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ABSTRACT

We present the study of deuteration of cyanoacetylene (HC3N) towards a sample of 28

high-mass star-forming cores divided into different evolutionary stages, from from starless
to evolved protostellar cores. We report for the first time the detection of DC3N towards 15
high-mass cores. The abundance ratios of DC3N with respect HC3N range in the interval
0.003-0.022, lower than those found in low-mas protostars and dark clouds. No significant
trend with the evolutionary stage, or with the kinetic temperature of the region, has been
found. We compare the level of deuteration of HC3N with those of other molecules towards
the same sample, finding weak correlation with species formed only or predominantly in
gas-phase (NoH* and HNC, respectively), and no correlation with species formed only or
predominantly on dust grains (CH3OH and NHj3, respectively). We also present a single-dish
map of DC3N towards the protocluster IRAS 05358+3543, which shows that DC3N traces an
extended envelope (~0.37 pc) and peaks towards two cold condensations separated from the
positions of the protostars and the dust continuum. The observations presented in this work
suggest that deuteration of HC3N is produced in the gas of the cold outer parts of massive
star-forming clumps, giving us an estimate of the deuteration factor prior to the formation of
denser gas.
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massive

1 INTRODUCTION

The deuteration level of interstellar molecules is a powerful tool to
study the history of star-forming regions. The formation of deuter-
ated species is significantly enhanced during the pre-stellar phases
of star-forming regions due to the combination of high gas densi-
ties (>104 cm_3) and low temperatures (T<20 K), which favour
the depletion of CO onto interstellar dust surfaces (Caselli et al.
1999; Walmsley et al. 2004). This enhances the gas-phase abun-
dances of several ions (e.g. H;’), in absence of its main destroyer,
CO. Then, the reaction of H3 with HD, the main reservoir of deu-
terium in molecular clouds, produces H,D* through the reaction
HY + HD — H,D* + Hp + 232 K, when the species involved are

in the para-H, form. The exothermicity! of this reaction prevents
the backwards reaction at low temperatures, thus increasing the

I The exotermicity of this reaction depends on the orto-para ratio of the
species involved, and that can vary between 84 and 256 K ( Millar et al.
1989; Pagani et al. 1992).
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gas-phase abundance of HyD™. This species transfers deuterium to
other molecules efficiently, increasing the deuterium fractionation
in molecules by several orders of magnitude with respect to the
primordial value of D/H ~ (1-2)x107 in the solar neighborhood
(Oliveira et al. 2003; Linsky et al. 2006). Therefore, the deuterated
fraction, Dy, defined as the column density ratio of one species
containing deuterium to its counterpart containing hydrogen, can
be used as a useful probe of the evolution of star-forming cores.

In low-mass star-forming cores, Caselli (2002) found that D,
significantly increases during the pre-stellar phase, when the core
density profile becomes more centrally peaked due to the collapse.
As a consequence, the CO freeze-out increases, along with the abun-
dance of deuterated molecules in the gas-phase. Multiple observa-
tions have shown that the value of Dy, reaches its maximum in pre-
stellar cores close to gravitational collapse (e.g. Crapsi et al. 2005),
and decreases during the later protostellar phases (Emprechtinger
et al. 2009).

In high-mass star-forming regions, how Dy, changes with
the evolutionary stage is less clear. In previous works, we have
studied the deuteration of different species towards a sample of
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high-mass star-forming cores at different evolutionary stages, from
pre-stellar to protostellar phases. Fontani et al. (2011) found that
enhanced values of N,D* are found towards high-mass pre-stellar
cores, similarly to low-mass counterparts. However, other molecular
species, such as HNC, NH3 and CH3OH, do not show any clear
trend with the evolutionary stage using the same sample of sources
(Fontani et al. 2014, 2015; Colzi et al. 2018Db).

In this work, we focus on the carbon-chain molecule
cyanoacetylene (HC3N). Little is known about its deuteration, since
only a few observations have been able to detect it in space. DC3N
was first detected by Langer et al. (1980) towards the low-mass dark
cloud TMC-1, and by Howe et al. (1994) towards several other dark
clouds, finding values of Dy, in the range 0.03-0.13. In the pro-
tostellar phase, DC3N has been detected only towards a handful of
sources: IRAS 16293-2422 (Al-Edhari et al. 2017), L1527 (Sakai
et al. 2009 and Araki et al. 2016), Chamaeleon MMS1 (Cordiner
etal. 2012), and SVS13-A (Bianchi et al. 2019), with values of Dy,¢
~0.03-0.4.

There is still no unambiguous detection of DC3N towards high-
mass star-forming regions. Only two tentative detections have been
reported towards Orion KL and the Sgr B2 N2 hot molecular cores
(Esplugues et al. 2013; Belloche et al. 2016, respectively). These
observations, along with the non detection reported towards NGC
2264 CMM23 (Cordiner et al. 2012), derived upper limits of Dy, <
0.015, which are lower than those reported in low-mass protostars.

