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ABSTRACT

Context. How water is delivered to planetary systems is a central question in astrochemistry. The deuterium fractionation of water can
serve as a tracer for the chemical and physical evolution of water during star formation and can constrain the origin of water in Solar
System bodies.

Aims. The aim is to determine the HDO/H,O ratio in the inner warm gas toward three low-mass Class O protostars selected to be in
isolated cores, i.e., not associated with any cloud complexes. Previous sources for which the HDO/H,O ratio have been established
were all part of larger star-forming complexes. Determining the HDO/H, O ratio toward three isolated protostars allows comparison of
the water chemistry in isolated and clustered regions to determine the influence of local cloud environment.

Methods. We present ALMA Band 6 observations of the HDO 3, ,-2,; and 2, -2, transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the HésO 3132, transition at 203.407 GHz. The high angular resolution observa-
tions (0”3-173) allow the study of the inner warm envelope gas. Model-independent estimates for the HDO/H,O ratios are obtained
and compared with previous determinations of the HDO/H,O ratio in the warm gas toward low-mass protostars.

Results. We successfully detect the targeted water transitions toward the three sources with signal-to-noise ratio (S/N) > 5. We deter-
mine the HDO/H,O ratio toward L483, B335 and BHR71-IRS1 to be (2.2+0.4)x 1073, (1.7+0.3) x 1073, and (1.8 £0.4) x 1073,
respectively, assuming T, = 124 K. The degree of water deuteration of these isolated protostars are a factor of 2—4 higher relative to
Class 0 protostars that are members of known nearby clustered star-forming regions.

Conclusions. The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect can
be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics and could provide a

new method to decipher the history of young stars.

Key words. astrochemistry — stars: formation — ISM: abundances — ISM: individual objects: L483 —
ISM: individual objects: B335 — ISM: individual objects: BHR71-IRS1

1. Introduction

How water evolves during star formation, from the molecular
cloud core down to the protoplanetary disk, is a key question
concerning the origin of the Solar System, the formation of exo-
planets, and, ultimately, the possible emergence of life in plane-
tary systems.

Water is observed during all stages of star formation: from
molecular clouds, through the dense-core phase and the pro-
toplanetary disk and finally in planetary systems such as our
Solar System (van Dishoeck et al. 2014). In star-forming pre-
stellar molecular clouds, water is predominantly present in the
ice: the gas-phase abundance is constrained to be of the order
Xoos (H,0) ~ 10°8-107° relative to H, (Bergin & Snell 2002;
Caselli et al. 2012) while absorption ice spectroscopy has
revealed Xice(H,0) ~1074-107° (Pontoppidan et al. 2004). It
is an open question what processing, if any, water experiences

Article published by EDP Sciences

during star formation. Classically, two scenarios are considered:
inheritance or processing. In the inheritance scenario, the bulk of
the water present in the planetary system after formation is inher-
ited from the molecular cloud and is therefore representative of
the chemistry in the molecular cloud before star formation begins
(e.g., Visser et al. 2009; Drozdovskaya et al. 2016). In the alter-
native scenario, a substantial amount of water is destroyed and
reformed in local processes within the envelope or protoplane-
tary disk during the formation process. In this case the final water
chemistry is determined by local processes in the specific system
(see, e.g., Cleeves et al. 2014, for an discussion of each scenario).

The deuterium fractionation of water is a useful proxy for
the processing of water during star formation and can help
distinguish between the two scenarios outlined above. The
enrichment of deuterium is driven by several chemical pro-
cesses, and their efficiency depend on physical conditions such
as temperature, density, visual extinction, and ionization sources
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(Ceccarelli et al. 2014). At low temperatures the prominent path-
way is the gas-phase exchange reaction H] + HD = H,D* + H, +
AE, where AE ~ 124 K'. This reaction is effectively one-way at
low temperatures (7 < 50 K) due to the endothermicity of the
backward reaction. This leads to an enrichment of H,D* which
subsequently dissociatively recombines with free electrons to
form atomic D, thus increasing the local atomic D/H ratio in the
gas-phase and ultimately on dust grain surfaces where water and
other molecules are formed through hydrogenation.

