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ABSTRACT

In the context of the ASAT (Astrochemical Surveys At IRAM) project, we carried out
an unbiased spectral survey in the millimeter window towards the well known low-
mass Class I source SVS13-A. The high sensitivity reached (3-12 mK) allowed us to
detect at least 6 HDO broad (FWHM ~ 4-5 km s~!) emission lines with upper level
energies up to £, = 837 K. A non-LTE LVG analysis implies the presence of very hot
(150-260 K) and dense (> 3 x 107 cm™3) gas inside a small radius (~ 25 AU) around
the star, supporting, for the first time, the occurrence of a hot corino around a Class
I protostar.

The temperature is higher than expected for water molecules are sublimated from
the icy dust mantles (~ 100 K). Although we cannot exclude we are observig the
effects of shocks and/or winds at such small scales, this could imply that the observed
HDO emission is tracing the water abundance jump expected at temperatures ~ 220-
250 K, when the activation barrier of the gas phase reactions leading to the formation
of water can be overcome. We derive X (HDO) ~ 3 x 1075 and a HoO deuteration
> 1.5 x 1072, suggesting that water deuteration does not decrease as the protostar
evolves from the Class 0 to the Class I stage.

Key words: Molecular data — Stars: formation — radio lines: ISM — submillimetre:
ISM — ISM: molecules

1 INTRODUCTION emission, but not to resolve it on small (< 1000 AU) scales.
Only a handful of observations exists with enough spatial
resolution. They show that the water emission in the en-
velopes of Class 0 sources is concentrated in small regions,
called hot corinos (Codella et al. 2010; Persson et al. 2013,
2014; Taquet et al. 2013; Coutens et al. 2014). On the con-
trary, no spatially resolved observations exist for the more
evolved protostars, the Class I sources. With respect to the
water deuterium fractionation, again only a few measures
are available in Class 0 sources (Coutens et al. 2012, 2013,
2014; Persson et al. 2013, 2014; Taquet et al. 2013), but none

The origin of terrestrial water is still a source of intense
debate (e.g. Ceccarelli et al. 2014; van Dischoeck et al. 2014;
Altwegg et al. 2015). A key element to shed light on it, is how
water evolves with time in proto-Sun analogues. Specifically,
two aspects are particulary important: (1) the amount of
water and its distribution in the planet formation region
(a few tens of AU) of the proto-Suns, and (2) its deuterium
fractionation (e.g. Ceccarelli et al. 2014; Willacy et al. 2015).

With respect to the first point, water has been detected

at all stages of the Sun-like star formation process, from
prestellar cores and Class 0 sources to the Solar System (e.g.
Caselli et al. 2012; Ceccarelli et al. 1999; van Dishoeck et al.
2011, 2014). However, so far, we mostly have poor angular
resolution observations that allowed us to detect the water
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in Class I.

In the context of the ASAT (Astrochemical Surveys At
IRAM: http://www.oan.es/asai/) project, we have carried
out a systematic study of the molecular emission towards
SVS13-A. This is a well studied young stellar object located
in the NGC1333 star-forming region, at a distance of ~235
pc (Bachiller et al. 1998; Hirota et al. 2008; Lee et al. 2016).
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SVS13-A is part of the system SVS13, where three millime-
ter sources have been identified by interferometric observa-
tions (Bachiller et al. 1998; Looney et al. 2000), called A,
B, and C. The distance between A and B is 15”, while C
is 20" away from A. The systemic velocity of the sources A
and B is between +8 km s™' and +9 km s~ (Chen et al.
2009; Lopez-Sepulcre et al. 2015). The luminosity of SVS13-
A has been estimated to be 34 Ly (Chen et al. 2009; Tobin
et al. 2016), where we corrected for the new estimate of the
distance d = 235 pc (Hirota et al. 2008).