There are two main questions that need to be answered about
deuterium fractionation of HC3N. First, is HC3 N deuterated through
gas-phase reactions, like simple species such as NpH* (e.g. Fontani
etal. 2011), or alternatively on the surface of intersellar dust grains
via H-D exchange reactions, as suggested for other carbon-chain
molecule (c-C3H;, Chantzos et al. 2018)? And second, how Dy,¢
changes with the evolutionary stage of the star-forming core? To
properly answer these questions, detections of DC3N towards mas-
sive cores at different evolutionary stages are needed. With this aim,
we present the first study of deuteration of HC3N towards a sample
of massive star-forming regions spanning a wide range of evolu-
tionary stages, from initial starless cores to more evolved phases.
We report the detection of the DC3N J=11-10 transition towards
15 regions, and present the first maps of DC3N in one of the sources
of the sample, the high-mass protocluster IRAS 05358+3543.

2 OBSERVATIONS

We conducted astronomical observations using the 30m-diameter
telescope of the Institut de Radioastronomie Millimétrique (IRAM),
located at Pico Veleta (Granada, Spain), as part of the projects
129—-12 and 040-19. In the project 129—12, we performed single-
pointing observations towards 26 high-mass star-forming cores (see
details about the sample in Sect. 3). We used the broad-band Eight
Mixer Receiver (EMIR), covering ~8 GHz from 89.11 to 96.89
GHz, and the fast Fourier Transform Spectrometer (FTS, Klein et al.
2012) in a mode that provides a channel width of 195 kHz (~0.63
km s1). The observed setup includes the J=11-10 transition of
DC3N at 92.872373 GHz (spectroscopy from the recent laboratory
measurements of Melosso et al. in prep.), and the J=10-9 transi-
tions of two of the three 13C-isotopologues of HC3N, HC!3ceN
and HCC'3CN, at 90.593059 and 90.601777 GHz, respectively
(Creswell et al. 1977; Thorwirth et al. 2001). The spatial resolu-
tion of the observations, given by the half-power beam width of the
antenna (HPBW), can be calculated as HPBW(’")=2460/v(GHz),
which gives 26.5"at the frequecny of the DC3N J=11-10 transition.

Table 1. List of the observed sources. Cols. 2 and 3 give the equatorial
coordinates of the sources. Cols. 4 and 5 give the source distance to the Sun,
and the Galactocentric distance, respectively. For the references on distances
from the Sun see Fontani et al. (2011). In Col. 6 the '2C/!3C ratios, derived
using the galactocentric trend by Milam et al. (2005), and the associated
uncertainties, are given. In the last column the kinetic temperatures of the
clumps derived by Fontani et al. (2015) are listed. For the sources without
a direct derivation of Ty, (indicated with ¢), the average value for that
evolutionary stage was taken.

Source a(J2000) §(J20000 d Dgc 2C/PC T
(hms) (] (kpe) (kpe) (K)
HMSC (cold)

100117-mm2  00:14:26.3 +64:28:28.0 1.8 9.5 6921 14
G034-G2(mm?2) 18:56:50.0 +01:23:08.0 29 63 5017 164
GO034-F1(mm8) 18:53:19.1 +01:26:53.0 3.7 5.8 47+16 16¢
GO034-F2(mm7) 18:53:16.5 +01:26:10.0 3.7 5.8 47+16 16¢
G028-C1(mm9) 18:42:46.9 -04:04:08.0 5.0 4.7 40+15 17

120293-WC  20:31:10.7 +40:03:28.0 2.0 83 62+19 17
122134-B 22:15:05.8 +58:48:59.0 2.6 95 69+21 17
05358-D1 05:39:11.5 35:45:462 1.8 103 74+£22 26
05358-D2 05:39:11.5 35:45:239 1.8 103 7422 20

HMSC (warm)
AFGL5142-EC 05:30:48.7 +33:47:53.0 1.8 103 7422 25

05358-mm3  05:39:12.5 +35:45:55.0 1.8 103 74+22 30

122134-G 22:15:10.5 +58:48:59.0 2.6 9.5 69+21 25
HMPO

100117-mm1  00:14:26.1 +64:28:440 1.8 9.5 69+21 20

AFGL5142-mm 05:30:48.0 +33:47:54.0 1.8 103 7422 34

05358-mm1  05:39:13.1 +35:45:51.0 1.8 103 74+22 39
18089-1732  18:11:51.4 -17:31:28.0 3.6 50 43x15 38
18517+0437  18:54:14.2 +04:41:41.0 29 64 5117 40¢

G75-core 20:21:44.0 +37:26:38.0 3.8 84 6319 96
120293-mm1  20:31:12.8 +40:03:23.0 2.0 83 62+19 36

121307 21:32:30.6 +51:02:16.0 32 93 6820 21
123385 23:40:54.5 +61:10:28.0 49 114 81+23 37

