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ABSTRACT

Context. Deuteration is a precious tool for investigating the origin and formation routes of interstellar complex organic molecules in
the different stages of the star formation process. Methyl cyanide (CH;CN) is one of the most abundant interstellar complex organic
molecules ICOMs); it is of particular interest because it is among the very few iCOMs detected not only around protostars but also in
protoplanetary disks. However, its formation pathways are not well known and only a few measurements of its deuterated isotopologue
(CH,DCN) have been made to date.

Aims. We studied the line emission from CH3;CN and its deuterated isotopologue CH,DCN towards the prototypical Class I object
SVS13-A, where the deuteration of a large number of species has already been reported. Our goal is to measure the CH3;CN deuteration
in a Class I protostar, for the first time, in order to constrain the CH3;CN formation pathways and the chemical evolution from the early
prestellar core and Class 0O to the evolved Class I stages.

Methods. We imaged CH,DCN towards SVS13-A using the IRAM NOEMA interferometer at 3mm in the context of the Large
Program SOLIS (with a spatial resolution of 1”8 X 172). The NOEMA images were complemented by the CH;CN and CH,DCN
spectra collected by the IRAM-30m Large Program ASAI, which provided an unbiased spectral survey at 3 mm, 2 mm, and 1.3 mm.
The observed line emission was analysed using local thermodynamic equilibrium (LTE) and non-LTE large velocity gradient (LVG)
approaches.

Results. The NOEMA/SOLIS images of CH,DCN show that this species emits in an unresolved area centred towards the SVS13-
A continuum emission peak, suggesting that methyl cyanide and its isotopologues are associated with the hot corino of SVS13-A,
previously imaged via other iCOMs. In addition, we detected 41 and 11 ASAI transitions of CH;CN and CH,DCN, respectively, which
cover upper level energies (E,;,) from 13 to 442 K and from 18 K to 200 K. The non-LTE LVG analysis of the CH3CN lines points to a
kinetic temperature of (140 + 20) K, a gas density ny, > 10’ cm, and an emitting size of ~0”3, in agreement with the hypothesis that
CH;CN lines are emitted in the SVS13-A hot corino. The derived [CH,DCN]/[CH;CN] ratio is ~9%. This value is consistent with
those measured towards prestellar cores and a factor 2—3 higher than those measured in Class O protostars.

Conclusions. Contrarily to what expected for other molecular species, the CH;CN deuteration does not show a decrease in SVS13-A
with respect to measurements in younger prestellar cores and Class O protostars. Finally, we discuss why our new results suggest that
CH;CN was likely synthesised via gas-phase reactions and frozen onto the dust grain mantles during the cold prestellar phase.

Key words. stars: formation — ISM: abundances — ISM: molecules — ISM: individual objects: SVS13-A

1. Introduction

In the context of the star formation process, Class I protostars
(see e.g. André et al. 1993; Caselli & Ceccarelli 2012, and refer-
ences therein), with a typical age of 10° yr, are a bridge between
the youngest Class 0 protostars (around 10* yr), where the bulk
of the material feeding the protostar is still in the envelope, and
the protoplanetary disks (around 10°yr). In addition, recently,
ALMA showed gaps and rings in the distribution of millime-
tre dust grains in disks associated with less than 1 Myr, which
are thought to be connected with the earliest phases of planet

formation (e.g. ALMA Partnership et al. 2015; Sheehan & Eisner
2017; Fedele et al. 2018; Segura-Cox et al. 2020). These findings
suggest that planet formation may occur already in the Class I
stage. It is then promising to investigate the physical and chem-
ical properties of the first stages of a Sun-like star and compare
them with those found in our Solar System to reveal its early
history. In particular, it is not clear yet if the chemical complex-
ity observed in our Solar System is, at least partially, inherited
from the prestellar and protostellar phases or if instead there is
a substantial chemical evolution. Measuring molecular deutera-
tion (i.e. the abundance of the deuterated form of a molecule,

A103, page 1 of 18

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202141893
https://orcid.org/0000-0001-9249-7082
mailto:eleonora.bianchi@univ-grenoble-alpes.fr
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0

A&A 662, A103 (2022)

[XD]) with respect to its undeuterated form ([XH]) at the differ-
ent formation stages of a Sun-like star can help us to address this
question.

Emission due to deuterated molecules is commonly observed
in all the evolutionary stages, from the prestellar core phase
until the formation of a Sun-like star (e.g. Caselli & Ceccarelli
2012, and references therein). These observations can be used
to efficiently trace the chemical evolution along the star forma-
tion process, as suggested by water deuteration, which decreases
with time from protostars to the bodies of our Solar System
(Ceccarelli et al. 2014; Furuya et al. 2017; Jensen et al. 2021).
More specifically, deuteration is an important tool for the study
of hot corinos, which are compact regions around protostars
(<100 au) where the temperature is high enough (>100K) to
sublimate the molecules frozen onto dust mantles in the gas
phase. Given the high temperature in the hot corino, the deuter-
ation there is a fossil, a precious record of the processes that
occurred at the time of the dust mantle formation when the
source was in cold conditions (e.g. Taquet et al. 2012; Aikawa
et al. 2012; Codella et al. 2012; Bianchi et al. 2019a, and refer-
ences therein). Of particular interest is deuteration of interstellar
complex organic molecules (iCOMs; Ceccarelli et al. 2017
Herbst & van Dishoeck 2009), which are the building blocks
contributing to prebiotic chemistry. Since the deuteration process
is very sensitive to the gas physical conditions, measurements
of iCOM deuteration provide important constraints on their ori-
gin and formation pathways (e.g. Coutens et al. 2016; Skouteris
et al. 2017; Taquet et al. 2019; Manigand et al. 2019; Agindez
et al. 2021). Regarding Class I objects, few sources have been
observed using D-species (e.g. Le Gal et al. 2020). Among them,
only the SVS13-A hot corino was extensively investigated using
several molecular tracers by Codella et al. (2016) and Bianchi
et al. (2017, 2019a). These authors showed that H,CO, H,CS,
and HC;3N have a deuteration similar to that measured towards
Class 0 protostars, while CH3OH presents a molecular deutera-
tion that seems to decrease by at least one order of magnitude.
We definitely need to measure the molecular deuteration in other
species to obtain a more complete and hopefully coherent pic-
ture, and to be able to efficiently use astrochemical models (see
e.g. Aikawa et al. 2012; Taquet et al. 2019). A step ahead in the
comprehension of how deuteration evolves during the star forma-
tion process can be obtained using CH3CN. This species can be
considered one of the most abundant iCOMs in low-mass star-
forming regions. It is also one of the few iCOMs detected in
Class 0/ and protoplanetary disks (Codella et al. 2009; Oberg
et al. 2014, 2015; Bergner et al. 2018; Loomis et al. 2018; Taquet
et al. 2015; Belloche et al. 2020; Yang et al. 2021). In addition,
CH3CN has been detected in comets, including towards 67/P in
the context of the Rosetta mission (Le Roy et al. 2015; Altwegg
et al. 2019). On the other hand, measurement of both CH;CN
and CH,DCN in young solar analogues have been reported so
far only towards a limited number of objects (Calcutt et al. 2018;
Taquet et al. 2019; Agtindez et al. 2019; Cabezas et al. 2021; Yang
et al. 2021; Nazari et al. 2021). However, to our knowledge, no
specific study on the CH3CN deuteration has been performed
yet.

