
A. Garufi, L. Podio, C. Codella, D. Segura-Cox, … J. Pineda, … L. Testi

Accretion shocks in the disk of 
DG Tau and HL Tau
ALMA-DOT VI

On arXiv today!



ALMA chemical survey of disk-outflow sources in Taurus 
(ALMA-DOT)

ALMA Cycle 4, 5, 6 in Band 5, 6, 7, and 9 of six Class I


PI: L. Podio


with: A. Garufi, C. Codella, F. Bacciotti, D. Fedele 


and: C. Favre, E. Bianchi, C. Ceccarelli, L. Testi, S. 
Facchini, A. Miotello, R. Teague, D. Segura-Cox, J. 
Pineda, and many others…

DG Tau

DG Tau B

T Tau

Haro 6-13

12CO 2-1 CS 5-4 o-H2CO 31,2-21,1 CN 2-1 o-H2CS 71,6-61,51.3 mm continuum

Undetected

Undetected

Undetected

Undetected

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 100 
!
!
20 
!
!
!
1 
30 
!
10 
!
!
!
!
1 
200 
!
!
10 
!
!
1 
!
200 
!
!
50 
!
!
10 
50 
!
!
5 
!
!
!
1 
100 
!
!
10 
!
!
1

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

IRAS 
04302+2247

200 
!
!
100 
!
!
!
10 
200 
!
!
100 
!
!
!
10 
900 
!
!
400 
!
!
10 
!
300 
!
!
150 
!
!
10 
600 
!
!
300 
!
!
!
10 
2000 
!
!
500 
!
!
10

5 
!
!
3 
!
!
!
1 
5 
!
!
3 
!
!
!
1 
50 
!
!
25 
!
!
10 
!
20 
!
!
15 
!
!
10 
80 
!
!
50 
!
!
!
10 
80 
!
!
50 
!
!
20

5 
!
!
3 
!
!
!
1 
5 
!
!
3 
!
!
!
1 
50 
!
!
25 
!
!
10 
!
30 
!
!
20 
!
!
10 
80 
!
!
50 
!
!
!
10 
60 
!
!
40 
!
!
20

15 
!
!
10 
!
!
!
3 
30 
!
!
15 
!
!
!
3 
90 
!
!
45 
!
!
3 
!
60 
!
!
30 
!
!
3 
30 
!
!
15 
!
!
!
1 
80 
!
!
40 
!
!
1

100 
!
!
50 
!
!
!
1 
100 
!
!
50 
!
!
!
1 
30 
!
!
15 
!
!
1 
!
100 
!
!
50 
!
!
1 
50 
!
!
25 
!
!
!
1 
100 
!
!
50 
!
!
1

HL Tau

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

N
SaSb

DG Tau

DG Tau B

T Tau

Haro 6-13

12CO 2-1 CS 5-4 o-H2CO 31,2-21,1 CN 2-1 o-H2CS 71,6-61,51.3 mm continuum

Undetected

Undetected

Undetected

Undetected

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 100 
!
!
20 
!
!
!
1 
30 
!
10 
!
!
!
!
1 
200 
!
!
10 
!
!
1 
!
200 
!
!
50 
!
!
10 
50 
!
!
5 
!
!
!
1 
100 
!
!
10 
!
!
1

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

IRAS 
04302+2247

200 
!
!
100 
!
!
!
10 
200 
!
!
100 
!
!
!
10 
900 
!
!
400 
!
!
10 
!
300 
!
!
150 
!
!
10 
600 
!
!
300 
!
!
!
10 
2000 
!
!
500 
!
!
10

5 
!
!
3 
!
!
!
1 
5 
!
!
3 
!
!
!
1 
50 
!
!
25 
!
!
10 
!
20 
!
!
15 
!
!
10 
80 
!
!
50 
!
!
!
10 
80 
!
!
50 
!
!
20

5 
!
!
3 
!
!
!
1 
5 
!
!
3 
!
!
!
1 
50 
!
!
25 
!
!
10 
!
30 
!
!
20 
!
!
10 
80 
!
!
50 
!
!
!
10 
60 
!
!
40 
!
!
20

15 
!
!
10 
!
!
!
3 
30 
!
!
15 
!
!
!
3 
90 
!
!
45 
!
!
3 
!
60 
!
!
30 
!
!
3 
30 
!
!
15 
!
!
!
1 
80 
!
!
40 
!
!
1

100 
!
!
50 
!
!
!
1 
100 
!
!
50 
!
!
!
1 
30 
!
!
15 
!
!
1 
!
100 
!
!
50 
!
!
1 
50 
!
!
25 
!
!
!
1 
100 
!
!
50 
!
!
1

HL Tau

  2″ 1″ 0 1″ 2″  

1″

0

1″

   2″ 1″ 0 1″ 2″ 

 