UC HII

G5.89-0.39 18:00:30.5 -24:04:01.0 13 72 5518 32¢
119035-VLA1 19:06:01.5 +06:46:35.0 22 7.0 54+18 39
1941042336 19:43:11.4 +23:44:06.0 2.1 7.7 58+18 21
ON1 20:10:09.1 +31:31:36.0 2.5 8.0 60+19 26
122134-VLA1  22:15:09.2 +58:49:08.0 2.6 9.5 69+21 47
23033+5951  23:05:24.6 +60:08:09.0 3.5 102 74+21 25
NGC7538-IRS9 23:14:01.8 +61:27:20.0 2.8 9.9 72+21 32¢

The spectra were calibrated using the GILDAS? software package.
The antenna temperature units, TZ, were converted to main beam
brightness temperature, Tjy,p, via the relation T; = TinbX(Bef/Fefr),

using the corresponding telescope efficiencies®. The flux density
calibration uncertainty of the observations is ~20%. More details
of the observations (e.g. weather conditions, background subtrac-
tion, focus and pointing) are presented in Fontani et al. (2015).

In the 040-19 project, we mapped with multiple telescope
pointings the molecular emission of one of the star-forming regions
of the sample, the high-mass protocluster IRAS 05358+3543 (here-
after 05358). We also observed the J=11-10 transition of DC3N,
and the J=10-9 transitions of HC!3CCN and HCC'3CN, during

2 The GILDAS software is is available at http://www.iram.fr/
IRAMFR/GILDAS
3 http://www.iram.es/IRAMES/mainWiki/[ram30mEfficiencies
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Figure 1. DC3N J=11-10 detections towards the sample of high-mass star-forming regions studied in this work. The observed IRAM 30m telescope spectra
are shown with a black histogram, while the best LTE fits are shown with red curves. Each panel is centered at the systemic velocity of each source. The name
of each source is indicated above each panel, coloured by evolutionary groups: dark green for cold HMSCs, black for warm HMSCs, red for HMPOs and blue

for UC HII regions.

observations performed in the periods 31st July to 5th August 2019
and 18th to 19th September 2019. As for the single-pointing obser-
vations, we used the 3mm receiver EMIR, and the FTS spectrometer
with a frequency resolution of 195 kHz (~0.63 km s~'). The ob-
servations were made in position-switching mode. Pointing was
checked every 1.5 h, and focus was corrected at the beginning of
the observations, at dawn and every 4-6 h. The molecular datacubes
were produced from On-The-Fly (OTF) mapping, covering an area
of 120""x 120" (corresponding to ~1 pc X 1 pc, at the source distance
of 1.8 kpc; Heyer et al. 1996), with a central position of RA(J2000)
= 05h:39m:13s.0, DEC(J2000)= 35°:45":51"’. The integration time
for each OTF map (vertical + horizontal + calibration times) was of
~20 minutes. The antenna temperature 7, was converted to main
beam temperature T, by using the same expression given above.
Llux calibration uncertainties of 20% are considered in the analy-
sis. The GILDAS packages CLASS and GREG were used to reduce
and post-process the data. Baselines were all fitted by constant func-
tions or polynomials of order 1. We built the molecular data cube
convolving the OTF map with a Gaussian kernel, using a regularly
spaced grid with pixel size of 9”.

MNRAS 000, 1-10 (0000)

3 SOURCE SAMPLE

The source sample, already used in several works (Fontani et al.
2011,2014,2015; Colzi et al. 2018b,a; Mininni et al. 2018), includes
high-mass star-forming cores spanning a wide range of evolutionary
stages:

e High-Mass Starless Cores (HMSCs), which are not directly
associated with indicators of on-going star formation, such as em-
bedded infrared sources, outflows, or masers. As in previous works,
we have divided this group into two subgroups: cold and warm.
The latter includes three regions (AFGL5141-EC, 05358-mm3 and
122134-G) that have temperatures Ty;, >25 K, and that can be exter-
nally heated by nearby protostellar objects detected by high-angular
resolution observations (Zhang et al. 2002; Busquet et al. 2011;
Sanchez-Monge et al. 2011; Colzi et al. 2019). We note that our
observations of these three warm HMSCs are likely contaminated
by the emission of nearby protostellar sources, which fall in the
IRAM 30m beam of 26.5””. This will be discussed in Section 5. We
have added to the cold HMSC group two new cores that have been
identified in the DC3N maps of the 05358 region presented in this
work (Sect. 4.2): 05358-D1 and D2.
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Figure 2. Differences between the velocities (upper panel) and FWHM
(lower panel) of DC3N and the '*C-isotopologues. Filled(empty) circles
correspond to HCC'3CN(HC!3CCN). The different colors indicate the dif-
ferent evolutionary groups, as indicated. The shaded area denotes the region
+1kms™!.

e High-Mass Protostellar Objects (HMPOs), which are associ-
ated with molecular outflows, and/or faint radio continuum emission
(S, at 3.6 cm < 1 mly) likely tracing a radio-jet, and/or infrared
sources.

o Ultracompact (UC) Hll regions; associated with a strong radio-
continuum emission (S, at 3.6 cm > 1 mJy), which likely traces
photoionised gas by nascent massive stars.