The SVS13-A Class | laboratory. SVS13-A is a young
star located in the well-known NGC1333 cluster in the Perseus
region at a distance of 299 + 14 pc, as recently measured by
the mission Gaia' (Zucker et al. 2018). The source has been

I http://www.esa.int/Science_Exploration/Space_
Science/Gaia_overview
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subject of a large number of observational campaigns in differ-
ent spectral windows (see e.g. Chini et al. 1997; Bachiller et al.
1998; Looney et al. 2000; Chen et al. 2009; Tobin et al. 2016;
Lefloch et al. 2018; Ceccarelli et al. 2017; Maury et al. 2019;
Diaz-Rodriguez et al. 2022, and references therein). SVS13-A
has a bolometric luminosity ~50 L, and a bolometric tempera-
ture ~188 K, is classified as a Class I source (at least 10° I, €.8.
Chini et al. 1997), and is in turn a close binary source (VLA4A,
VLA4B with (/3 separation; Anglada et al. 2000). The SVS13-
A system is still associated with a large envelope (Lefloch et al.
1998), and it is driving an extended molecular outflow (Lefloch
et al. 1998; Codella et al. 1999), as well as the Herbig-Haro chain
7-11 (Reipurth et al. 1993). More recently, a chemically rich
hot corino has been detected towards SVS13-A using deuterated
water and iCOM line emission (Codella et al. 2016; De Simone
et al. 2017; Bianchi et al. 2019b; Belloche et al. 2020; Yang et al.
2021). The hot corino was imaged by De Simone et al. (2017)
using HCOCH,OH (glycolaldehyde) emission lines and its size
was estimated to be about 90 au (300 mas). In addition, Lefévre
et al. (2017) suggests that the chemical richness observed towards
SVS13-A is associated with the VLA4A object. This has been
confirmed by Diaz-Rodriguez et al. (2022) using high-angular
resolution observations. Very recently, several studies have been
focused on the molecular deuteration of SVS13-A, using HDO,
CH,DOH, HDCO, D,CO, HDCS, and DC3N (Codella et al.
2016; Bianchi et al. 2017, 2019a). These studies show some
conflicting results: they do not suggest a dramatic decrease in
deuteration in the observed molecules with respect to the earlier
stages represented by the Class O protostars, with the exception
of methanol. However, no firm conclusion could be drawn, call-
ing for a more extensive study of molecular deuteration in other
species.

We present here the first study of CH3CN deuteration in a
Class I protostar. The paper is organised as follows. In Sect. 2,
we describe the observations. In Sect. 3, we present our results
on the CH,DCN spatial distribution and we derive the gas prop-
erties (excitation temperature, column density) for CH3;CN and
CH;DCN, using a non-local thermodynamic equilibrium (LTE)
large velocity gradient (LVG) analysis and a LTE rotational dia-
gram analysis, respectively. We discuss in Sect. 4 the obtained
CH;CN deuteration, and we compare it with measurements in
other sources. We discuss the possible chemical formation routes
in light of our results. Finally, we present our conclusions in
Sect. 5.

2. Observations

In this paper, we analyse the observations from two complemen-
tary datasets. The observations were taken towards SVS13-A, at
the coordinates ajgop =03"29™0376, 8y2000 = +31°16’03”0. The
first dataset was obtained with the IRAM/NOEMA interferom-
eter’ as part of the Large Program Seeds of Life in Space’
(SOLIS; Ceccarelli et al. 2017) and provides high spatial reso-
lution maps of two lines from singly deuterated methyl cyanide
(CH;DCN), 5 4—4, 3 and 6, ¢—5; 5, whose spectroscopic param-
eters are reported in Table 1. The second dataset was obtained
with the IRAM-30m? single-dish telescope as part of the Large
Program Astrochemical Survey At Iram* (ASAI; Lefloch et al.
2018) and contains several lines from methyl cyanide and its
singly deuterated isotopologue.

2 http://www.iram-institute.org/
3 http://solis.osug.fr/
4 http://www.oan.es/asai/
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Table 1. Results of the CH;CN and CH,DCN analysis (see text).

Species Tkin N, @ [XDJ/[XH]
X) (cm™?) (%)

CH;CN 140 (20) (5-50) x 103 -

CH,DCN  120-160®  (2.0-2.7) x 10" 4-54

Notes. The columns list (1) the species; (2) the kinetic temperature,
Tyin, derived from the CH3CN non-LTE analysis; (3) the column den-
sities, Ny, derived assuming the same temperature for both species; (4)
the deuteration. Derived assuming an emitting size of 03. ®) Assumed
from CH;CN.

2.1. NOEMA/SOLIS

The observations were obtained during two tracks of 1.9h
and 6.4h using nine antennas in A configuration on March
16 and March 24, 2018. The shortest and longest projected
baselines are 64 and 760 m, respectively. The field of view
is about 60”, while the largest angular scale (LAS) is about
4”. We used the Polyfix correlator, which covered two fre-
quency ranges, about 80-88 and 96-104 GHz, respectively, with
a spectral resolution of 2.0 MHz (~6-7kms™!). The calibra-
tion was performed following the standard procedures, using
GILDAS-CLIC?. The bandpass was calibrated on 3C84, while
the absolute flux was calibrated by observing LkHa10l,
MWC249, and the phase using 0333+321. The final uncertainty
on the absolute flux scale is <10%. The phase rms was <50°,
the typical precipitable water vapour (pwv) about 5-15 mm,
and the system temperature about 50-150K. The data were
self-calibrated in phase only, and the solutions applied to the
data spectral cube. Line images were produced by subtract-
ing the continuum image (derived using line-free channels),
using natural weighting, and restored with a clean beam of
178 x 1”72 (PA =39°). The rms noise in the broad-band cubes at
the CH,DCN frequencies is 0.7 mJy beam™!.

2.2. IRAM/ASAI

The reported observations were obtained during several runs
between 2012 and 2014, as described by Lefloch et al. (2018).
They provide an unbiased spectral survey towards SVS13-A of
the 3 mm (80-116 GHz), 2 mm (129-173 GHz), and 1.3 mm
(200-276 GHz) bands accessible with IRAM-30 m. In this work,
we report and analyse all the CH;CN, and CH,DCN lines falling
in these bands. The telescope half power beam width (HPBW)
ranges from ~9” at 276 GHz to ~30” at 80 GHz. The obser-
vations were acquired in wobbler switching mode with a 180"
throw. The broad-band EMIR receivers were used, connected
to the FTS200 backends, which provide a spectral resolution
of 200kHz, corresponding to channels of 0.7 (at 3mm) to
0.2kms~! (1 mm). The pointing error was found to be less than
3", while the uncertainty on the calibration is from ~10% (3 mm)
to ~20% (1 mm). At the frequencies of the observed CH3;CN
and CH,DCN lines, the rms noise (in Ty scale) ranges from 2
(3mm) to 35 mK (1 mm).

3. Results
3.1. NOEMA/SOLIS results: CHoDCN emission maps

Figure 1 shows the spatial distribution of the dust continuum
emission at 3 mm. In addition to SVS13-A, two other Class

5 http://www.iram.fr/IRAMFR/GILDAS

0 objects, VLA3 and SVS13-B, are detected in the primary
beam of NOEMA observations. All measured positions are in
agreement with those previously derived at millimetre wave-
lengths (e.g. Maury et al. 2019): SVSI3-A: 03"29™03.757,
+31°16'03”74; VLA3: 03"29m035.386, +31°16"0156; SVS13-B:
03129™m03%.064, +31°15’51””50. The continuum towards SVS13-
A has a roundish shape with a diameter of about 4", correspond-
ing to about 1200 au. This emission very likely probes the dense
and warm inner envelope surrounding the central protostar. In
the same figure we show the spatial distribution of the emission
from the two CH,DCN lines, whose spectroscopic parameters
are reported in Table A.1. Figure 2 shows the spectra extracted at
the peak position. Contrarily to the continuum, the line emission
is only detected towards SVS13-A and it is unresolved by the
NOEMA beam at 3 mm; it has a diameter of less than about 1”5
or 450 au. This suggests that the CH,DCN lines trace the inner
part of the envelope and/or the hot corino of SVS13-A, where icy
dust grain mantles sublimate, releasing their content in the gas
phase. The hypothesis that the emitting region of methyl cyanide
and its isotopologue is the hot corino region is further confirmed
by the CH3CN non-LTE analysis (Sect. 3.3).