1″

0

1″

 

N
SaSb



1. Imaging the young gaseous disks of Class I with 
multiple molecules other than 12CO


2. Imaging outflows, envelope, streamers, and other 
structures around the disk


3. Detect and characterize simple organic molecules 
(formaldehyde, methanol)
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ALMA-DOT V: Overview (Garufi et al. 2021a)
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1. 12CO traces outflow and 
envelope


2. H2CO and CS are good disk 
tracers, and look very similar


3. CN is detected only from the 
dust edge outward


4. H2CS and CH3OH are also 
detected in 2 and 1 sources
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ALMA-DOT II: Vertical stratification  
(Podio et al. 2020a) Podio et al.: Chemical structure of the disk of IRAS 04302+2247
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Fig. 1. Moment 0 maps of continuum at 1.3 mm and molecular emission toward IRAS 04302+2247. Molecular lines are the CO 2 � 1, CN 2 � 1,
CS 5 � 4, and H2CO 31,2 � 21,1. In each panel: The color wedge on the right shows the intensity in units of mJy beam�1 and in logarithmic scale
for the continuum, and in units of mJy beam�1 km s�1 and linear scale for the lines. The star in the center indicates the geometrical center of the
continuum emission. The beam size is shown at the bottom left. The sketch in the bottom-right panel shows the comparison between the continuum
(dust) and molecular emission, and it is zoomed in by a factor of 1.7. The black-dashed lines indicate the section over which the vertical profiles
of Fig. 2 are obtained. The inset shows the regions named the molecular layer and outer midplane (see Sect. 3.3). North is up, east is left.

given z/r ranges include the scattering encountered along the
four di↵erent disk surfaces, that is to say northeast, southeast,
northwest, and southwest.

The molecular emission decreases in the outer disk midplane
for r > 150 au. The vertical profiles show that at a disk radius
of 115 au, the intensity of all molecules is only slightly lower at
the disk midplane with respect to their peak intensity (by a factor
of 3 for CO, 2 for CS, and less than 2 for H2CO). At r = 230
au instead, the emission in the midplane is lower with respect to
the peak intensity by a factor of 2 for H2CO, and by a factor of
15 for CS. No CO emission is detected at the midplane, which
means that it is lower than at the intensity peak by a factor of
more than 100.

3.2. Tentative detection of methanol

The moment 0 map of the CH3OH 50,5�40,4 (A) line shows emis-
sion up to 8 mJy beam�1 km s�1. The emission does not show the
same spatial distribution as any of the other tracers shown in Fig.
1, but it is confined within the H2CO emitting region, suggest-
ing that it originates from the disk (see left panel of Fig. 3). This
is further supported by the CH3OH spectral profile obtained by
integrating over the H2CO emitting region (middle panel of Fig.
3). This reveals two peaks that are symmetrically displaced at
±2 km s�1 with respect to the systemic velocity (Vsys = +5.6

km s�1), which is in perfect agreement with the peaks of H2CO
(middle panel of Fig. 3). The CH3OH intensity obtained from the
moment 0 map by integrating over the molecular layer, which is
defined as the X-shaped region where CS and H2CO emission is
brighter (area A = 4.3 arcsec2, see sketch in Fig. 1), amounts to
42 mJy km s�1. The noise on the integrated emission2 is 13 mJy
km s�1; therefore, this is a 3� detection. As an a posteriori test,
the integrated line intensity is consistent with the expectations
for the [CH3OH]/[H2CO] abundance ratio (see Sect. 3.3).

3.3. Column densities in the midplane and molecular layer

The column densities of the detected molecular species were in-
ferred by assuming local thermodynamic equilibrium and opti-
cally thin lines. The validity of these assumptions is discussed
by Podio et al. (2019). The CS, H2CO, and CH3OH line intensi-
ties were integrated over the following two distinct regions: the
disk molecular layer, as defined in Sect. 3.2 (A = 4.3 arcsec2),
and the outer disk mid-plane (A = 0.41 arcsec2) (see sketch in
Fig. 1). The noise on the integrated emissions, Fint, was derived
just as for methanol2. If Fint < 3�, we report the upper limit (Ta-

2 The noise on the line integrated emission is �0⇥
p

A/✓beam, where �0
is the r.m.s of the moment 0 map, A is the area of integration, and ✓beam
is the beam size. The values of �0 and ✓beam are listed in Table A.1.