All the selected sources are located at distances d < 5 kpc. The
full list of the observed sources is shown in Table 1. More details
about how the sources were selected and classified in the different
evolutionary stages are given in Fontani et al. (2011). In summary,
we observed 28 high-mass star-forming cores divided into: 9 cold
HMSCs, 3 warm HMSCs, 9 HMPOs, and 7 UC HII regions.

4 DATA ANALYSIS AND RESULTS
4.1 Single-pointing observations

The spectra were imported into the MADCUBA package® (Martin
etal. 2019). The identification of the molecular lines was performed
using the SLIM (Spectral Line Identification and Modeling) tool
within MADCUBA. SLIM generates synthetic spectra of molecular
species under the assumption of Local Thermodynamic Equilibrium
(LTE) conditions. We have implemented into SLIM the new DC3N
spectroscopic data recently obtained in the laboratory by Melosso
et al. (in prep.).

We detected the DC3N J=11-10 transition towards 15 regions.
The transitions observed, shown in Figure 1, include 2 cold HM-
SCs, 3 warm HMSCs, 4 HMPOs and 6 UC HII regions. To obtain

4 Madrid Data Cube Analysis on Image] is a software developed
at the Center of Astrobiology (CAB) in Madrid; http://cab.inta-
csic.es/madcuba/Portada.html.

the best fit of the observed transitions we used the MADCUBA-
AUTOFIT tool that compares the observed spectra with LTE syn-
thetic spectra, and provides the best non-linear least-squares fit using
the Levenberg—Marquardt (LM) algorithm (see details in Martin
et al. 2019). The free parameters of the fit are: column density of
the molecule (), excitation temperature (7ex ), velocity (visr) and
full width half maximum (FW HM) of the Gaussian profiles of the
lines. We assumed that the molecular emission fills the beam of the
telescope, and thus we did not apply any beam dilution correction.
This assumption is reasonable, since the low energies of the tran-
sitions studied (Eyp=24-27 K), which suggest that these molecules
trace relatively extended gas. In the particular case of the 05358
region, the emission maps we present in Sect. 4.2 confirm that this
assumption is fulfilled. Since we only have one rotational transition,
we fixed the value of Tex to the kinetic temperature Ty, of the cores
(Table 1). We note that the column density of DC3N can vary by
factors < 1.3(1.7) depending of the Tex assumed in the range 15-50
K (15-100 K). The other parameters (N, v sgr and FWHM) were
left free whenever possible. Only if the LM algorimth did not con-
verge we fixed vy gr and/or FWHM to values that visually match
the observed lines. The resulting fits are shown in red overplotted
to the observed spectra in Figure 1, and the resulting parameters are
presented in Table 2. In the case of non detections, upper limits for
the column density of DC3N were derived with SLIM, which uses
the formula 30~ X Av/A/Ngpan, Where o is the rms noise of the spec-
tra, and Ngpa, is the number of channels covered by the linewidth
Av. The derived upper limits for the column density of DC3N are
shown in Table 2.

To obtain the value of Dy;,., we derived the HC3N column den-
sities towards each source with the same procedure used for DC3N.
Since HC3N is an abundant molecule in high-mass star-forming re-
gions, its emission is expected to be optically thick, which prevents
areliable accurate derivation of its column density. For this reason,
we opted to analyze the two 13C—isotopologues of HC3N available
in the observed frequency band (HC3CCN and HCC'3CN), which
are expected to be optically thin. We have used the spectroscopic en-
tries of the Cologne Database for Molecular Spectroscopy (CDMS,
Miiller et al. 2001, 2005; Endres et al. 2016), based on the laboratory
works by Creswell et al. (1977) and Thorwirth et al. (2001). We cal-
culated the average column density value of the 13C—isotopologues,
and assumed the '2C/!3C ratio as a function of the Galactocentric
distance found by Milam et al. (2005) (Table 1) to convert to HC3N
column density. The derived values of Dy, are presented in the last
column of Table 2. We note that, unlike the values of the column
densities, the values of Dy, are nearly independent of the assumed
Tex, whenever DC3N and the 13C—isotopologues of HC3N have a
similar Tex. We found values of Dy, in the range 0.003-0.022. For
the sources with no DC3N detection but HC!3CCN and HCC!3CN
detections, we give the upper limits of Dg,c. Only in one case,
the UC HII region 119035-VLA1, DC3N was detected but not the
13C-isotopologues. For this source we show in Table 2 the derived
lower limit of Dy,c, >0.022.

To make sure that the '3C-isotopologues arise from similar gas
than DC3N, we have checked that their velocities and linewidths are
similar. We show in Figure 2 that the differences of the velocities
(Avisr) and linewidths (AFWHM) between DC3N and the 13C-
isotopologues are always within a narrow range of +1 km s~
considering the uncertainties derived by the fits. This similarity in
the kinematics supports our assumption that DC3N and the 13C-
isotopologues are likely tracing similar gas.