Although SVS13-A is still deeply embedded in a large-
scale (~6000 AU;j e.g. Lefloch et al. 1998) envelope, its ex-
tended (>0.07 outflow pc) outflow, associated with the HH7-
11 chain (e.g. Lefloch et al. 1998, and references therein), and
its low Lsybmm /Lot Tatio (~ 0.8 %) lead to the classifica-
tion as a Class I source (e.g. Chen et al. 2009 and references
therein).

In this Letter, we report the detection of several lines
of HDO towards SVS13-A, providing the first detection of
deuterated water in a Class I source.

2 OBSERVATIONS

The present observations have been performed during sev-
eral runs between 2012 and 2014 with the IRAM 30-m tele-
scope near Pico Veleta (Spain) in the context of the As-
trochemical Surveys At IRA (ASAI) Large Program. In
particular, the unbiased spectral surveys at 3 mm (80116
GHz), 2 mm (129173 GHz), and 1.3 mm (200276 GHz) have
been acquired using the EMIR receivers with a spectral reso-
lution of 0.2 MHz. The observations were performed in wob-
bler switching mode with a throw of 180" towards the co-
ordinates of the SVS13-A object, namely aj2000 = 03" 29™
03329, 832000 = +31° 16" 03”8). The pointing was checked
by observing nearby planets or continuum sources and was
found to be accurate to within 2”-3". The HPBWs are in
the 9”-31" range.

The data were reduced with the the GILDASfCLASEE
package. Calibration uncertainties are ~ 10% at 3mm and
~ 20% at shorter wavelengths. All the spectra have been
converted from antenna temperature to main beam temper-
ature (TmB), using the main beam efficiencies reported on
the TRAM 30-m websitd.

3 RESULTS AND DISCUSSION
3.1 HDO detected lines

The ASAT unbiased survey allows us to detect 7 HDO lines
(1 in the 3 mm band, 1 in the 2 mm band, and 5 in the 1.3
mm one) covering a wide range of excitation, with upper
level energies E, from 47 K to 837 K. The 81 GHz line is
only tentatively detected, given the low S/N ratio. However,
the following analysis will show how the 17,0—11,1 intensity
is well in agreement with those of the other lines observed at
2mm and 1.3mm. The 33,142 2 transition (at ~ 242.0 GHz)

1 www.oan.es/asai
2 http://www.iram.fr/IRAMFR/GILDAS
3 http://www.iram.es/TRAMES /mainWiki/Iram30mEfficiencies

is the HDO line with the highest upper level energy (E,=837
K) ever observed towards a low-mass protostar. The profiles
of all detected lines are shown in Fig. 1, while Table 1 reports
the results of the line Gaussian fits. The HDO emission peaks
at the cloud systemic velocity, between +8.0 and +9.0 km
s~ (Chen et al. 2009; Lopéz-Sepulcre et al. 2015). The lines
are quite broad, with a FWHM ~ 4.2-4.9 km s~! for all
the lines but the two observed at 3mm and 2mm, which
are also those observed with the lowest S/N ratio and the
worst spectral resolution (from 0.7 km s™* to 0.2 km s™*
moving from 80.6 GHz and 266.2 GHz). The emission in
the 1 and 2 mm bands only originates from SVS13-A, as
SVS13-B, 15" south-west, is outside the HPBW . The 3 mm
band might, in principle, contain some emission from SVS13-
B. However, the analysis of the measured fluxes tends to
exclude a substantial contamination from SVS13-B also in
this band (see below).

Finally, we searched for H330 lines in our spectral sur-
vey and found none. The most sensitive upper limit to the
H20O column density is set by the non detection of the para—
H2%0 3135 250 line at 203.40752 GHAY. We obtained a 3¢
upper limit on the peak temperature (in Twup scale) of 20
mK.