3.2. IRAM/ASAI results: CH3CN and CHDCN

The full coverage of the 3, 2, and 1 mm bands with the IRAM-
30 m antenna enabled the detection of 41 lines from CH3CN and
7 lines from CH,DCN covering 11 transitions. Line identifica-
tion was performed using the Jet Propulsion Laboratory (JPL®;
Pickett et al. 1998) and Cologne Database for Molecular Spec-
troscopy (CDMS’; Miiller et al. 2005) molecular data bases, and
double-checked with the GILDAS Weeds package (Maret et al.
2011). For CH3CN, all the detected lines have a signal-to-noise
ratio higher than 50, while for CH,DCN four of the detected
lines have a signal-to-noise ratio higher than 5¢, while other
three have a signal-to-noise ratio between 5o and 3c. Since the
beam is a function of the frequency, lines from different bands
probe different regions, as shown in Fig. 1. While the beams in
the 3 and 2 mm band also intercept emission from VLA3 and
SVS13-B, the emission from lines lying in the 1 mm band is
dominated by SVS13-A. Finally, we carefully checked that these
lines are not blended with emission due to other species.

All the detected lines were fitted using the GILDAS?
CLASS package and assuming Gaussian profiles. All the lines
peak at velocities close to the SVS13-A systemic velocity
Usys =+8.6 km s~ (e.g. Chen et al. 2009). Figure 3 shows a repre-
sentative sample of the detected lines, while Table A.1 reports
the list of all detections with their spectroscopic and derived
line parameters, namely the integrated line intensity (fiy), the
line full width at half maximum (FWHM), the line peak veloc-
ity (Vpeak), and the main beam temperature (in Tvp scale).
The whole ASAI CH3;CN and CH,DCN spectra are shown in
Figs. C.1 and C.2.

The detected CH3CN lines cover the Sx—4 to 14x—13x spec-
tral ladders and their upper level energies (E,,) range from 13 K
to 442 K. They are detected in all three of the ASAI bands, even
though most of them (24/41) are detected at | mm. The observed
CH;CN line emission could be associated with the relatively
extended cold envelope and the sum of SVS13-A, SVS13-B, and
VLA3 in the bands at 3 and 2 mm, whereas the band at 1 mm
encompasses only SVS13-A. A different origin of the line emis-
sion in the three bands is also suggested by the FWHM of the
CH;CN lines which ranges from 2.7kms™" to 5.5kms™". In

¢ https://spec.jpl.nasa.gov/
7 https://cdms.astro.uni-koeln.de/
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Fig. 1. NOEMA/SOLIS images of the continuum and CH,DCN line emission towards SVS13-A. Left panel: dust continuum emission at about
90 GHz (see Sect. 2). The intensity scale is in Jy beam™'. The first contour and the steps are 50 (1o-=7 pJy beam™') and 200, respectively. The
filled ellipse in the bottom left corner shows the synthesised beam (HPBW): 1”78 x 172 (PA =39°). The three objects in the primary beam, SVS13-A,
SVS13-B, and VLA3, are labelled. The cyan dashed circles indicate the minimum (9”) and maximum (27”) IRAM-30m HPBW in the 1 and 3 mm
bands, respectively (see Sect. 3). Right panels: zoomed-in images of the central region where the two CH,DCN lines emit. The intensity scale is
Jy beam~' kms~!. The first contours and steps are 30~ (2.1 mJy beam~!' kms~') and 1o, respectively. The synthesised beam is the same as for the
continuum map. The two components of the SVS13-A binary system, VLA4A and VLA4B, are 0’3 apart (Anglada et al. 2000) and are labelled.

The cyan dashed circle shows the 9” IRAM-30 m HPBW.

T T
I
l
0.2 | CHDCN 1 6y5-5;5 —
l
5 |
- - ! -
- ol Ml p JL
1 :. 1
-50 0 50
Visr (km 5_1) Visr (km 3_1)

Fig. 2. Spectra of the CH,DCN lines observed with NOEMA/SOLIS
and whose spatial distribution is shown in Fig. 1. The spectra are
extracted at the line peak position and reported in brightness tempera-
ture (T'g) scale. The vertical dashed lines give the ambient LSR velocity
(+8.6kms!: Chen et al. 2009).

order to better constrain the spatial origin of the CH3;CN line
emission in the ASAI dataset, we plotted the line FWHM as a
function of the line upper level energy in Fig. 4. A trend is evi-
dent: while the highest excitation lines (up to more than 400 K)
always show line widths larger than ~4 km s, the lowest excita-
tion lines show a large spread in the line width distribution, with
values down to 2.7 km s~!. This suggests that low-excitation lines

A103, page 4 of 18

can be contaminated by the extended cold envelope (see e.g.
Ceccarelli et al. 2003). We note that all the lines observed in the
1 mm band have upper level energy higher than 60 K and larger
FWHMs, indicating that they are dominated by emission from
the SVS13-A hot corino. The CH,DCN lines are only detected
in the 1 mm band and they all have high upper level energies,
between 70 and 200 K. Therefore, they are very likely exclu-
sively emitted in the hot corino of SVS13-A (see also Sect. 3.1).
The two CH,DCN lines detected with NOEMA/SOLIS are not
detected by the ASAI survey. We verified that this is due to beam
dilution (the comparison between SOLIS and ASAI spectra is
shown in Fig. B.1).

3.3. CH3CN non-LTE analysis

In order to estimate the physical conditions of the methyl cyanide
emitting gas, namely gas temperature, density, and CH3CN col-
umn density, we used the non-LTE LVG code grelvg described
in Ceccarelli et al. (2003). We used the collisional coefficients
of CH3CN with Hj, scaled from He, computed by Green (1986)
between 20 and 140K and for J < 25. The coefficients were
retrieved from the LAMDAS database (Schoier et al. 2005),
where values are extrapolated for temperatures higher than
140 K. We assumed a semi-infinite slab geometry to compute the

8 https://home.strw.leidenuniv.nl/~moldata/
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Fig. 3. Examples of CH3;CN and CH,DCN lines observed by ASAI in Ty scale (not corrected for beam dilution). The spectroscopic data are
listed in Table A.1. The vertical dashed line gives the ambient LSR velocity (+8.6kms™!, Chen et al. 2009). If multiple lines are present in the

spectral window, the vertical red lines indicate their positions.
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Fig. 4. Line widths (FWHMs) of the CH;CN lines detected with the
ASALI observations (Table A.1) as a function of the upper level energy
of the transitions (Ey,). The different colours are for the lines observed
in different IRAM-30m bands: blue (3 mm), red (2 mm), and black
(1.3 mm).

line escape probability (Scoville & Solomon 1974) and adopted
a line width equal to 4.5 kms~!, as indicated by the observations
(see Table A.1 and Fig. 4).

We consider for our analysis the CH3CN lines in the 1 mm
band, specifically with frequencies higher than 202 GHz, in order
to avoid possible emission from SVS13-B, which falls in the
27" beam at 3 mm, and to probe only the gas in the hot corino
of SVS13-A. We ran a large grid of models (~3000) varying

the kinetic temperature Ty, from 50 to 200K, the H, den-
sity ny, from 10° to 108 cm™, and the CH;CN column density
N(CH;CN) from 105 to 108 cm™. We then fitted the mea-
sured CH3CN velocity-integrated line intensities via comparison
with those predicted by the grelvg model, leaving Tkin, nH,,
N(CH3CN), and the emitting size as free parameters. We note
that, in the fitting, we added 20% of calibration uncertainty to
the statistical errors listed in Table A.1.

The best fit (y> =0.79) of the data is obtained with

reduced
N(CH3CN) =2 x 10'® cm™? and an emitting size of 0’3 in diam-
eter. The reduced x2, . is less than unity for N(CH3;CN)
between 5x 10> and 5x10'®cm™2. Figure 5 (upper panel)
shows the density—temperature contour plot of the y* at the best
fit of N(CH3CN) and size. The kinetic temperature is very well
constrained at (140 +20) K, and we can determine the density,
>10" cm™3, being the levels LTE populated. The vast major-
ity of the lines are optically thick, with optical depths of up
to 5. Only three lines, namely the 12¢—114, 125115, and 144—
13 transitions, have optical depths of less than unity (the lowest
value being 0.3). Figure 5 (lower panel) also shows the ratio of
the observed to predicted intensity as a function of the upper
level energy of the line. All the observed velocity-integrated line
intensities are very well reproduced by the LVG modelling, with
no line more than 20~ away from the best fit.