To compare the deuteration of HC3N with that of other
molecules already studied in previous works towards the same sam-

MNRAS 000, 1-10 (0000)
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Figure 3. Values of Dy, derived for HC3N in the sample of high-mass star-forming regions studied in this work (warm HMSC, HMPO and UC HII regions),
compared with those derived for other species in previous works. The different colours of the circles correspond to different evolutionary groups, as indicated
in each panel. Upper limits are denoted by triangles. The outputs of the Kendall 7 test (7 and double-side p value) are indicated in the upper right corner of

each panel.

ple, we show in Figure 3 the Dy, (HC3N) versus those derived
for NoH* (Fontani et al. 2011), HNC (Colzi et al. 2018b), NH3
(Fontani et al. 2015) and CH3OH (Fontani et al. 2015). We per-
formed Kendall’s 7 tests (Kendall 1938) to search for possible cor-
relations between the set of values of Dy, of the different species.
We considered only the sources in which the deuterated species
have been detected (no upper limits). The initial guess (null hypoth-
esis) is that the two datasets are not correlated. The Kendall’s 7
correlation parameter can adopt values between -1 and 1: is equal
to 1 if a perfect correlation is found, O if there is no correlation
(initial guess fulfilled), and -1 if there is perfect anticorrelation. As
an ouput of the test we also give the 2-sided p value, which gives
the level of significance of the test between 0 and 1: 0 when it is
statistically significant and 1 when it is totally not significant. The
results of the tests are shown in the upper right corner of each panel
in Figure 3. The deuteration of HC3N shows better correlations with
N,H* and HNC rather than NH3 and CH3OH. There are (weak)
correlations with NoH* and HNC (7=0.47 and 0.37, respectively),
which are statistically significant (6% and 13% probability that the
initial guess is correct, i.e., no correlation). For NH3 and CH3OH,
there is no correlation (7=0.1 and 0.0, respectively), with 75% and

MNRAS 000, 1-10 (0000)

100% probability of no correlation, respectively. We discuss the
implications of these results in Sect. 5.

4.2 Maps of the 05358+3543 protocluster

We produced the integrated maps of the J=11-10 transition of
DC3N, and the combined integrated map of the J=10-9 transitions
of the two 13C-isotopologues (HC!3CCN and HCC'3CN), which
are shown in Figure 4. We also indicate in the figure the positions
of the continuum sources previously identified in the region with
interferometric observations (Colzi et al. 2019): mm1, mm2, mm3
and mm4. For comparison, we also show in the right panel of Figure
4 the continuum map at 850 um obtained with the Submillimetre
Common User Bolometer Array (SCUBA) of the 15m-diameter
James Clerk Maxwell Telescope (JCMT), from Di Francesco et al.
(2008). The SCUBA observations have a HPBW of 22.9”/, similar
to our IRAM 30m observations.

The main protostellar activity in the 05358 protocluster is
located in the mm1/mm2/mm3 region, which matches with the
SCUBA continuum peak, and where multiple molecular outflows
have been observed (Beuther et al. 2002). The source mm1 cor-
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Figure 4. Left: The color scale shows the integrated emission map of the J=11-10 transition of DC3N. The red contour correspond to 0.4 times the emission
peak (178 mK km s~'). The gray contours show to the combined integrated emission of the J=10—9 transitions of HC'>CCN and HCC'3CN (0.9, 0.8, 0.7,
0.6, 0.5 and 0.4 times the emission peak, which is 265 mK km g1 ). The green squares indicate the positions of the continuum sources mm1, mm2, mm3 and
mm4 (Colzi et al. 2019), and the DC3N peak positions (D1 and D2), respectively. The gray filled circle in the lower left corner indicate the beam of the DC3N
observation. Right: The color scale shows the SCUBA 850 pum continuum observations, from Di Francesco et al. (2008). The beam size of the SCUBA map
(22.9”) is indicated in the lower left corner with a blue open circle overplotted to the IRAM 30m beam (gray filled circle). The gray contour levels are the same
as in the left panel, while the red contour levels are 0.9, 0.8, 0.7, 0.6, 0.5 and 0.4 times the peak of the integrated emission map of DC3N.

responds to one of the HMPOs studied in the previous section,
and exhibits compact molecular emission with hot core chemistry
(Leurini et al. 2007; and Colzi, priv. communication). The source
mm3 is one of the warm HMSCs of our sample, and it is considered
to be pre-stellar because no compact line emission has been detected
in this position. The evolutionary state of mm2 and the recently dis-
covered mm4 (Colzi et al. 2019) are still unknown. As shown in the
Figure 4, the positions of mm1 and mm3 are separated by only 8.3”,
while the beam of the IRAM 30m observations is ~26’’. Therefore,
as previously discussed, it is likely that the spectra from the warm
HMSC in mm3 is contaminated by the nearby protostellar activity.

Figure 4 shows that the integrated emission of DC3N and the
13C-isotopologues of HC3N are extended, larger than the IRAM
30m beam. To measure the area of the emitting regions we have con-
sidered the contour in which the emission falls to a 40% of the peak
emission. The emission area of DC3N and the '3C-isotopologues
are ~1446""2 and ~2042""2, respectively. These emitting areas cor-
respond to those of circular regions with diameters 0.37 pc and 0.44
pc, respectively. In both cases the sizes are larger than that of the
IRAM 30m beam (~0.26 pc). Therefore, the assumption of emit-
ting region filling the telescope beam used in the previous section
is fulfilled, at least, in the case of the 05358 region.