Measurements of water deuteration through the different
stages of star formation can therefore be used to trace the chem-
ical evolution of water from the molecular cloud down to the
protoplanetary disk. Observations of water are challenging due
to the high abundance of water in the Earths atmosphere which
makes the atmosphere opaque to prominent water emission lines.
One solution is to observe water from space, as was done with
the Herschel Space Observatory (see, e.g., van Dishoeck et al.
2011). Observations from Herschel have greatly expanded our
knowledge of the different origins of water emission toward pro-
tostars, i.e., cold and warm envelope gas, shocks and outflows
(e.g., Kristensen et al. 2012; Coutens et al. 2013; Visser et al.
2013). Another approach is to target rarer water isotopologs such
as H)®O or the deuterated isotopologs HDO and D,0. These
molecules have transitions which fall outside of the opaque water
bands in the atmosphere and can be observed with ground based
telescopes. First attempts to constrain the HDO/H, O ratio toward
low-mass protostars utilized single-dish telescopes, thus observ-
ing a mixture of small- and large-scale emission and suffering
from beam dilution. This led to a large discrepancy between mea-
surements obtained with different telescopes and highlighted the
importance of high spatial resolution to constrain the origin of
the emission (e.g., Stark et al. 2004; Parise et al. 2005; Coutens
et al. 2012).

Jgrgensen & van Dishoeck (2010) reported the first interfero-
metric determination of the HDO/H,O abundance ratio in the
hot corino of NGC 1333 IRAS 4B. Since then water deuter-
ation has been studied toward a number of low-mass Class 0
protostars using interferometers to resolve the water emission
in the hot corino where T > 100 K and ice is entirely subli-
mated off the dust grains (Taquet et al. 2013a; Coutens et al.
2014; Persson et al. 2014). These measurements reveals vary-
ing degrees of deuterium fractionation on different spatial scales
toward Class O protostars. On larger spatial scales, in cold gas,
a high degree of deuterium fractionation has been detected
with HDO/H,O and D,O/HDO ratios of the order 21072 in the
gas-phase (Coutens et al. 2014). Meanwhile, the water emis-
sion from the hot corino, i.e., small spatial scales, show lower
HDO/H,O ratios in the range ~107#~107>. In comparison, the
measured HDO/H;O ratios in the Solar System range from as
low as the local ISM value? ratio of ~4 x 107> to cometary val-
ues as high as [HDO/H,0] ~ 1073; the Earth’s D/H ratio, as
measured from Vienna Standard Mean Ocean Water, is D/H =
1.557x107* (de Laeter et al. 2003) which corresponds to
HDO/H,0 ~ 3 x 1074,

A possible explanation for the observed variation of the
HDO/H,O0 ratio on different spatial scales is that water and its
deuterated version are not well mixed in the ice. The evolution
of water deuteration during star formation and the effects of the
layered ice structure have been the subject of recent modelling

I The exact value of AE depends on the spin state of the involved
reactants.