The high density obtained from the LVG modelling ensures
that LTE is a good approximation for CH3CN. For this reason,
we generated LTE synthetic spectra, using the gas temperature
and column density and the associated errors, as derived from
the best LVG model. The synthetic spectra, generated using
the GILDAS Weeds package, are overlaid on the observations
in Fig. C.1. The comparison shows a reasonable agreement
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Fig. 5. LVG modelling of CH3CN. Upper panel: x* contour plot
as a function of density (ny, on y-axis) and temperature (x-axis)
at the best fit position with respect to the CH3;CN column density
(Ncason =2 % 10 cm™) and an emitting size (073 in diameter). Lower
panel: observed to theoretical intensities as a function of the upper level
energy of the line, at the best fit position, i.e. with a CH;CN column
density N(CH;CN)=2x 10'"® cm™2, an emitting size 03 in diameter,
kinetic temperature Ty, = 140K, and volume density ny, higher than
107 cm™3.

considering the observed FWHMs distribution (see Fig. 4 and
Table A.1). We note that some low-K transitions show a hint
of emission from a narrow component (see Fig. C.1), likely
indicating the presence of emission from a colder extended enve-
lope. Further observations mapping the large-scale envelope in
both CH3CN and its deuterated form are required to correctly
disentangle the different contributions.

3.4. CH>DCN column density

Since no collision coefficients exist for the CH;DCN-H, sys-
tem, in order to derive the CH,DCN column density we carried
out a rotation diagram LTE analysis. We used only four lines
detected in ASAI, which consist of a single transition, namely:
121 11=111,10, 132,11—122,10, 140,14—130,13, and 14; 13—13,12. We
assumed that CH,DCN is emitted from the same region that
emits in CH3CN, namely the hot corino region, as suggested
by the SOLIS maps (see Sect. 3.1). Consequently, we used an
emitting size of 0’3 in diameter and a temperature of 140 K.
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The derived column density is 2.4%02 x 10" cm™2. The error
considers a range of assumed temperatures between 120 and
160 K. Varying the assumed temperature from 50 to 200 K, the
CH,DCN column density is always higher than 1.5 x 10'> cm 2.
Under these conditions all the lines are predicted to be optically
thin, with opacities lower than 0.2. The results do not change
if we include in the rotation diagram the two SOLIS lines. The
results of the analysis are summarised in Table 1. LTE synthetic
spectra are generated for the best fit model and the associated
error, and they are overlaid on the observed spectra in Fig. C.2
for CH,DCN.

3.5. CH3;CN deuteration in SVS13-A

A first estimate of CH3CN deuteration was obtained by comput-
ing the ratio of the CH,DCN to the CH3CN column densities,
assuming the same temperature for both species. With this
method we derived a range of CH3CN deuteration between 4%
and 54% (see Table 1), with a best value of 10%.

We also derived the CH3CN deuteration using a second
method, dividing the intensities of lines with the same quantum
number J in the two species and similar upper-level energies,
following the same procedure adopted for HC3N and H,CS in
Bianchi et al. (2019a) (see also Kahane et al. 2018). In general,
this method allows a straightforward derivation of the abundance
ratio, which does not depend on the assumed temperature, and
therefore is affected by lower uncertainty.

While CH3CN is a symmetric top molecule, CH,DCN is
a near prolate asymmetric top molecule. This means that the
CH3CN transitions are described by two rotational quantum
numbers: the total angular momentum, J, and its projection on
the symmetry axes, K. For CH,DCN there is no symmetry axis
and the rotational quantum numbers are denoted Jg  k,; in par-
ticular, for prolate rotors the quantum state is Jg ,. Therefore, for
each CH3CN transition, we have two corresponding CH,DCN
transitions, called the K-type doublet, with the same J and K_q,
if K_; #0, and only one CH,DCN transition if K_;=0. For
example, the intensity of the CH,DCN line at 243.0512 GHz,
composed of the two transitions 144 11—134 10 and 144 10—1349
(Ewp =174 K), is divided for the intensity of the 144—134 CH3CN
line at 257.4481 GHz (E,, =207 K). With the same method we
calculated the CH,DCN/CH;3CN ratio using the 140 14—13¢ 13
CH,DCN transition at 243.0415 GHz (E,, = 87 K). For the other
three CH,DCN lines, the 12y ;,-11y 1 transition (E,,=70K),
the 132‘11—122’10 transition (Eup=97 K), and the 141!13—131,12
transition (Ey, =93 K), only one of the K-doublet transitions is
exploitable for the analysis since the other one is blended (see
Table A.1 and Fig. C.2). In this case, we multiplied the line
intensity by two since we expected the same intensity from the
K-doublet lines.

We note that, given the presence of a pair of identical hydro-
gen nuclei, CH,DCN presents two sets of nuclear-spin functions
corresponding to ortho and para states: three functions for ortho
and one for para. However, these ortho and para nuclear-spin
functions do not couple to the specific rotational wave functions.
Since the rotation motion cannot interchange the two hydrogen
nuclei for CH,DCN, the restriction of the Fermi statistics to
the rotational states is not applied. Therefore, the spin statistics
(ortho/para) does not appear in the rotational states of CH,DCN
and no correction is required. For CH3;CN the 120° and 240°
rotation can exactly interchange the two pairs of hydrogen nuclei.
In this case, the total wave function must be symmetric with
respect to the 120° and 240° rotation, according to the Fermi
statistics. Considering that the K states, except for K =0, are
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Fig. 6. Deuteration of CH;CN, derived using the line intensity ratios, as
a function of the line upper-level energy E,,. The blue range indicates
the deuteration derived using the N(CH,DCN)/N(CH;CN) column den-
sity ratio. The dashed line indicates the best value of 9%, which is
consistent using the two methods described in Sect. 3.4.

doubly degenerated (i.e. +K), the statistical weight of CH3;CN
lines is 2 for K=3n (for n # 0), and 1 for K=3n+ 1. All the
CH;CN lines considered in our analysis have a statistical weight
of 1, so no further correction is applied. Finally, the line ratios
are corrected for a factor (1 -e™ ")/t to account for the CH3;CN
optical depths estimated from the LVG analysis described in
Sect. 3.3.

Figure 6 shows the [CH,DCN]/[CH3CN] derived with the
method described above (i.e. from the intensity ratios) as
a function of the upper level energy of the transition. The
weighted average of the [CH,DCN]/[CH3CN] is 0.09 +0.02,
consistent with the values derived by dividing the CH,DCN
and CH3CN column densities (i.e. 4-54%), but with a
smaller error bar (as expected). Considering the presence of
three H atoms, the enhancement of the elemental [D]/[H] is
about 3%.

CH3CN has been recently detected towards SVS13-A also in
the CALYPSO survey with the PdBI (Belloche et al. 2020) and
in the PEACHES survey with ALMA (Yang et al. 2021), even
though with a lower number of detected lines (CALYPSO: 6;
PEACHES: 3). The CH3CN column density derived by these two
studies is perfectly consistent with the value derived in our anal-
ysis: 2x 10" cm™2 and 1 x 10'6 cm™2, respectively, once scaled
to the source size of (3, derived by our non-LTE analysis. The
PEACHES survey also reports the detection of two CH,DCN
transitions and a column density of 3 x 10'> cm=2, which is very
close to our value of 2 x 103 cm™2.

4. Discussion
4.1. CH3CN deuteration: Class 0 versus Class | hot corinos

While CH;CN is very easily detected in young protostars, its
deuterated isotopologue is not. We have detections of CH,DCN
in a handful of low-mass cold cores and protostars, so that the
information about the degree of deuteration of this molecule is
rather sparse.

To our best knowledge, in addition to except for SVS13-A,
the deuteration of CH3CN has been measured so far only towards
the high-mass star-forming region Sgr B2 (Belloche et al. 2016),

and towards a limited number of Sun-like star-forming regions,
namely: L483 (Agtndez et al. 2019), TMC-1 (Cabezas et al.
2021), IRAS 16293-2422 A and B (Calcutt et al. 2018), and
NGC 1333 IRAS 4A and IRAS 2A (Taquet et al. 2019). L483 is
an optical dark cloud core hosting a Class 0 protostar. However,
the measurement by Agtindez et al. (2019) refers to single-dish
observations of the dense core around the protostar. The low
rotational temperatures, the narrow FWHMs for the detected
lines, and the high IRAM-30 m beam dilution at 3 mm further
suggest that emission is arising mainly from the ambient cloud
and not from the Class 0 protostar. In IRAS 16293-2422 the
[CH,DCN]/[CH3CN] abundances ratio is 4.4% for protostar A
and 3.5% for B. In NGC 1333 IRAS 4A it is 2.7% and in
IRAS 2A 3.6%. In the L483 dense cold core it is 13% and in
the cold core TMC-1 it is 9%. The situation is summarised in
Fig. 7 (upper panel).