The integrated map of the !3C-isotopologues of HC3N peak
in the region located between mm1/mm2 and mm4, slightly shifted
with respect to the peak of the SCUBA continuum by <10”’. This
shift is likely not significant, since it is less than half of the beams of
the molecular and continuum observations, and considering some
uncertainty of the pointings of the different telescopes.

Interestingly, the morphology of the emission of DC3N is not
fully coincident with that of the !3C-isotopologues. Figure 4 shows
that the overall DC3N emission is shifted towards SW, with two
main peaks, hereafter D1 and D2, not coincident with the peak of
the 13C-isotopologues nor with the SCUBA continuum peak. Since
no signs of active star formation towards D1 and D2 have been re-

ported, we considered them as cold HMSCs, and added them to the
sample of sources (Table 1). From the datacube, we extracted the
spectra of circular regions centered at the D1 and D2 positions with
diameters matching the IRAM 30m beam. We performed the anal-
ysis of DC3N, HC!3CCN and HCC!3CN using the same procedure
described in the previous section. The values of Ty;, were derived
from NHj3 (as for the other cores of the sample), using the VLA
interferometric maps from Lu et al. (2014), and integrating in a cir-
cular area with a diameter matching the IRAM 30 beam. The values
ontained for D1 and D2 are 26 and 20 K, respectively, lower than
that considered for mm1 and mm3 (39 K and 30 K, respectively; Ta-
ble 1), which supports their cold starless nature. The derived values
of Dy, are 0.020+0.011 and 0.019+0.011 for D1 and D2, respec-
tively (Table 2). These values are higher that those found towards
mml and mm3, 0.005+0.02 and 0.008+0.03, respectively.

5 DISCUSSION

It is still not clear how DC3N is formed in star-forming regions.
Langer et al. (1980) suggested several ion-molecule reactions that
can form it during the cold pre-stellar phase:

H,D* + HC3N — HDC3N* + H, (la)
HDCN* + CoH, — HDC3N' +H, | (1b)
H,CN* + CoHD — HDC3N* + H, , (1c)
and
HDC3N* +e — DC3N+H. (2)

Other possible chemical pathway might be directly linked to
the formation of HC3N itself. Many observational works, from the

MNRAS 000, 1-10 (0000)
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Table 2. Total DC3N column density and D-fractionation of DC3N. Values
without errors are fixed in the fit procedure.

Source Niot VLSR Av Dy, (HC3N)
x10" cm™2) (kms™!) (kms1)
HMSC (cold)

100117-mm?2 <1.6 - - -
G034-G2(mm?2) <l4 - - -
G034-F1(mm8) <13 - - -
G034-F2(mm?7) <1.3 - - -
G028-C1(mm9) <1.7 - - -

120293-WC <14 - - <0.010
122134-B <13 - - -
05358-D1 54+1.4 -16.6£0.4 4.5+0.9  0.020+0.011
05358-D2 4.6+1.2 -16.3+0.4 4.1+0.8  0.019+0.011
HMSC (warm)
AFGLS5142-EC 3.7+0.9 -2.6+0.2  2.7+0.5  0.015+£0.004
05358-mm3 3.1£0.9 -16.2+0.2  1.9+0.5  0.008+0.003
122134-G 2.4+0.8 -18.6+0.3 1.9+0.6  0.010+0.005
HMPO

100117-mm1 <17 - - -
AFGL5142-mm 4.5+1.3 -3.2+0.4 3.5+09  0.012+0.005

05358-mm1 2.3+0.8 -16.4+0.2  0.9+0.3  0.005+0.002

18089-1732 <19 - - <0.003

18517+0437 52+1.4 429+04 4.4+0.8 0.022+0.006
G75-core 9+3 -0.7£0.3  4.3+0.7  0.009+0.002
120293-mm1 <14 - - <0.003
121307 <1.6 - - -
123385 <l.1 - - <0.012
UC HII
G5.89-0.39 16+4 8.3+0.2 3.4+04 0.0030+0.0005
119035-VLA1 2.1+0.9 30.0+0.5 4+1 >0.022
19410+2336 2.4+0.6 21.9+0.1 1.6+0.2  0.009+0.002
ON1 4+1 11.2+0.5 5 0.010+0.003
122134-VLA1 2.9+1.1 -18.5+0.6 3.9+14  0.018+0.009
2303345951 <11 - - <0.006
NGC 7538-IRS9 1.6+0.5 -57.1+0.2 1 0.009+0.002

study of its B¢ isotopologues, have suggested that HC3N is formed
through the gas-phase neutral-neutral reaction between acetylene
(CyH») and CN (e.g. Takano et al. 1998; Taniguchi et al. 2016; Li
etal. 2016; Araki et al. 2016; Taniguchi et al. 2017). Therefore, this
pathway might also contribute to form DC3N via:

C,HD +CN — DC3N+H. 3)

An alternative route would imply surface chemistry through
D-H exchange reactions after the freeze-out of HC3N, as proposed
by Chantzos et al. (2018) for other carbon-chain species like cy-
clopropenylidene (c—C3H>). A fourth possibility was suggested by
Esplugues et al. (2013), based on gas-phase hot chemistry during
the protostellar phase.