2 [HDO/H,0] = 2 x [D/H] and [D/H]igm = 2 % 107> (Prodanovié et al.
2010).
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efforts (e.g., Cazaux et al. 2011; Taquet et al. 2013b; Furuya et al.
2016). Combining chemical models and the available observa-
tions of the HDO/H, O and D,O/HDO ratios, Furuya et al. (2016)
proposed that water is primarily formed in the molecular cloud
stage, before the dense core phase. This leads to a lower deu-
terium fractionation of water which initially freezes out onto the
interstellar dust grains and constitutes the bulk of the water ice
reservoir. Later, in the dense prestellar core phase, the deuterium
fractionation is enhanced as the temperature drops and the visual
extinction increases. In this phase highly deuterated ice is formed
on top of the existing water ice on grain mantles. This scenario
can explain the observed variation in the HDO/H,O ratio on dif-
ferent spatial scales. On larger scales, the observed gas-phase
HDO/H,O ratio reflects the high deuterium fractionation of the
outer layers of ice formed in the dense core phase as well as gas-
phase synthesis of deuterated water through ion-neutral reactions
in the cold outer regions of the envelope (Taquet et al. 2014;
Furuya et al. 2016). In this region, the dust temperature is not
sufficiently high to entirely sublimate the ice, and the inferred
gas-phase abundance comes from a combination of the pho-
todesorption of the outermost ice layers and gas-phase reactions
with H,D* which can form HDO and D,O under these condi-
tions. Meanwhile, on smaller scales the entire ice is sublimated
off the grains and the ratio is lowered since the bulk of the water
is formed with lower deuteration in the molecular cloud phase.
Hence the ice abundances record the physical and chemical
conditions of the different stages of star formation and the abun-
dance of deuterated water could reflect the duration of the dense
core phase. This in turn may depend on the local cloud condi-
tions, since timescales of star formation is likely influenced heav-
ily by external factors influencing the stability of the cloud, such
as turbulence and radiation (e.g., Ward-Thompson et al. 2007).

Here we present observations of HDO and H%SO toward three
isolated Class O protostars, L483, BHR71-IRS1, and B335. We
classify these sources as isolated as they are not associated with
any known cloud complexes. This is in contrast to the previously
targeted protostars which are identified as part of star-forming
regions like NGC 1333 and Ophiucus and likely influenced by
the dynamics within these stellar nurseries. The sources were
selected to address if and how the deuterium fractionation of
water varies as a function of the local cloud environment.

BHR71-IRS1 is a Bok globule located in the Southern Coal-
sack dark nebulae with a bolometric luminosity Ly, =~ 15 Lg
(Tobin et al. 2019). It is part of a wide binary system, with the
companion located at 3200 au at a distance d ~ 200 pc. Lynds
483, commonly referred to as L483, is an isolated dense core
which harbors the infrared Class O source IRAS 18148-0440.
Traditionally, L483 was associated with the Aquila Rift region at
an inferred distance of 200 pc, however recent astrometry has
revised the distance to the Aquila Rift up to d = 436+9 pc
(Ortiz-Leon et al. 2018). Subsequent analysis based on stellar
extinction and parallaxes from Gaia DR2 has shown that L483
is in fact located at a distance of 200-250 pc, i.e., not a part of
the Aquila Rift complex (Jacobsen et al. 2019). We assume a dis-
tance of 200 pc in this paper. At this distance the estimated bolo-
metric luminosity is 10-13 L (Tafalla et al. 2000; Shirley et al.
2000). B335 is a Bok globule located at d ~ 100 pc (Olofsson
& Olofsson 2009) and is the least luminous of our targets with a
bolometric luminosity of Ly ~ 0.72 L, (Evans et al. 2015). The
central source is also known as IRAS 19347+0727 and identified
as a low-mass Class 0 protostar. The central gas shows signs of
infall and a rotational structure (e.g., Imai et al. 2019).

The paper is structured as follows. The observations and cali-
bration procedures are presented in Sect. 2. Results are presented
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Table 1. Observation log.

Source

Date

Phase calibrator

Bandpass calibrator

Max. baseline (m)

ALMA band

Na.nlenna

L483
L483
BHR71-IRS1
BHR71-IRS1
B335
B335

2017 March 11
2017 August 27
2017 January 15
2017 September 4
2017 March 20
2017 August 27

J1743-0350
J1743-0350
J1147-6753
J1147-6753
J1955+1358
J1938+0448

J1751+0939
J1751+0939
J0904-5735
J1107-4449
J2025+3343
J2000-1748

1100
768
1797
677
740
759

4
44
46
43
44
45

[V, e WV, e IV, le))

in Sect. 3. The HDO/H,O ratios are deduced and compared with
previous measurements of water deuteration toward protostars
in Sect. 4 along with a discussion of the implications. Finally,
the results are summarized in Sect. 5 along with an outlook for
the study of water deuteration and the impact of the local cloud
environment.