Article number, page 3 of 8



ALMA-DOT II: Vertical stratification  
(Podio et al. 2020a)Podio et al.: Chemical structure of the disk of IRAS 04302+2247
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Fig. 3. Left: CH3OH 50,5�40,4 (A) moment 0 map. The color wedge shows the intensity in units of mJy beam�1 km s�1. The cyan contours indicate
the H2CO 31,2 �21,1 emission of Fig. 1 at 20, 40, and 60 mJy beam �1. The beam sizes are shown at the bottom left with the relative colors. Middle:
Spectral profiles of the H2CO and CH3OH lines integrated over the H2CO emitting area. The CH3OH profile is multiplied by 5. The solid-vertical
lines indicate the peaks of the H2CO profile and correspond to the peaks of the CH3OH line. The dashed line indicates the source systemic velocity
(Vsys = +5.6 km s�1). Right: [CH3OH]/[H2CO] abundance ratio inferred for IRAS 04302 is compared with literature values inferred for Class 0
hot corinos, other Class I or early Class II disks observed by ALMA-DOT, Class II disks, and comets (references in the text).

ited from the protostellar stage and remains unaltered ("inheri-
tance" scenario), the observed di↵erence may either depend on
the fact that the emission around Class 0 sources is unresolved
or on the di↵erent processes which release the molecules in the
gas phase. While, in the hot-corino, the ices are released in the
gas phase by thermal desorption at T > 100 K (e.g., Cecca-
relli et al. 2007), in the disk midplane and molecular layer, non-
thermal processes are at play (photo-desorption, cosmic-rays-
induced, and/or reactive desorption, e.g., Walsh et al. 2014). A
detailed comparison with thermo-chemical disk models is nec-
essary to distinguish between the two competing scenarios. Fi-
nally, the [CH3OH]/[H2CO] abundance ratio in all disks except
HD 163296 is comparable with the wide range found for comets
67P/C-G, Hale-Bopp, and Lovejoy (⇠ 0.65�8, Biver et al. 2015;
Rubin et al. 2019), even though IRAS 04302 sits at the lower
limit of that range. The comparison in Fig. 3 suggests a change
in the chemical composition in disks with respect to the pro-
tostellar stage, which is then inherited by forming planets and
minor bodies, such as comets.

5. Conclusions

The nearly edge-on disk around the Class I source IRAS 04302
observed at ⇠ 48 au resolution in the context of the ALMA-
DOT campaign allows us to resolve, for the first time, the verti-
cal structure of a protoplanetary disk in several molecular trac-
ers. The CO, CS, and H2CO maps probe the chemical stratifi-
cation predicted by thermo-chemical models (e.g., Dutrey et al.
2014, and references therein): the warm molecular layer, with
the height of the emitting region linearly increasing with the ra-
dial distance; and the freeze-out layer in the cold outer midplane
where line emission decreases due to molecular freeze-out onto
dust grains.

We report the first tentative detection of CH3OH in the disk
of a Class I source and constrain the abundance with respect to
H2CO to be 0.5�0.6. The inferred abundance ratio is 1-2 orders
of magnitude lower than in hot corinos around Class 0 proto-
stars, while it is only a factor of 2.5 lower than that estimated in
the Class II disk of TW Hya and comparable with that inferred
for comet 67P/C-G. This may be due to chemical evolution, that

is, to a chemical reset in the disk with respect to the protostellar
stage and/or to the di↵erent processes responsible for the release
of molecules in the gas phase (thermal desorption in hot cori-
nos and nonthermal desorption in disks). A detailed modeling
of the disk thermo-chemical structure is required to distinguish
between inheritance and disk-reset scenarios.
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The ratio with formaldehyde is low (0.5-0.7).



ALMA-DOT I: Early disk sub-structure  
(Garufi et al. 2020a)

Disk radial discontinuities and a possible spiral are

detected at a moderately high resolution (20 au)!

A. Garufi et al.: ALMA-DOT. I. CO, CS, CN, and H2CO around DG Tau B

Table 1. Properties of the observed lines.

Molecule Transition ⌫rest Eup S i jµ2 Beam rms Fint NX
(GHz) (K) (D2) (00) (mJy beam�1) (mJy km s�1) (1014 cm�2)

12CO 2�1 230.538000 17 0.02 0.14⇥ 0.11 1.2 – –
o-H2CO 31,2�21,1 225.697775 33 43.5 0.17⇥ 0.14 1.4 622± 32 0.27�2.98

CS 5�4 244.935556 35 19.1 0.16⇥ 0.13 0.6 920± 14 0.20�0.70

CN

2�1, J = 3
2� 1

2 , F = 5
2� 3

2 226.665956 16 4.2 0.17⇥ 0.14 0.8 295± 18 0.17�1.06
2�1, J = 3

2� 1
2 , F = 1

2� 1
2 226.663692 (b) 16 1.2

2�1, J = 5
2� 3

2 , F = 7
2� 5

2 226.874781 16 6.8
0.17⇥ 0.14 1.3 754± 29 0.18�1.102�1, J = 5

2� 3
2 , F = 5

2� 3
2 226.874190 (b) 16 4.2

2�1, J = 5
2� 3

2 , F = 3
2� 1

2 226.875896 (b) 16 2.6
34SO2 42,2�31,3 229.857618 19 4.6 0.17⇥ 0.14 0.8 <18

SO2

115,7�124,8 229.347630 122 3.1 0.17⇥ 0.14 0.9 (24± 20) <1.60�4.48
54,2�63,3 243.087647 53 0.7 0.16⇥ 0.13 0.8 (22± 19) <1.75�11.75
52,4�41,3 241.615796 24 5.7 0.16⇥ 0.13 0.9 (42± 21) <0.16�2.58