The comparison between the above sources leads to two
results. First, cold cores seem to possess a higher deuteration
degree than protostars. Second, SVS13-A also seems to have a
CH;CN deuteration higher by a factor of 2-3 with respect to
Class 0 protostars. We note that IRAS 2A and IRAS 4A are in
the same star-forming region as SVS13-A, NGC 1333, so that
in principle they experienced the same past thermal history. In
other words, if the CH;CN deuteration was governed by the sub-
limation of the grain mantles, in principle there should not be a
difference between these sources.

Finally, Yang et al. (2021) found a very tight correlation
between methyl cyanide and methanol in the Class 0/I proto-
stars of the Perseus molecular cloud to which SVS13-A belongs,
which may imply a common origin of the two species. There-
fore, Fig. 7 (upper panel) also shows the deuteration of methanol
as measured on the methyl group, [CH,DOH]/[CH3;O0H], in the
same sources where the [CH,DCN]/[CH3CN] was measured
(with the exception of TMC-1 for which methanol deuteration
is not measured). Interestingly, the two values are approximately
the same in Class O sources within the error bars, marginally dif-
ferent in the cold core L.483, and different in SVS13-A. Specif-
ically, in SVS13-A, the [CH,DCN]/[CH;CN] ratio is about 14
times higher than the [CH,DOH]/[CH30H] value. This would
bring into question a possible common origin for the two species.
However, methanol deuteration was derived in SVS13-A using
only single-dish observations (Bianchi et al. 2017). High angular
resolution interferometric observations are required to confirm
this result.

4.2. Chemistry of CH3CN and CH-DCN

In the literature two routes of methyl cyanide formation are
invoked, either in the gas phase or on the surfaces of the grain
mantles during the cold prestellar phase or in the warm pro-
tostellar phase. Figure 8 provides a scheme of these various
possibilities and their combination. In the following, we review
these possibilities and whether the measured CH3CN deuteration
can help to assess the dominant routes and the time of formation
of CH3CN and CH,DCN.

4.2.1. Formation routes of CH3;CN

Formation in the gas. As shown in the upper right panel
of Fig. 8, two possible routes are invoked in the literature.
The first involves the dissociative recombination of CH;CNH*
(Vigren et al. 2008; Plessis et al. 2012), which is in turn formed
via the radiative association of CH;r and HCN, whose rate
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Fig. 7. Comparison between SVS13-A, Class 0 sources and dense cores. Upper panel: deuteration of methyl cyanide (filled circles) and methanol
(open diamonds), derived using the column density ratios of their deuterated and non-deuterated methyl group, as a function of the bolometric
luminosity (Ly) for dense cores (black symbols), Class O protostars (blue symbols), and the Class I protostar SVS13-A (red symbol). The shown
measurements are from Cabezas et al. (2021), Agtindez et al. (2019), Calcutt et al. (2018), Taquet et al. (2019), Manigand et al. (2019), Jgrgensen
et al. (2018), Bianchi et al. (2017), and the present work (see text). L483 is an optical dark cloud core hosting a Class 0 protostar. However, the
measurement by Aguindez et al. (2019) refer to single-dish observations of the dense core around the protostar. The low rotational temperatures, the
narrow FWHMs for the detected lines, and the high 30 m beam dilution at 3 mm further suggest that emission is arising mainly from the ambient
cloud, and consequently it is classified as a dense core. Bolometric luminosities are from Kristensen et al. (2012). Lower panel: ratio of methyl
cyanide ([CH,DCN]J/[CH;CN]) to methanol ([CH,DOH]/[CH3;OH]) deuteration for each source, except TMC-1 for which methanol deuteration is

not measured.

constant is poorly known (e.g. Herbst 1985; Le Gal et al. 2019,
and references therein). In addition, the reaction between proto-
nated methanol and HCN is also a possible important route of
CH;CN formation (Meot-Ner & Karpas 1986), where abundant
methanol and proton donors, such as H; or H;O%, are present.

Formation on grains. As shown in the upper left panel of
Fig. 8, methyl cyanide can be formed either by the combination
of the two radicals CH3; and CN or by the hydrogenation of C;N
(Garrod et al. 2008). Unfortunately, experimental or theoretical
data are not available for either of these two routes, so their rate
of formation in the current astrochemical models are estimated to
have efficiency 1. While this is certainly true for the C;N hydro-
genation, it is not clear that this is the case for the CH; and CN
combination. Ab initio theoretical studies have shown that the
combination of two radicals on the icy grain surfaces can have
barriers that reduce the efficiency of the reaction (e.g. Rimola
et al. 2018; Enrique-Romero et al. 2019). Even though these
authors did not explicitly study the CH3CN case, their results
caution on the assumption that radical-radical reactions always
end up in iCOMs.

For completeness, we note that methanol, is believed to
be synthesised on the grain surfaces by successive addition of
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hydrogen atoms (e.g. Watanabe & Kouchi 2002; Rimola et al.
2014).

4.2.2. Destruction of CH,DCN in the gas phase

In the gas phase, neutral species are predominantly destroyed
by the most abundant molecular ions, such as H; or H,DO*,
the latter where water is abundant, for example in warm
regions. Therefore, in the warm gas of Class 0/I protostars, the
[CH,DCNJ/[CH3CN] deuteration ratio tends to the values of
[HoD*J/[H}] and/or [H,DO*]/[H307]. Since H,D* and HY are,
by definition, formed in warm gas, their [H,D*]/[H}] abundance
ratio is low (e.g. Charnley et al. 1997; Ceccarelli et al. 2014).
The same applies to the protonated water, as it is mainly formed
by the reaction of H;’ with H,O, which is much less deuterated
than CH;CN (e.g. Coutens et al. 2012). The re-formation of
CH3;CN and CH,;DCN in the gas phase via reaction r4 shown
in Fig. 8, will therefore tend to lower the [CH,DCN]/[CH3CN]
abundance ratio.

On the contrary, the methanol major destruction route in
warm gas is the reaction with OH (e.g. Shannon et al. 2013;
Codella et al. 2020), which does not alter methanol deuteration.
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Fig. 8. Scheme of the CH3;CN and CH,DCN chemistry. Upper panel:
different routes of formation on the grain surfaces (left) and in the
gas phase (right). Lower panel: two possibilities for when CH;CN
and CH,DCN formed, during the cold prestellar core phase (left)
and during the protostellar warm phase (right). In the first case, high
CH,DCN/CH;CN ratios (>0.1) are expected, while in the second case
the ratios are low (<0.1).

4.2.3. Formation time

Since molecular deuteration is strongly impacted by temperature,
it is often used to disentangle whether a species is formed during
the prestellar cold phase, frozen on the grain mantles, and then
injected into the gas phase during the warm protostellar phase, or
rather directly synthesised in the warm gas (e.g. Walmsley et al.
1989; Ceccarelli et al. 2007), as illustrated in the lower panel of
Fig. 8. In the first case, large deuteration factors are expected due
to the low temperatures and CO depletion of the gas and dust,
whereas the direct formation of molecules in warm gas leads to
a much smaller deuteration factor (see e.g. Ceccarelli et al. 2014).

The relatively high measured [CH,DCN]/[CH3CN] ratio
(Fig. 6) in the Class 0/I sources plays in favour of a forma-
tion of CH3CN and CH,DCN during the cold prestellar phase
and their injection into the gas phase from the grain man-
tles once the protostar is formed. Once CH3CN and CH,DCN
are injected into the gas phase, reactions with H will slowly
decrease the [CH,DCN]/[CH;CN] ratio. The possibly higher
[CH,DCN]/[CH3CN] ratio in cold cores with respect to that
measured in Class 0 protostars perfectly agree with this hypoth-
esis. Likewise, the similar large deuteration of methanol in the
same sources supports the formation of the two species during
the cold prestellar phase.