We discuss in the following how our detections of DC3N to-
wards a sample of massive cores can help us to understand how
and when HC3N is deuterated during high-mass star-formation.
The comparison of Dy, of different species in our sample (Fig-
ure 3) shows that HC3N is better correlated with NyH* and DNC
than with NH3 and CH3OH. Interestingly, these species are formed
only (the former) and predominantly (the latter) in gas-phase. The
opposite case is represented by CH3OH and NH3, which are pro-
duced efficiently on grain surfaces through hydrogenation of N and
CO, respectively. The (weak) correlation of HC3N with the species
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Figure 5. Dy, of HC3N as a function of the kinetic temperature T;, towards
the sample of high-mass star-forming regions studied in this work. The
different colours of the circles correspond to different evolutionary groups,
as indicated in the upper right corner. Upper limits of Dy, are denoted by
triangles pointing downwards, while the only lower limit is denoted by the
triangle pointing upwards.

formed in gas phase, and the null correlation with species formed
on grains, supports that the deuteration of HC3N is likely produced
through gas-phase chemistry rather than surface chemistry.

We have not found a clear correlation between the presence
of DC3N and the evolutionary stage, since we detected it in 2 cold
HMSCs, 3 warm HMSCs, 4 HMPOs and 6 UC HII regions. Sup-
porting this lack of dependence with the evolutionary phase, we do
not find a correlation between Dy, and the kinetic temperature Ty,
of the sources (Figure 5). We note that although the non detections
of DC3N in the sample correspond mainly to cold HMSCs (Table
2), this does not imply necessarily that deuteration is lower in this
early evolutionary stage. These non detections are likely due to sen-
sitivity limits of the observations, since in most of the cases, the
13C—isotopologues are also not detected. We have checked that the 6
cold HMSCs with no detection of any of the isotopologues of HC3N
are those with weaker line intensities in other molecular species. As
an example, the NoH* observations by Fontani et al. (2011) showed
that these 6 sources have integrated line intensities <3 K km s
while the other HMSCs (where DC3N is detected) have 7—43 K km
s~L. Another factor that might limit the detection of DC3N in cold
HMSC:s is spectral dilution of the line profiles. These cores exhibit
narrow linewidths in other deuterated species, e.g. 0.5—1.65 km s~
in the N,D*(2-1) transition (Fontani et al. 2011). These linewidths
are similar or slightly larger than the spectral resolution of the ob-
servations (~0.65 km s~ 1), which may produce some dilution of the
line intensities.

The presence of similar levels of deuteration of DC3N in cores
with different evolutionary stages does not favor the hypothesis of
formation on the surface of dust grains, or at high temperatures dur-
ing the protostellar phase. In these two scenarios, the DC3N emis-
sion should be predominantly concentrated around the protostars,
and higher values of Dy, should be expected in the protostellar
phase, due to thermal desorption and hot chemistry, respectively,
triggered by the protostellar heating. However, we do not find any
preference towards protostellar cores. Moreover, the DC3N map to-
wards the 05358 protocluster (Figure 4) shows that the emission is
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extended in the region (~0.37 pc), with the main deuteration peaks
(D1 and D2) shifted with respect to the dust continuum peak where
the protostellar activity is on-going. Furthermore, hot chemistry in
the hot core phase seems unlikely, since it likely too slow to signif-
icantly modify the deuteration levels after the desorption of grain
mantles (Charnley et al. 1997 and Osamura et al. 2004).

Alternatively, the relatively constant level of HC3N deuteration
during the different evolutionary phases can be naturally explained
if DC3N mainly arises from material in the outer parts of the clumps,
which is common to pre-stellar and protostellar cores. In a region
with on-going star-formation, only the inner gas is heated by the
protostar, while the outer envelope remains cold and nearly unaltered
from the pre-stellar phase (e.g. Aikawa et al. 2012). The lower values
of Do of HC3N with respect to other species that mainly trace the
inner regions of the cores, such as NoH* or NH3 (Figure 3), points
also towards an origin of DC3N in the outer envelope, where the
gas is less dense, and hence deuteration is less efficient. To further
support this hypothesis, we have compared the linewidths of DC3N
with those of NoD* and 0—NH3D (from Fontani et al. 2011 and
Fontani et al. 2011, respectively). We show in Figure 6 that the
linewidths of DC3N are in most cases larger than those of N,D*
and o—NHj3D, as expected if the former traces the diffuse outer part
of the envelope, and the two latter trace the inner compact regions.
We note that the few cases in which NoD* or o—NH3D have larger
linewidths than DC3N might be explained by broadening produced
by protostellar activity such as molecular outflows.