3.2 Analysis of the HDO emission

We analysed the observed HDO line emission with the non-
LTE LVG model by Ceccarelli et al. (2003), using the col-
lisional coefficients for the system HDO-Hs computed by
Faure et al. (2012) and extracted from the the BASECOL
database (Dubernet et al. 2013). We assumed a plane-
parallel geometry and a Boltzmann distribution for the
ortho-to-para Hs ratio of 3. Note that the collisional co-
efficients with ortho-Hs can be a factor 5 larger than the
corresponding coefficients with para-Hz (Faure et al. 2012),
but only at low temperatures (<45 K) and not at those
here discussed (see below). Note also that the HDO 73 4—
64,3 line (with £y, = 837 K) has been excluded from the LVG
analysis because the corresponding collisional rates have not
been calculated (see later for a comparison with an LTE ap-
proach).

We run a large grid of models varying the temperature
Txin from 100 to 300 K, the Hs density ng2 from 8 x 108
to 1 x 10'® em ™2, the HDO column density N(HDO) from
4% 10 to 7x 10" cm ™3, and the emitting sizes 6, from 0.05
to 10 . The lowest x?2 is obtained with N(HDO) = 4 x 10*”
em™ 2, and s =072, corresponding to ~ 50 AU. Figure
(upper panel) shows the x2 contour plot as a function of the
temperature and Hs density with these values. The best fit
solution is found for a very high temperature, Tiin=150-260
K, and a quite high density nm, > 3 x 107 cm™3. Figure
(lower panel) shows the goodness of the fit, namely the ratio
between the measured velocity-integrated intensities and the
LVG model predictions, as a function of the line upper level
energy, for the best fit solution: N(HDO) = 4 x 10'" cm™2,
05 =072, Tiin = 200 K, and nu, = 2 x 10° cm™3. The lines
are predicted to be optically thin to moderately thick. The
largest opacities are ~ 2 for the four lowest lying lines (at

4 from Jet Propulsion Laboratory database,
http://spec.jpl.nasa.gov/home.html; Pickett et al. (1998)
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Table 1. List of HDO transitions and line properties (in Typ scale) detected towards SVS13-A
Transition Ve HPBW gy Eu.* Sp?? log(A/s™1)%  rms  Theak®  Vpeak®  FWHM? Iing®
(GHz) @] (K) (D?) (mK) (mK) (kms™1)  (kms™!) (mK kms™1)
11,0-11,1 80.57829 31 3 47 0.66 -5.88 5 14(2) +9.2(0.3) 1.7(0.9) 26(9)
42,2423 143.72721 17 9 319 0.73 -5.55 9 21(8) +8.0(0.3) 3.1(0.8) 68(20)
31,2221 225.89672 11 7 168 0.69 —4.88 7 45(7) +8.0(0.1) 4.9(0.3) 234(16)
21,1212 241.56155 10 5 95 0.36 —4.92 6 41(6) +8.0(0.1) 4.7(0.3) 206(9)
73,4643 241.97357 10 15 837 1.39 —4.82 7 17(5) +7.7(0.3) 4.6(0.7) 83(10)
52,3432 255.05026 10 11 437 1.02 —4.75 6 40(6) +7.8(0.1) 4.5(0.2) 199(9)
22.0-31,3 266.16107 9 5 157 0.40 —4.76 12 31(9) +7.4(0.3) 4.2(0.8) 141(19)

@ From the Jet Propulsion Laboratory database (Pickett et al. 1998).  The errors are the gaussian fit uncertainties.

80.58, 241.56, 266.16 and 225.90 GHz), while the other lines
have opacities lower than unity.

Finally, the populations of the detected transitions are
predicted to be close to LTE. Indeed, since non-LTE pre-
dictions were not possible for the higher lying line at 241.97
GHz, we also computed the LTE solution (see Fig. 3), find-
ing a rotational temperature of 334+42 K, which is larger
than the kinetical temperature derived from the LVG anal-
ysis, i.e. 160-240 K considering the 1o x?2 solution. In prac-
tice, assuming the non-LTE LVG solution, the agreement
between the predicted and observed intensity of the F, =
857 K is within a factor 2; this is acceptable if we consider
the opacity of the low-E, lines and that the LTE condition
may not apply to such a high lying line so that we cannot
exclude a temperature gradient with a component with Ty,
larger than 200 K. High spatial resolution observations are
required to clarify this point.