HDO 31,2�22,1 225.896720 168 0.7 0.17⇥ 0.14 0.8 <18 <0.09�0.70
21,1�21,2 241.561550 95 0.4 0.16⇥ 0.13 0.9 <21 <0.24�0.63

CH3OH 3�2,2�4�1,4 230.027060 40 0.7 0.17⇥ 0.14 0.9 <20
50,5�40,4 241.791431 35 4.0 0.16⇥ 0.13 0.9 (26± 21) <0.55�10.86

Notes. Columns are: molecular species, transition, frequency at rest frame ((b) = blended line), upper-level energy, line strength, beam size, channel
rms, flux integrated over the main region (see text), column density. Errors on the flux have 1� confidence. Parentheses denote a flux above 1� but
below 3� confidence. The limits on the column density are derived assuming Tex between 30 and 300 K.

Jy/beamContinuum

Jy/beam

Labeled

0.005

0.02

0.03
Ring

Spiral?

100 au

Unsharp Mask

0.01

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 0.100. Right panel: labeled
version of the same image. The isophote curves at 3�, 25�, and 100� (with � = 0.034 mJy beam�1) are shown together with the location of the
broad ring (brown) and a putative spiral arm (gray) inferred from the unsharp masked image.

as deviations of 20–30% in flux with respect to a constantly
declining profile. 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 H2CO. Their integrated
intensity maps (moment 0) and intensity-weighted velocity maps
(moment 1) are shown in Fig. 2, while a summary of their prop-
erties can be found in Table 1. It should be noted that the CN 2�1
transition has a hyperfine structure with 19 components ranging
from 226.287 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 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 to ⇠12 km s�1. However, no CO emission
is detected between 5.8 and 7.0 km s�1. This velocity interval is
centered around the systemic velocity of DG Tau B (⇠6.4 km s�1,
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
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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) H2CO moment 0. (c) CS moment 0. (d) CN at 226.87 GHz moment 0. (e) CO moment 1. (f ) H2CO moment 1. (g) CS moment 1. (h) CN at
226.87 GHz moment 1. Fluxes at 3� confidence are indicated by the gray notch on the color bars. All moment 1 maps are obtained by clipping
fluxes below 3� and are shown with the same spatial scale. Contours on these maps are the 100�, 25�, and 3� 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.

spatial filtering (as in Mitchell et al. 1997). On the other hand, the
CS, CN, and H2CO lines are detected at the systemic velocity.

3.2.1. Molecular outflow

The most prominent contribution to the CO emission derives
from the two outflow cavities (Figs. 2a and e). The redshifted
cone, to the NW, is much more extended and collimated than
the blueshifted cone, to the SE. The former is detected from
V = 7.5 to 15.5 km s�1. The southern and northern edges of
the cone have slightly different velocities, revealing that the out-
flow rotates in a direction consistent with the disk rotation (see
Sect. 3.2.2). In the inner 300, the southern edge shows an average
velocity of 9 km s�1, while the northern edge of nearly 10 km s�1.
The outflow width also varies with the velocity probed, span-
ning from 45� at 8 km s�1 to 30� at 13 km s�1. The maps of
H2CO, CS, and CN lines (Figs. 2b–d) do not show any obvi-
ous 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�1 that is co-located with the CO emis-
sion (see channel maps of Fig. B.1). At higher velocities 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. 2c). 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 and 7.0 km s�1, respectively (see again channel maps
of Fig. B.1). Thus, our observations resolve a rotation for the
blueshifted outflow of �V ' 1.2 km s�1, similar to the redshifted
outflow. These southern and eastern outflow walls are also visi-
ble in the CN, while only the eastern wall is marginally visible
in the H2CO. 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 invisible in the CO). This
feature is also relatively bright in the H2CO.