Even so, it remains to be seen whether the sublimated
CH3CN and CH,DCN, observed in cold dense cores and
Class 0/1 protostars, are grain-surfaces products or rather the
result of the freezing-out of CH3CN and CH,DCN onto the grain
mantles, as indicated in the left lower panel of Fig. 8. The two
cases are discussed separately in the following because, in prin-
ciple, different routes could be dominant in the two classes of
objects.

Cold dense cores. The presence of gaseous CH3CN in the
cold cores favours the gas-phase formation hypothesis because
an additional process would be needed to extract methyl cyanide
from the iced mantles at ~10K, a process that is not entirely
clear. Often, the non-thermal desorption caused by the residual
reaction energy not absorbed by the grains is invoked, and called

chemical desorption (e.g. Duley & Williams 1993; Minissale
et al. 2016). However, ab initio molecular dynamics computa-
tions on HCO challenge the idea that a large fraction of the
species formed on the grain icy surfaces can be released in the
gas as the ices are very efficient in absorbing the reaction energy
(Pantaleone et al. 2020, 2021). Finally, further support to the
gas-phase synthesis in cold cores is provided by the modelling
performed by Cabezas et al. (2021), which claims that methyl
cyanide and the measured [CH,DCN]/[CH3CN] ratio in TMC-1
are quite well reproduced by gas-phase formation routes.

Class 0/I protostars. The situation in Class 0/I protostars is
more complicated than that in the cold dense cores. The similar
deuteration of methyl cyanide and methanol and the tight corre-
lation between CH3OH and CH3CN seen by Yang et al. (2021)
in Class 0/I protostars would favour the hypothesis that either
methyl cyanide is formed on the grain surfaces or the gas-phase
reaction of HCN with protonated methanol is its major formation
route. However, since the deuteration during the cold prestellar
core is governed by the enhancement of H,D* with respect to
HJ, regardless of the formation of the species on the grain sur-
faces (such as methanol) or in the gas phase (such as, possibly,
CHJ and HCN) (e.g. Ceccarelli et al. 2014), the similar deuter-
ation degree of methyl cyanide and methanol cannot be used to
discriminate between whether methyl cyanide is formed on the
grains or in the gas.

Intriguingly, in SVS13-A both the [CH,DCN]/[CH3CN] and
[CH,DOH]/[CH30H] ratios are different from those of the
Class O sources (Fig. 7): the first is about two to three times
higher while the second is about ten times lower. This would lead
to thinking that either deuterated methyl cyanide and methanol
are differently affected by gas-phase reactions or they were dif-
ferent already on the grain mantles. As discussed in Sect. 4.2.2, it
is indeed possible that deuterated methyl cyanide and methanol
are differently affected by gas-phase reactions. However, methyl
cyanide deuteration should diminish faster than that of methanol,
contrarily to what we observe.

It seems in SVS13-A, therefore, that methyl cyanide and
methanol possess a different deuteration already on the grain
surfaces. Since the grain-surface synthesis of methyl cyanide
involves CH; (+ CN), where CHj is a radical from the pho-
tolysis and/or radiolysis of methanol (e.g. Garrod et al. 2008),
the deuteration of methyl cyanide cannot differ from that of
methanol if this is the major route. A similar argument applies
if CH3CN is formed on the grain surfaces by the hydrogena-
tion of C,N. It would then remain the possibility that methyl
cyanide is more deuterated because it was formed during the
prestellar phase in the gas phase by the reactions chain started
by CHJ (see above). Since the deuteration from CH,D* is active
at higher temperatures than those where H,D™* is, this would
explain the higher deuteration of CH3CN with respect to CH;OH
in SVS13-A.

In summary, it seems likely that methyl cyanide in SVS13-A
was synthesised in the gas phase of the cold prestellar phase and
frozen out onto the grain mantles, from which it was injected
into the gas phase again when the dust temperature reached the
mantle’s sublimation temperature.

4.3. Structure of the SVS13-A hot corino

SVS13-A is one of the few young protostars for which an
extensive analysis of different molecular tracers has been per-
formed (Lefloch et al. 1998; Codella et al. 2016; Bianchi et al.
2017, 2019b,a; Lefevre et al. 2017; De Simone et al. 2017).
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Fig. 9. Temperature profile of SVS13-A envelope as traced by different
molecular species. The dashed red line is the theoretical temperature
profile for a bolometric luminosity of 54.9 L, (from Tobin et al. 2016),
and scaled to the NGC 1333 distance of 299 pc obtained by Gaia
(Zucker et al. 2018).

The non-LTE LVG analysis of formaldehyde, deuterated water,
methanol, methyl cyanide, and cyanoacetylene offers an invalu-
able opportunity to reconstruct its envelope temperature profile,
as each species samples a different region of it. Figure 9 shows
the derived gas temperature profile as a function of the radius,
as reconstructed putting together the various results. In the same
figure the dashed red line is the theoretical temperature profile
for the bolometric luminosity of SVS13-A (Lyo =54.9 Ly from
Tobin et al. 2016, and scaled to the recently revised NGC1333
distance of 299 pc Zucker et al. 2018). The observational mea-
surements are from Bianchi et al. (2017, 2019a), Codella et al.
(2016), and this paper. CH3CN traces the region where the abun-
dances of (deuterated) water and methanol are also enhanced due
to the hot corino activity (~ 073, T > 80 K). Methanol also has
a warm component (<70 K) emitted in a region of ~300-600 au
in radius. For radii larger than 100 au, the molecular emission
allows us to reconstruct the temperature profiles and highlights
the onion-like structure of the protostellar envelope (Crimier
et al. 2010; Jgrgensen et al. 2002). In particular, HC3N traces
one cold (~20 K) extended component, probably associated with
the protostellar envelope, and a second lukewarm component
(~40K). H,'*CO is emitted from a region of ~750 au in radius
and it has a Ty, between 20 and 25 K. In the inner 100 au the
physical structure is indeed more complex, since the source is
known to be a close binary system (Anglada et al. 2000). In sum-
mary, the chemical differentiation as observed towards SVS13-A
is consistent with a temperature gradient due to protostellar heat-
ing. Clearly, a proper modelling on scales of less than 50 au will
be done after sampling the chemical richness around the two
protostars of the SVS13-A system.

5. Conclusions

We analysed the CH3CN and CH,DCN emission in the Class I
protostar SVS13-A, in the framework of the IRAM/NOEMA
SOLIS and IRAM-30m ASAI Large Programs. Our conclusions
can be summarised as follows:
— We detected 41 lines of CH3CN and 7 lines of CH,DCN,
covering upper level energies (E,,) from 13K to 442K
and from 18K to 200 K, respectively. The majority of the
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lines were detected using the IRAM-30m antenna, while
two CH,DCN lines were mapped using the IRAM/NOEMA
interferometer;

— The NOEMA maps show that the emission is concen-
trated towards SVS13-A and unresolved in a beam of 175,
consistent with the hypothesis that the CH,DCN emission
originates from the hot corino region;

— We performed a non-LTE large velocity gradient analysis
of the CH3CN lines and derived a kinetic temperature of
(140 + 20) K, a column density of (0.5-5) x 10' cm~2, a gas
density of nyg, > 107 cm™>, and an emitting size of ~0/'3.
Therefore, the non-LTE analysis confirms that CH;CN is
also emitted from the hot corino region. The CH3CN lines
are predicted to be optically thick, with 7 up to 5.

— We performed a LTE rotation diagram analysis of the
CH,DCN lines assuming the same temperature (140 + 20 K)
and size (073) derived by the CH3;CN analysis. The
CH,DCN column density is 2.4’:8:2 x 10" cm™2. The lines
are predicted to be optically thin, with opacities lower
than 0.2.

— We derived CH3CN deuteration, for the first time in a
Class I protostar, using two different methods: from the
CH,DCN/CH3CN column density ratio and using the inten-
sity ratio from lines with the same quantum number. The
first method gives an methyl cyanide deuteration between
0.04 and 0.54 with a best value of 0.1. The second method
allows us to better constrain the methyl cyanide deutera-
tion because it does not depend on the gas temperature. It
yields a methyl cyanide deuteration CH,DCN/CH3CN equal
to (0.09 +0.02).