3.3 Origin of the HDO emission

The non-LTE analysis reveals the presence of a hot (150-
260 K), dense (> 3 x 10" cm™?) and compact (~ 50 AU)
component in SVS13-A. Note that the density estimate well
agrees with that derived from dust continuum by Chen et
al. (2009). High temperatures (218 K) have been similarly
obtained by Coutens et al. (2014) applying an LTE analysis
to four HDO lines detected, using the PdB array, towards
the Class 0 NGC1333 IRAS2A. Also, high excitation condi-
tions have been found through LVG analysis of H2O lines
as observed by Herschel towards both Class 0 and Class I
sources (e.g. Herczeg et al. 2012; Podio et al. 2012; Karska
et al. 2013; Busquet et al. 2014; Kristensen et al. 2016); in
these cases, the high excitation H2O emission has been asso-
ciated with shocked gas induced by jets. Thus, the present
results may indicate the presence of jet-induced shocks on
the ~ 20 AU scales. However, the jet hypothesis is ruled out
by: (i) the FW HM line profiles (~ 4 km s™") (the is usually
traced by velocities larger than 10 km s™'), and (ii) the com-
pact size inferred by the LVG analysis. On the other hand,
HDO emission could be emitted by shocks induced by the
viscosity of a disk or it could probe the base of a disk wind
(as suggested by Codella et al. 2016 for the Class 0 HH212).
Again, there is no signature in the line profile suggesting an
association of water with a small portion of the large disks
expected to be around Class I objects (around 250 AU; e.g.
Eisner et al. 2012).

In conclusion, what is HDO tracing in the SVS13-A

© 2011 RAS, MNRAS 000, 5]

system? The observed high temperature and linewidth are
consistent with the presence of a hot corino inside SVS13-A,
where the gas is thermally heated by the central source. Of
course, the definition of hot corino involves the detection of
complex organic molecules (e.g. Ceccarelli et al. 2007). We
anticipate that this is indeed the case for SVS13-A (Bianchi
et al., in preparation). Assuming that the dust is heated by
the 34 Ly central source and that the dust emission is opti-
cally thin, the dust temperature would be about 200 K at a
distance of ~ 25 AU (see e.g. Ceccarelli et al. 2000, Eq. 1). Of
course, if the dust opacity is thick in the innermost regions,
then this value is a lower limit. Therefore, this tempera-
ture is in good agreement with the LVG analysis. Indeed,
high temperatures from HDO were observed by Coutens et
al. (2014) towards the Class 0 object NGC1333-IRAS2A, in
agreement with the present hypothesis that HDO lines, be-
ing optically thin, probe inner regions around the protostars.

However, the hot corino interpretation has a problem. If
the high temperature is caused by the thermal heating, one
would expect that water is sublimated from the icy grain
mantles at ~ 100 K, whereas the HDO line emission indi-
cates a larger temperature. Why? A first possibility could
be that the HDO line emission is dominated by warmer gas
because of the line opacities. Indeed, even if the HDO abun-
dance has a jump at ~ 100 K, if the lines are optically thin
then the warmer regions, with higher opacities may domi-
nate the integrated intensity. One has also to consider that
the water abundance has a further jump at around 220-
250 K, caused by the reactions that convert all the gaseous
atomic oxygen into water and that possess activation barri-
ers making them efficient at > 220 K (Ceccarelli et al. 1996).
The temperature is close to that derived from the LVG mod-
eling, so that it is a plausible hypothesis that the gas probed
by the observed HDO lines lies in a region warmer than the
water desorption region because of the line opacities.