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�1). It could therefore
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, H2CO, CS, and
CN emission in the inner 200 around DG Tau B. However, all
the moment 0 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 H2CO and CS it
has a size of ⇠0.2500 when measured along the major axis, while
it is significantly larger (⇡0.800) 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�1 of the systemic velocity (see line
profiles in Fig. B.2). Out of this velocity range, the flux in this
region rises to zero, but never becomes positive. The only excep-
tion is CO (see Fig. B.1), 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
H2CO, spanning from 4.5 to 8 km s�1 (see Fig. B.2). However,
this feature is explained by the hyperfine nature of this transition
that results in three blended lines within a small velocity shift of
+0.8 and �1.5 km s�1 from the main line. The origin of this inner
depression is discussed in Sect. 4.1.
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ALMA-DOT I: Early disk sub-structure  
(Garufi et al. 2020a)

From the occultation of the rear-side outflow, the disk is constrained

optically thick out to 50 au.

A. Garufi et al.: ALMA-DOT. I. CO, CS, CN, and H2CO around DG Tau B

0.2" 0.3" 0.4"
Separation                                     

0.01

0.1

0

0.1

1

   
   

   
   

   
   

 C
O

 fl
ux

 d
en

sit
y 

   
 D

isk
 o

pt
ica

l d
ep

th
   

   
   

   
   

   
 

0.3" 0.4" 0.5" 0.6" 0.7" 0.8"

τ from Northern profile
τ from Southern profile
Northern outflow edge
Southern outflow edge

Front disk

Front outflow

Rear outflow

Rear disk

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.

From 0.2500 to 1.000, the CS and H2CO lines show a broad
spectral pattern with �V ' 2.5 km s�1 around Vsys; however, the
former peaks at Vsys (see Fig. B.2) because of the strong con-
tribution from the molecular outflow (see Sect. 3.2.1). From
Figs. 2f and g, it is clear that the distribution of both lines is
shifted toward SE and is also slightly bent toward the same direc-
tion. Both effects are due to the vertical origin of this type of
emission and to the disk flaring. At larger radii, the CS emis-
sion remains relatively bright and appears co-located with the
CO emission. The extent of this outer disk emission can be eval-
uated in ⇠3.500 along the disk major axis (where the outflow is
absent) at V = 5.2 and 7.6 km s�1 (see Fig. B.1). On the other
hand, the H2CO emission becomes rapidly undetected outside
1.500.

The distribution of the CN emission clearly differs from that
of CS and H2CO. First, the high-velocity components resolved
for CS and H2CO 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 H2CO or CS flux is recovered.
Most of the flux in this region has velocities between 5.2 and
7.6 km s�1, 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 0.300 outward, and we assumed
the values of those plateaus as the unattenuated emission Ioutflow.
Then we converted the measured intensity Iobs into the extinction
optical depth ⌧ext through ⌧ext = ln(Ioutflow/Iobs).

As is clear from the top panel of Fig. 3, the values of ⌧ext con-
strained from the two outflow edges are nearly identical inside
0.400, while they diverge outward. This is an indication that
the diminished flux of the inner region is actually due to the

extinction 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 approaches unity at 0.3500. 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 aver-
age is motivated by the weakness of the molecular lines that
are sometimes 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 position, PA, and inclination inferred in Sect. 3.1. To
take into account the vertical origin of the molecular emission
with simple geometrical considerations, we followed a tech-
nique commonly used by the near-IR community (de Boer et al.
2016; Avenhaus et al. 2018) that exploits the apparent displace-
ment from the center of any ring raised above the midplane.
We superimposed the shape of projected circular rings, vary-
ing their different vertical locations until the match with the
observed shift between molecular and continuum emission was
reached. For both H2CO 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.
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SO and SO2 emission is detected 
in specific disk regions


These molecules are desorbed 
from grains to the gas phase by 

localized process.



ALMA-DOT VI: Accretion shocks  
(Garufi et al. 2021b)

The SO and SO2 emission is co-spatial with the intersection 
between disks and streamers indicating shocks.
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ALMA-DOT VI: Accretion shocks  
(Garufi et al. 2021b)

HL Tau also shows an inner component in a spiral-like shape
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ALMA-DOT VI: Accretion shocks  
(Garufi et al. 2021b)

SO and SO2 molecules in HL Tau are released in the shock and 
accrete inward in a few hundred years.

Garufi et al.: ALMA-DOT VI. Accretion shocks in the disk of DG Tau and HL Tau
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Fig. 8. Illustrative sketch of the environment of DG Tau and HL Tau. The third panel shows the velocity pattern expected in case of uniform infall
after rotation subtraction. The fourth panel shows the observed HCO+ velocity pattern after rotation subtraction (see Fig. 5).

.

the traverse does not seem to pass through the star (see Fig. 6)
and therefore the possibility that we observe an accreting feature
similar to the cases of DG Tau and HL Tau is not to be discarded.