— The CH,DCN/CH;3CN measured in SVS13-A is consistent
with that observed in prestellar cores but it is a factor of
2-3 higher than the values observed in Class O protostars.
‘We conclude that CH3CN deuteration does not show a dras-
tic decrease from the prestellar and Class 0 to the more
evolved Class I phases. In addition, the methyl cyanide
deuteration in IRAS 4A and IRAS 2A, two Class 0 pro-
tostars located in the same cloud as SVS13-A, NGC 1333,
is also about a factor of 2 lower than in SVS13-A. This
suggests that the SVS13-A greater methyl cyanide deutera-
tion is not related to environmental conditions, such as the
temperature in the NGC 1333 region, at the epoch of ice
formation.

— In SVSI13-A, the CH3CN deuteration is higher than for
methanol, while they are approximately the same in Class 0
sources. This seems to question a common origin for the two
species. We speculate that, in SVS13-A, methyl cyanide was
synthesised in the gas phase by the reaction chain started
from CH; in the cold prestellar phase, condensed onto the
grain mantles, and was then injected back into the gas phase
when the dust temperature reached the mantles sublimation
temperature.

— Thanks to the analysis of different molecular tracers we
reconstructed the source temperature profile, from the inner
hot corino region to the extended envelope (~10000 au).
The temperature gradient is consistent with the SVS13-A
bolometric luminosity of 55 L.

The physical structure of the inner regions will be further inves-
tigated by sampling the chemical complexity of the SVS13-A
binary system on spatial scales smaller than 50 au.
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Appendix A: List of transitions and line properties of the CH,DCN and CH;CN emission.

Table A.1: List of transitions and line properties (in Tyyp scale) of the CH,DCN and CH3CN emission. The columns give the transition and their
frequency (GHz), the telescope HPBW ("), the upper level energy E,, (K), the Sp* product (D?), the line rms (mK) and its peak temperature (mK),
the peak velocities (km/s), the line full width at half maximum (FWHM) (km/s), and the velocity integrated line intensity /;, (mK km/s).

Transition v HPBW  E,* Sp**  rms Tpeak” Vpeak” FWHMP Tin®
(GHz) @) (Ky (D» (mK) (mK) (kms™!) (kms™")  (mKkms™)
CH;CN - ASAI
CH;CN 5;-45° 91.9711 27 78 136 3 1502) +9.50(0.33) 6.0(0.8) 95 (11)
CH;CN 5,4, 91.9800 27 42 89 2 20 (2) +7.77 (0.09) 4.7 (0.2) 100 (4)
CH;CN 5,4, 91.9853 27 20 102 2 26 (2) +8.23(0.11) 4.4 (0.3) 119 (6)
CH3CN 504, 91.9871 27 13 106 2 34 (2) +8.48 (0.06)  2.7(0.2) 98 (5)
CH;CN 6353 110.3644 22 83 191 2 22 (2) +8.63(0.09) 2.8(0.2) 65 (4)
CH;CN 6,-5, 110.3750 22 47 113 3 29 (3) +8.73 (0.04) 3.8 (LI) 117 (25)
CH;CN 6,-5; 110.3814 22 26 124 4 40 (4) +8.29 (0.12)  3.1(0.4) 131 (13)
CH;CN 6¢-5 110.3835 22 18 127 4 30 (4) +8.41 (0.16)  4.1(0.7) 131 (17)
CH;CN 8,-7,¢ 147.1292 17 146 127 10 <24 - - -
CH;CN 85-73 147.1491 17 926 291 10 43 (14)  +7.86(0.38)  5.0(1.0) 231 (37)
CH;CN 8,-7, 147.1632 17 60 159 10 40 (10)  +8.27(0.24) 4.9 (0.6) 208 (22)
CH;CN 8,-7, 147.1718 17 39 167 10 60 (10)  +8.28(0.14)  3.5(0.4) 223 (19)
CH;CN 8¢—7 147.1746 17 32 170 10 67 (10)  +8.61 (0.13)  3.3(0.5) 231 (25)
CH;CN 94-8,¢ 165.5181 15 154 153 10 <28 - - -
CH;CN 9;-8; 165.5404 15 104 339 10 43 (10)  +8.39(0.20) 4.8 (0.4) 222(18)
CH;CN 9,-8, 165.5563 15 68 181 10 55(10) +8.27 (0.17)  3.5(0.5) 209 (24)
CH;CN 9,-8; 165.5659 15 47 188 8 77 (8) +8.33(0.09) 3.2(0.2) 261 (16)
CH3CN 9,-8, 165.5691 15 40 191 8 52 (8) +8.34(0.14)  4.8(0.4) 264 (19)
CH;CN 114-104¢ 202.2154 12 315 328 17 <36 - - -
CH;CN 115-105¢ 202.2582 12 237 185 16 <45 - - -
CH;CN 114-10,4 202.2932 12 173 202 16 60 (14)  +8.18(0.19)  3.7(0.4) 236 (24)
CH;CN 115-105 202.3204 12 123 432 18 117 (20)  +8.21 (0.11)  3.9(0.2) 478 (28)
CH;CN 11,-10, 202.3399 12 87 225 16 98 (16)  +8.16(0.30) 4.6 (0.8) 475 (65)
CH;CN 11,-10, 202.3516 12 65 231 14 101 (17)  +8.08 (0.10)  3.7(0.2) 399 (22)
CH;CN 11¢-10, 202.3555 12 58 233 18 120 (19)  +8.30(0.10)  3.0(0.3) 383 (27)
CH;CN 125-114¢ 220.5393 11 419 168 8 <23 - - -
CH;CN 124-11, 220.5944 11 326 382 7 53 (7) +8.58 (0.09)  4.3(0.3) 245 (12)
CH;CN 125-115 220.6411 11 247 210 7 49 (7) +8.27 (0.11)  4.4(0.2) 226 (11)
CH;CN 124-114 220.6793 11 183 226 9 75 (9) +8.00 (0.11)  5.5(0.3) 439 (19)
CH;CN 125-115 220.7090 11 133 477 8 99 (8) +8.26 (0.07)  5.0(0.2) 525 (16)
CH;CN 12,-11, 220.7303 11 97 247 7 90 (7) +8.19 (0.06) 4.3 (0.1) 407 (12)
CH;CN 12,-11, 220.7430 11 76 253 7 103(7)  +8.26(0.05)  3.9(0.1) 490 (6)
CH;CN 12)-11, 220.7473 11 69 254 7 105(7)  +8.21(0.02) 4.4(0.2) 488 (18)
CH;CN 137-12, 238.9127 10 430 196 8 37 (8) +7.90 (0.15)  4.3(0.4) 170 (12)
CH;CN 134-124 238.9724 10 337 434 9 59 (9) +7.79 (0.11)  3.9(0.2) 248 (14)
CH;CN 135-125¢ 239.0229 10 259 235 9 72 (9) +8.81(0.13)  7.3(0.3) 560 (21)
CH;CN 13,-124 239.0643 10 195 249 9 72 (9) +7.80 (0.10)  4.8(0.2) 365 (15)
CH;CN 133-123 239.0965 10 145 522 10 105 (10)  +7.97 (0.08)  4.8(0.2) 532 (18)
CH;CN 13,-12, 239.1195 10 109 269 11 98 (11)  +8.07(0.08)  4.3(0.2) 445 (17)
CH;CN 13,-12;¢ 239.1333 10 87 274 9 - - - -
CH3CN 13-12,° 239.1379 10 80 276 9 - - - -
CH;CN 145-13 257.2849 10 442 223 6 35 (6) +8.08(0.12)  3.9(0.3) 146 (9)
CH;CN 146-13¢ 257.3492 10 350 484 6 55 (6) +8.58 (0.09)  4.9(0.2) 290 (11)
CH;CN 145-135f 257.4036 10 271 259 6 - - - -
CH;CN 144-13,4 257.4481 10 207 273 7 76 (7) +8.33(0.06)  4.4(0.2) 360 (10)
CH;CN 143-133 257.4828 10 157 566 5 97 (5) +8.38(0.04) 4.5(0.1) 462 (9)
CH;CN 14,-13, 257.5076 10 121 291 6 86 (6) +8.65(0.05)  4.2(0.1) 385 (10)
CH;CN 14,-13, 257.5224 10 100 295 8 93 (8) +8.44 (0.09) 4.7(0.2) 467 (15)
CH;CN 14-13, 257.5274 10 93 297 8 103(8)  +8.55(0.52) 4.3(0.4) 468 (15)
CH,DCN - SOLIS & ASAI

