020). After unsharp masking, the continuum at 0.87 mm and
1.3 mm shows a ring of enhanced dust emission located at ∼ 40
au, that is, outside the CO snowline (∼ 30 au). Interestingly, the
peak of molecular emission is just outside this ring of enhanced
dust emission where we also observe a change in the orientation
of the linear polarization at 0.87 mm. This suggests a change in
the dust properties outside the CO snowline and a link between
the observed molecular emission and the dust properties.
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Appendix A: Channel maps

The channel maps of the H2CO 31,2−21,1, CS 5−4, and CN 2−1
emission towards DG Tau are presented in Fig. A.1 and A.2.

Appendix B: Integrated spectra in brightness
temperature

The line spectra shown in Fig. 3 obtained by integrating the line
cube over a disk ring extending from 0′′.33 to 0′′.75 and over a
circular area of 3′′ are converted in brightness temperature TB as
shown in Fig. B.1.
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Fig. A.1. Channel maps of H2CO 31,2 − 21,1 and CS 5 − 4 emission towards DG Tau. The blue and red contours show the emission at symmetric
blue- and redshifted velocities with respect to systemic velocity (Vsys = +6.24 km s−1) up to V − Vsys = ±3 km s−1, as labeled in the upper left
corner of each channel box. The H2CO 31,2 − 21,1 and CS 5 − 4 lines are observed in the narrow (0.162 km s−1 per channel) and broad (0.6 km s−1

per channel) spectral window, respectively. First contour and step are 3σ. The black star and contour indicates the peak and the 5σ level of the 1.3
mm continuum. The ellipse in the bottom right corner of the last channel shows the ALMA synthesized beam.
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Fig. A.2. Channel maps of CN 2 − 1 emission towards DG Tau. The channel velocity, VLSR, is relative to the brightest CN 2 − 1, J=5/2-3/2,
F=7/2-3/2 hyperfine component and is labeled in the upper left corner of each channel box. The other two hyperfine components are offset by
−1.47 km s−1 and +0.78 km s−1 with respect to the brightest one (see Table 1). The channels corresponding to the systemic velocity for the three
hyperfine components (i.e. 6.21 km s−1, 4.75 km s−1, and 7.02 km s−1) are highlighted by a thick red box. First contour and step are 3σ, negative
intensities are shown by dashed contours. The black star and contour indicates the peak and the 5σ level of the 1.3 mm continuum. The ellipse in
the bottom right corner of the last channel shows the ALMA synthesized beam.
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Fig. B.1. H2CO 31,2 − 21,1, CS 5− 4, and CN 2− 1 spectra integrated over a 0′′.33− 0′′.75 ring area (top panels) and over a 3′′ circular area (bottom
panels), in brightness temperature TB. The vertical dashed lines indicate the systemic velocity, Vsys = +6.24 km s−1. For CN 2 − 1 the velocity
scale corresponds to the brightest of the three hyperfine components at 226.87 GHz reported in Table 1 (N = 2− 1, J = 5/2− 3/2, F = 7/2− 3/2),
and the position of the two fainter components is indicated by the vertical dashed lines.

Article number, page 13 of 13