Finally, the case of T Tau is very complex. The main emis-
sion is clearly associated with T Tau S and is extended toward the
south (see Fig. 7). The Subaru and ALMA observations by Yang
et al. (2018) and Manara et al. (2019) suggest that the circumbi-
nary disk of T Tau S is approximately oriented north�south, in
agreement with what we speculated in Sect. 3.2.4. In this sce-
nario, the rest-frame velocity of the disk would be 7�8 km s�1,
and the SO2 emission peaking at 5 km s�1 (see Fig. 7e) would
be blueshifted, in analogy with the velocity of the disk toward
south. This may suggest that the SO2 signal is disk emission.
Alternatively, it could be associated with one of the several
outflows inferred in this system (Herbst et al. 1997, 2007). A
blueshifted, wide-angle outflow to SE is believed to originate
from T Tau S (Kasper et al. 2016). It is tempting to associate the
prominent CO blueshifted arm from Fig. 7b to this outflow but
its origin does not seem to be T Tau S. On the other hand, the
series of SO2 knots visible from Figs. 1 and 7 are likely asso-
ciated with the east-west outflow from T Tau N (Bohm & Solf
1994), and in particular the western knots lie in the direction
of the prominent bow shock detected in the NIR (Kasper et al.
2020), but at a larger separation.

4.2. Origin of the SO and SO2 emission

The localized nature of the SO and SO2 emission at the inter-
section between disk and molecular streamers around DG Tau
and HL Tau indicates a confined increase of column densities.
The most likely origin of such an increase is shocks along the
infalling streamers. These shocks are reminiscent of those asso-
ciated with Class 0 sources with a denser protostellar envelope.
In these earlier objects such as L1527 or B335 (e.g. Sakai et al.
2014, 2017; Oya et al. 2016, 2017; Imai et al. 2019), slow shocks
(around 1 km s�1) occur at the transition zone of the infalling
and rotating envelope with the protostellar accretion disk. In the
ALMA-DOT sample studied in this work, the disk exhibits rings
and gaps, and the envelope is largely dissipated. Therefore, a
well behaving symmetric ring of shocked material in front of the
centrifugal barrier is not expected. Instead, shocks are located
along the late infalling streamers still feeding the young stel-
lar objects. The temperatures derived in this work (� 60 K, see
Sect. 3.1.2) are in agreement with emission from shocked mate-
rial.

As discussed in Sect. 3.1.1, HL Tau also shows a bright SO
and SO2 component centered on the star. The emission from

these regions may also be related to the action of inner jets and
outflow (e.g., Podio et al. 2021) or to the innermost regions of
disk and envelope (e.g., Harsono et al. 2021) where dust mantles
can sublimate, thus resembling a hot-corino chemistry. Booth
et al. (2021) also showed an asymmetric SO and SO2 emission
co-spatial with a dust crescent where the molecular enhancement
would be related to the sublimation of ices at the edge of a dust
cavity at a separation of ⇠ 50 au. However, in the case of HL Tau
presented here, a further explanation is possible.

In fact, the central SO component into question is clearly
protruded toward the shocked region at⇠100 au from the star fol-
lowing the HCO+ spiral inward motion (see Figs. 2 and 4). This
suggests that the SO and SO2 molecules released in the shock at
⇠100 au spiral toward the star before any chemical reprocessing
occurs. The drifting timescale can be coarsely estimated from
the morphology of the SO spiral, covering approximately 180�
(see the sketch of Fig. 8). The orbital period at 100 au from a 2.1
M� star (Yen et al. 2019) is ⇠700 yr. Thus, the spiraling material
drifts from 100 au to the star in less than 350 yr, corresponding
to a velocity of 1�2 km s�1. These velocities are those of the
SO and SO2 emission at the shock location and of the HCO+
accreting spiral (see Fig. 4f), supporting the proposed explana-
tion. A timescale of a few hundreds years is also shorter than the
expected timescale needed for the SO and SO2 abundances to
significantly decrease after the occurrence of a shock. This value
depends on a number of parameters but, following e.g., Pineau
des Forets et al. (1993), Charnley et al. (1997), and Taquet et al.
(2019), can be roughly estimated in more than 103 yr before their
abundances is decreased by one order of magnitude.

4.3. Influence of the streamer on disk kinematics in HL Tau

The dust rings of HL Tau lie in the geometrically-thin disk mid-
plane (ALMA Partnership et al. 2015) and do not show signs of
disturbance in the regions of the disk that spatially overlap with
the streamer. This indicates that the streamer spirals into the cen-
tral region without passing through the disk midplane. On the
other hand, in Sect. 3.2.2 we show that the gas kinematics are
clearly a↵ected by the accreting material.