In the external part of a star-forming region, the interstellar
radiation field (ISRF) is higher, since it is less shielded by the pres-
ence of dust. This allows that a higher fraction of carbon is in atomic
form, which starts a more rich carbon-chain chemistry. This effect
has been detected observationally towards the L1544 pre-stellar
core, where many carbon-chain molecules, including HC3N, arise
from the external regions of the core, avoiding the inner dust peak
(Spezzano et al. 2017). We have observed a similar behaviour in the
05358 protocluster, where the emission of the 13C—isotopologues
of HC3N, and mainly DC3N, are shifted with respect to the dust
continuum (Figure 4).

Thus, all the observational evidence presented in this work
suggest that DC3N might be a good tracer of deuteration fraction
in star-forming regions prior the formation of the denser gas, which
is an important parameter in chemical models to constrain, for in-
stance, the orto/para-Hj ratio (Pagani et al. 2011; Kong et al. 2015;
Briinken et al. 2014). New studies of deuteration of other carbon-
chain species (e.g. HCsN, C,H or ¢-C3H,) in large samples of
regions like the one used in this work will serve to better understand
how the deuteration of this family of species proceeds during the
star-formation process.

Finally, in Figure 7 we compare the D¢, values found in our
sample of high-mass cores, divided by evolutionary stage, with those
reported in the literature towards other interstellar sources (low-
mass dark clouds, low-mass protostars, and previous upper limits
in high-mass star-forming regions; see references in Figure7). We
found values in the interval 0.003—0.022 in high-mass cores, which
are consistent with the previous upper limits found in Orion KL
and SgrB2 N2 hot cores: 0.015 and 0.0009, respectively (Esplugues
et al. 2013; Belloche et al. 2016). These values of Dy, are lower
than those found in protostellar low mass stars (0.025-0.5), and
pre-stellar low-mass dark clouds (0.03-0.13), as shown in Figure
7. This might be due to slightly higher temperatures of high-mass
clumps, which would make less efficient the ion-molecule gas-phase
reactions responsible of the formation of DC3N. However, we stress
that the comparison between low- and high-mass cores should be
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Figure 6. Comparison of the FWHM values of DC3N with those
of orto—NH,(11,1—1¢,1) (open circles, from Fontani et al. 2015) and
N,D+(2-1) (filled circles, from Fontani et al. 2011). The different col-
ors correspond to different evolutionary groups. The shaded area indicates
the parameter space where the FWHM of DC3N is larger than those of the
other deuterated species.

done with caution, since the observations are tracing very different
linear sizescales. As previously mentioned, our observations have
likely detected the DC3N arising from the external envelope of the
clumps, rather than the inner cores. Therefore, future interferometric
observations with high angular resolution are needed to understand
if and how DC3N is formed at smaller core scales (~0.01 pc).

6 CONCLUSIONS

We present the first study of DC3N toward a sample of massive
cores in different evolutionary stages, from pre-stellar to protostel-
lar phases. We detected the DC3N J=11-10 transition towards 15
regions, which include 2 cold High Mass Starless Cores (HMSCs),
3 warm HMSCs, 4 High Mass Protostellar Objects (HMPOs) and 6
Ultra Compact HII regions. We found values of D¢, (abundance
ratio of DC3N with respect its HC3N) of 0.003—-0.022, lower than
those found in pre-stellar and protostellar low-mass star-forming
regions. We do not find any correlation between Dg,. and the
evolutionary stage of the cores, or with the kinetic temperature.
The comparison with other deuterated species previously studied
toward the same sample indicates a weak correlation of Dy, in
those species formed only or predominantly in gas-phase (N,H*
and HNC, respectively), and no correlation in species formed only
or predominantly on dust grains (CH3OH and NHj3, respectively).
We also present the first map of DC3N in a high-mass star-forming
region, the protocluster IRAS 05358+3543. The DC3N emission
is extended (~0.37 pc), and it is shifted with respect to the dust
continuum peak where the protostellar activity is on-going. Our
observational evidence indicates that DC3N is likely formed by
gas-phase ion-molecule reactions in the outer and less dense part
of star-forming clumps, where the interstellar radiation field keeps
most of the carbon in atomic form, enhancing the formation of
carbon-chain molecules such as HC3N. Thus, DC3N might be a
good tracer of the deuteration level in star-forming regions prior to
the formation of denser gas.
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Figure 7. Dy, of HC3N in different interstellar sources: low-mass dark clouds from Howe et al. (1994) (orange circles); low-mass protostars from Al-Edhari
et al. (2017); Sakai et al. (2009); Araki et al. (2016); Bianchi et al. (2019); Cordiner et al. (2012) (magenta circles); high-mass star-forming regions from this
work (different colors denote different evolutionary groups, as indicated above the panel; upper limits are denoted by triangles pointing downwards, while the
only lower limit is denoted by the triangle pointing upwards); and previous upper limits (gray triangles) from Esplugues et al. (2013); Watanabe et al. (2015);

Belloche et al. (2016).
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