3.4 Water deuteration

Using the intensity 30 upper limit of the para—H*O line
at 203.40752 GHz (see §3.1) and assuming a source size of
0”2 and a temperature of 200 K, we derive un upper limit
to the H3®O column density of N(H520) < 8 x 10*" em™2.
Assuming the standard value of **0/'®0 = 560, the upper
limit to the water column density is N(H20) ~ 4 x 10%°
em™2. Using the HDO column density previously derived,
N(HDO) = 4 x 10'" cm™2, leads to a lower limit to the
water deuteration, > 1 x 1073. Finally, using the derived
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Figure 1. HDO line profiles (in main-beam temperature, Tp,
scale) observed with the IRAM 30-m antenna towards SVS13-A.
In each panel, both the transition and the upper level energy, Ey,
are reported.

nm, density (2 x 10® cm™®) and emitting sizes (0”2 = 50
AU in diameter) provides an estimate of the Ha column den-
sity of ~ 1.5 x 10?3 cm™2 and, consequently of the HDO
abundance of ~ 3 x 107%. Similarly, the upper limit to the
H20 column density can be converted into an upper limit
to the water abundance, namely < 3 x 1073, We can, there-
fore, increase the real lower limit to the water deuteration
considering that, reasonably, the water abundance cannot
be larger than about ~ 2 x 10~%. This leads to a lower limit
HDO/H20 > 0.015.

This upper limit is consistent with those derived so far
towards Class 0 protostars, ~ 1072 by Coutens et al. (2012)
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Figure 2. Upper panel: The x? contour plot obtained consider-
ing the non-LTE model predicted and observed intensities of all
detcted HDO lines but the 241.974 GHz line with Fy = 837 K
(for which no collisional rates are available). The best fit is ob-
tained with 072, Nupo = 4 x 1017 ecm™2, T4, = 200 K, and
ni, = 2 X 108 cm™3). The 1o and 20 of the x2 contours are re-
ported. Lower panel: Ratio between the observed line intensities
with those predicted by the best fit model as a function of line
upper level energy Ey.

and Taquet et al. (2013), 0.3-8 x 1072, and larger than
those quoted by Persson et al. (2013, 2014) and Coutens
(2013; 2014), 0.1-4 x 1073, Therefore, the deuteration of
water does not seem to diminish from Class 0 to Class I
sources. Yet, we conclude with a word of prudence, as this
value of deuteration has been obtained taking the values of
the LVG modeling. In particular, since the lines seem close to
the LTE, the H2 density could be larger and, consequently,
the HDO abundance could be lower by the same factor.

4 CONCLUSIONS

The high-sensitivity of the IRAM 30-m ASATI unbiased spec-
tral survey in the mm-window allows us to detect towards
the Class I object SVS13-A a large number of HDO emis-
sion lines with upper level energies up to F, = 837 K. The
non-LTE LVG analysis points to hot (150-260 K), dense (>
3 x 107 cm™?) gas associated with a quite small emitting
region (50 AU), supporting the occurrence of a hot corino
inside SVS13-A. The HDO abundance is found to be ~ 3
x 1075, Although the occurrence of shocks at such small
scales cannot be excluded, it is tempting to suggest we are

© 2011 RAS, MNRAS 000, [[H5]
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Figure 3. Rotation diagram for the HDO transitions reported
in Table 1, including the Eyup, = 837 K, not considered in the
LVG analysis (see Fig. 2). The parameters Nup, gup, and Eyp are
respectively the column density, the degeneracy, and the energy
of the upper level. The error bars on In(Nup/gu) are given by
the vertical bar of the symbols. The plot allows us to derive a
rotational temperature of 334+42 K and a total column density
of 3.7+£0.5 x 107 cm™2.

observing for the first time the jump in the water abundance
occurring at temperatures higher than 200 K, when the ac-
tivation barriers of the gas phase reactions coverting oxygen
into water can be overcome.

Obviously, the final answer is in the hands of future in-
terferometric observations (e.g. using ALMA) imaging water
emission around SVS13-A on scales < 20 AU.
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