To interpret the observed velocity pattern of HCO+ and
H2CO after removing the expected Keplerian rotation (see
Fig. 5), we must first consider that a uniform infall or inward
drift component should be reflected in the residual maps. For the
geometry of the disk of HL Tau (with the far side of the disk
in the NE, see sketch of Fig. 8), a blueshifted infall component
should appear to the NE and a redshifted infall component to the
SW. The SE portion of the disk (region 0 in Fig. 8), which does
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Conclusions
ALMA-DOT probed the chemistry of young, embedded sources: 
gas-dust interplay, nature of molecular emission, vertical 
stratification, abundance ratios of key-molecules etc.


Late accretion occurring through streamers impacts the disk 
properties in specific regions that can be probed by shock-tracers.

Podio et al.: Chemical structure of the disk of IRAS 04302+2247
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Fig. 1. Moment 0 maps of continuum at 1.3 mm and molecular emission toward IRAS 04302+2247. Molecular lines are the CO 2 � 1, CN 2 � 1,
CS 5 � 4, and H2CO 31,2 � 21,1. In each panel: The color wedge on the right shows the intensity in units of mJy beam�1 and in logarithmic scale
for the continuum, and in units of mJy beam�1 km s�1 and linear scale for the lines. The star in the center indicates the geometrical center of the
continuum emission. The beam size is shown at the bottom left. The sketch in the bottom-right panel shows the comparison between the continuum
(dust) and molecular emission, and it is zoomed in by a factor of 1.7. The black-dashed lines indicate the section over which the vertical profiles
of Fig. 2 are obtained. The inset shows the regions named the molecular layer and outer midplane (see Sect. 3.3). North is up, east is left.

given z/r ranges include the scattering encountered along the
four di↵erent disk surfaces, that is to say northeast, southeast,
northwest, and southwest.

The molecular emission decreases in the outer disk midplane
for r > 150 au. The vertical profiles show that at a disk radius
of 115 au, the intensity of all molecules is only slightly lower at
the disk midplane with respect to their peak intensity (by a factor
of 3 for CO, 2 for CS, and less than 2 for H2CO). At r = 230
au instead, the emission in the midplane is lower with respect to
the peak intensity by a factor of 2 for H2CO, and by a factor of
15 for CS. No CO emission is detected at the midplane, which
means that it is lower than at the intensity peak by a factor of
more than 100.

3.2. Tentative detection of methanol

The moment 0 map of the CH3OH 50,5�40,4 (A) line shows emis-
sion up to 8 mJy beam�1 km s�1. The emission does not show the
same spatial distribution as any of the other tracers shown in Fig.
1, but it is confined within the H2CO emitting region, suggest-
ing that it originates from the disk (see left panel of Fig. 3). This
is further supported by the CH3OH spectral profile obtained by
integrating over the H2CO emitting region (middle panel of Fig.
3). This reveals two peaks that are symmetrically displaced at
±2 km s�1 with respect to the systemic velocity (Vsys = +5.6

km s�1), which is in perfect agreement with the peaks of H2CO
(middle panel of Fig. 3). The CH3OH intensity obtained from the
moment 0 map by integrating over the molecular layer, which is
defined as the X-shaped region where CS and H2CO emission is
brighter (area A = 4.3 arcsec2, see sketch in Fig. 1), amounts to
42 mJy km s�1. The noise on the integrated emission2 is 13 mJy
km s�1; therefore, this is a 3� detection. As an a posteriori test,
the integrated line intensity is consistent with the expectations
for the [CH3OH]/[H2CO] abundance ratio (see Sect. 3.3).

3.3. Column densities in the midplane and molecular layer

The column densities of the detected molecular species were in-
ferred by assuming local thermodynamic equilibrium and opti-
cally thin lines. The validity of these assumptions is discussed
by Podio et al. (2019). The CS, H2CO, and CH3OH line intensi-
ties were integrated over the following two distinct regions: the
disk molecular layer, as defined in Sect. 3.2 (A = 4.3 arcsec2),
and the outer disk mid-plane (A = 0.41 arcsec2) (see sketch in
Fig. 1). The noise on the integrated emissions, Fint, was derived
just as for methanol2. If Fint < 3�, we report the upper limit (Ta-

2 The noise on the line integrated emission is �0⇥
p

A/✓beam, where �0
is the r.m.s of the moment 0 map, A is the area of integration, and ✓beam
is the beam size. The values of �0 and ✓beam are listed in Table A.1.
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the traverse does not seem to pass through the star (see Fig. 6)
and therefore the possibility that we observe an accreting feature
similar to the cases of DG Tau and HL Tau is not to be discarded.