CH,DCN 5, ,—4,3¢8 872115 15 18 74 38 306 (25) 9 (7) - 2226 (140)
CH,DCN 6,6-5,58  103.7486 1.3 23 90 26 290 (30) +9 (6) - 1836 (200)
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Transition V2 HPBW E,* § e rms Tpeakb Vpeakb FWHMP Tine®
(GHz) (@) K) (D> @mK) (mK) (kms™!) (kms™) (mKkms™)
CH,;DCN 12 1,11y ;¢ 207.4715 12 70 183 8 - - - -

CH,DCN 12441145 "
CH,DCN 1267-1146"

CH,DCN 1257-115¢"
CH,DCN 12551157

CH,DCN 1240-1145¢
CH,DCN 1245-1147

CH,DCN 12¢ 1,-1101:¢  208.3456 12 65 184 8 - - - -
CH,DCN 123 19—113¢

208.2668 12 259 138 8 - - - -

208.3052 12 200 152 7 23(4)  +8.34(0.36) 1.6(0.8) 38 (17)

208.3372 12 151 164 8 <19 - - -

CHLDON 129 11,00 208.3636 12 14 173 8 <23 - - -
CH,DCN 12, 1-1150¢  208.3684 12 87 179 8 <23 - - -
CH,DCN 12, 10-1150¢  208.4116 12 87 179 8 <21 ; - ;
CH,DCN 12; 11110 209.2781 12 70 183 7 26(8) +8.65(0.32) 4.3(0.7) 118 (18)
CH,DCN 13 15-12, ¢ 224.7545 11 81 199 8 <23 - - -

CH,DCN 1347-1266
CH,DCN 13¢5-12¢

CH,DCN 1353—12574

225.6182 11 270 157 8 - - - -

CHiDON 1hiy-inigd 2256598 11 211 170 8 <18 - - -
CH,DCN 134,10-124.6% ) ) ) )
CHLDON 13,9 12,0k 225:6946 11 162 181 13

CH,DCN 13, 13-120.05  225.6951 11 76 200 13 - - - -
CH,DCN 1355,-12510°  225.7238

CH,DCN 135 10-1250°  225.7241 1 2418 - - - -
CH,DCN 135 15-1251,¢  225.7265 11 97 195

CH,DCN 1351,-12550  225.7815 11 97 195 7 30(10) +8.59(0.13) 1.8 (1.0) 60 (23)
CH,DCN 13, p-12,1,! 2267113 11 82 199 8 - - - -
CH,DCN 141 1413 5™ 242.0358 10 93 214 8 - - - -

CH,DCN 1477-1374"
CH,DCN 1475-13;"

CH>DCN 14451367 - ] ) ]
CHADON 14y 13,0 2429685 10 281 175 11 <20

CH,DCN 1459-135 ¢ _ - _
CHYDCN 14, 1p- 135" 243.0134 10 222 188 10 <21

CH,DCN 1491413013 243.0415 10 87 215 8 31(8) +8.84(0.27) 4.3 (L1) 140 (30)
CHzDCN 144,] 1—134’10

242.9159 10 351 161 11 - - - -

CHADON 14, 1013, 243.0512 10 174 198 10 32(6) +8.79(0.39) 4.0 (1.0) 134 (27)
CH,DCN 145 1,135 243.0830 10 136 205 8

CH,DCN 145 13-13,1,  243.0833 10 109 211 8 40 (5)  +8.42(021) 4.6(0.5) 197 (17)
CH,DCN 145,,-13559  243.0835 10 136 205 8

CH,DCN 141,13, 1,4 243.1520 10 109 211 8 <20 - - -
CH,DCN 14, 13131 1 244.1428 10 93 214 9 36(7)  +9.26 (0.13) 2.4 (0.5) 90 (14)
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* Frequencies and spectroscopic parameters have been provided by Cazzoli & Puzzarini (2006) and Miiller et al. (2009) and by the Jet
Propulsion Laboratory molecular database Pickett et al. (1998) for CH;CN, while they were provided by Miiller et al. (2009) and retrieved
from the Cologne Database for Molecular Spectroscopy (Miiller et al. 2005) for CH,DCN. ® The errors in brackets are the Gaussian fit
uncertainties. ¢ Blended with unidentified line (see Fig. C.1 and Fig. C.2) and thus excluded from the further analysis. ¢ Excluded from
further analysis since the line peak is below the detection threshold (S/N > 30 see Sec. 2.2). ¢ Conservatively excluded from the analysis
since the line profiles are broad (composed of different transitions close in frequency, see Fig. C.1 and C.2). f Blended with CH;OH 183, 16—
18517 A, 257.4021 GHz, E,,= 447 K. ¢ These transitions are only detected by the NOEMA/SOLIS observations. The low spectral resolution
(6-7kms™") does not allow us to safely estimate the line width. A Gaussian fit is not performed given the unresolved line profiles. We
note that all the expected CH,DCN transitions are detected in the NOEMA/SOLIS dataset, but we consider conservatively only these two
lines which are not contaminated by other molecular species. b Blended with CH;CHO 119,11-100,10 A, 208.2670 GHz, E,,= 60 K. " These
transitions have the highest upper level energy of all the detected transitions, while others with similar intensities and lower energies are
not detected. To be conservative we decided to exclude the line from the analysis. /Blended with HCOOCH; 195 17183 16 A, 225.6187 GHz,
E,p= 117 K. *Blended with H,CO 3;,-2,, 225.6978 GHz, E,,= 33 K. ' Blended with HCOOCH; 2051919, 15 E, 226.7131 GHz, E,,,=
120 K. ™ Blended with CH,DOH 11,4-11; 59 01, 242.0336 GHz, E,,= 177 K. " Blended with C**S 5-4, 242.9136 GHz, E,,,= 35 K.

Appendix B: ASAI versus SOLIS spectra of CH,DCN

Figure B.1 shows the comparison between the IRAM-30m 3 mm spectrum obtained in the context of the ASAI Large Program
Lefloch et al. (2018) and the spectra derived by integrating the emission in the NOEMA-SOLIS images in a region equal to the
HPBW of the IRAM-30m (28" at 87 GHz, and 24" at 103 GHz).

——— — — T
ASAI 87 GHz : 103 GHz
SOLIS

— 4

D)

B

L | u
0

qalem] fhy 1
NIRRT || N |....5
_1)

1 1
-50 0 1 50 -50 0 0
Visr (km s77) Visr (km s

Fig. B.1: Comparison of the CH,DCN emission in the ASAI and SOLIS observations. The data have been resampled to match the
same spectral resolution.

Appendix C: ASAI spectra

Figures C.1 and C.2 show the ASAI spectra overlaid with the synthetic spectra derived for the CH3CN and CH,DCN emission. The
best fit model (see Sects. 3.3 and 3.4) and the uncertainties are shown.
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Fig. C.1: Synthetic CH3CN spectra (in red) overlaid to the ASAI dataset at 1.3mm. The continuous lines show the best fit model (see
Sect. 3.3), while the dashed lines take into account the uncertainties. The asterisk denotes the line contaminated CH3;CN profiles.
Synthetic spectra are plotted using the CLASS Weeds package (Maret et al. 2011). Spectra are smoothed to a spectral resolution of
0.5kms™".
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Fig. C.1: Continued.
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Fig. C.2: Synthetic CH,DCN (in blue) spectra overlaid to the ASAI dataset at 1.3mm. The continuous lines show the best fit model
(see Sect. 3.4), while the dashed lines take into account the uncertainties. The asterisk denotes the line contaminated CH,DCN
profiles. Synthetic spectra are plotted using the CLASS Weeds package (Maret et al. 2011). Spectra are smoothed to a spectral
resolution of 0.5kms™!.
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Fig. C.2: Continued.
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