Finally, the case of T Tau is very complex. The main emis-
sion is clearly associated with T Tau S and is extended toward the
south (see Fig. 7). The Subaru and ALMA observations by Yang
et al. (2018) and Manara et al. (2019) suggest that the circumbi-
nary disk of T Tau S is approximately oriented north�south, in
agreement with what we speculated in Sect. 3.2.4. In this sce-
nario, the rest-frame velocity of the disk would be 7�8 km s�1,
and the SO2 emission peaking at 5 km s�1 (see Fig. 7e) would
be blueshifted, in analogy with the velocity of the disk toward
south. This may suggest that the SO2 signal is disk emission.
Alternatively, it could be associated with one of the several
outflows inferred in this system (Herbst et al. 1997, 2007). A
blueshifted, wide-angle outflow to SE is believed to originate
from T Tau S (Kasper et al. 2016). It is tempting to associate the
prominent CO blueshifted arm from Fig. 7b to this outflow but
its origin does not seem to be T Tau S. On the other hand, the
series of SO2 knots visible from Figs. 1 and 7 are likely asso-
ciated with the east-west outflow from T Tau N (Bohm & Solf
1994), and in particular the western knots lie in the direction
of the prominent bow shock detected in the NIR (Kasper et al.
2020), but at a larger separation.

4.2. Origin of the SO and SO2 emission

The localized nature of the SO and SO2 emission at the inter-
section between disk and molecular streamers around DG Tau
and HL Tau indicates a confined increase of column densities.
The most likely origin of such an increase is shocks along the
infalling streamers. These shocks are reminiscent of those asso-
ciated with Class 0 sources with a denser protostellar envelope.
In these earlier objects such as L1527 or B335 (e.g. Sakai et al.
2014, 2017; Oya et al. 2016, 2017; Imai et al. 2019), slow shocks
(around 1 km s�1) occur at the transition zone of the infalling
and rotating envelope with the protostellar accretion disk. In the
ALMA-DOT sample studied in this work, the disk exhibits rings
and gaps, and the envelope is largely dissipated. Therefore, a
well behaving symmetric ring of shocked material in front of the
centrifugal barrier is not expected. Instead, shocks are located
along the late infalling streamers still feeding the young stel-
lar objects. The temperatures derived in this work (� 60 K, see
Sect. 3.1.2) are in agreement with emission from shocked mate-
rial.

As discussed in Sect. 3.1.1, HL Tau also shows a bright SO
and SO2 component centered on the star. The emission from

these regions may also be related to the action of inner jets and
outflow (e.g., Podio et al. 2021) or to the innermost regions of
disk and envelope (e.g., Harsono et al. 2021) where dust mantles
can sublimate, thus resembling a hot-corino chemistry. Booth
et al. (2021) also showed an asymmetric SO and SO2 emission
co-spatial with a dust crescent where the molecular enhancement
would be related to the sublimation of ices at the edge of a dust
cavity at a separation of ⇠ 50 au. However, in the case of HL Tau
presented here, a further explanation is possible.

In fact, the central SO component into question is clearly
protruded toward the shocked region at⇠100 au from the star fol-
lowing the HCO+ spiral inward motion (see Figs. 2 and 4). This
suggests that the SO and SO2 molecules released in the shock at
⇠100 au spiral toward the star before any chemical reprocessing
occurs. The drifting timescale can be coarsely estimated from
the morphology of the SO spiral, covering approximately 180�
(see the sketch of Fig. 8). The orbital period at 100 au from a 2.1
M� star (Yen et al. 2019) is ⇠700 yr. Thus, the spiraling material
drifts from 100 au to the star in less than 350 yr, corresponding
to a velocity of 1�2 km s�1. These velocities are those of the
SO and SO2 emission at the shock location and of the HCO+
accreting spiral (see Fig. 4f), supporting the proposed explana-
tion. A timescale of a few hundreds years is also shorter than the
expected timescale needed for the SO and SO2 abundances to
significantly decrease after the occurrence of a shock. This value
depends on a number of parameters but, following e.g., Pineau
des Forets et al. (1993), Charnley et al. (1997), and Taquet et al.
(2019), can be roughly estimated in more than 103 yr before their
abundances is decreased by one order of magnitude.

4.3. Influence of the streamer on disk kinematics in HL Tau

The dust rings of HL Tau lie in the geometrically-thin disk mid-
plane (ALMA Partnership et al. 2015) and do not show signs of
disturbance in the regions of the disk that spatially overlap with
the streamer. This indicates that the streamer spirals into the cen-
tral region without passing through the disk midplane. On the
other hand, in Sect. 3.2.2 we show that the gas kinematics are
clearly a↵ected by the accreting material.

To interpret the observed velocity pattern of HCO+ and
H2CO after removing the expected Keplerian rotation (see
Fig. 5), we must first consider that a uniform infall or inward
drift component should be reflected in the residual maps. For the
geometry of the disk of HL Tau (with the far side of the disk
in the NE, see sketch of Fig. 8), a blueshifted infall component
should appear to the NE and a redshifted infall component to the
SW. The SE portion of the disk (region 0 in Fig. 8), which does

Article number, page 9 of 13