2. Observations

The low-mass embedded protostars 1483, BHR71-IRS1, and
B335 were observed with ALMA during Cycle 5 (PI: Jes K.
Jgrgensen, projectid: 2017.1.00693.S). For L483 the observa-
tions were centered on ajggp = 18:17:29.9, 652000 =—-04:39:39.6,
for BHR71-IRS1 Q32000 = 12Z01236.5, (5]2000 =—65108149.3, and
for B335 ajy000 = 19:37:00.9, 652000 = 07:34:09.6. Information on
the observation dates and calibration sources can be found in
Table 1.

One spectral setup targeted the HDO 3, ,-2,; and 2, -2,
transitions at 225.8967 GHz (LSB) and 241.5616 GHz (USB)
respectively in the ALMA band 6. Another spectral setup tar-
geted the H;SO 313—25 transition at 203.4075 GHz in Band 5.
Each spectral window contains 1920 channels with a width of
122 kHz (0.11 km s™1). The source velocities, estimated from the
HDO 3,2, transition are 4.5 km s}, =5.0 km s}, 7.9 km 5!
for L483, BHR71-1RS1, and B335 respectively.

Each dataset was pipeline-calibrated using CASA 5.1
(McMullin et al. 2007). Phase self-calibration was performed
using continuum channels for each dataset with CASA 5.4.
For B335 a substantial improvement in the signal-to-noise ratio
(S/N) was achieved through self-calibration, while only marginal
gains were achieved for BHR71-IRS1 and no gains for 1.483.
For the latter we opted to use the pipeline product, since
the self-calibrated data offered no improvements. For the self-
calibrated sources we performed continuum subtraction using
CASA UVCONTSUB before inversion. The images were decon-
volved using the TCLEAN algorithm with a robust parameter
of —0.5. For each source a continuum image was created at
202.7 GHz. The synthesized beam size range from 074 x (0”3
to 077 x 0’5 for the HDO spectral windows and 0’8 x 0”5 to
172 % 1”70 for the H%SO spectral window (see Fig. 2).

3. Results

Figure 1 shows the continuum emission at 202.7 GHz above
30ms toward the three sources. All sources are clearly detected
and the continuum structure is resolved on linear scales of
~100 au. Toward 1483 the continuum emission is extended
along the north-west to south-east diagonal potentially tracing
the cavity walls of an outflow directed perpendicular to this
direction. Toward B335 the dust emission extends far out from

1 0tms=0.1 mJy beam™! 1 10t

DEC offset, ()

100

I (mJy beam™!)

1

T 01ms=0.3 mJy beam™

10

/////

,,,,,

DEC offset, (”)
<
I (mJy beam™1)

\

(@3
L
Tttt

"' 400 auf

—10

[
A;l::::

10°

0
BHR7I-IRSI

1

1 oums=1.6 mJy beam™

10?2

DEC offset ()
I (mJy beam™")

10

- 400 au I
0 5
RA offset ()

Fig. 1. Continuum emission at 202.7 GHz toward the three sources. The
map shows emission above 307, With white contours at 50y, 1007y,
and 300 ,s. The maps are presented on same linear scale. The black
cross marks the peak location and the grey arrows indicate the potential
direction of outflows which may be perturbing the dust distribution. For
BHR71-IRS]1 the grey arrows indicates the outflow direction presented
by Benedettini et al. (2017) and Yang et al. (2017).
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Fig. 2. Integrated emission for the targeted water transitions toward each of the sources. Left column: HDO 3, ,-2, transition at 225.9 GHz. The
white shaded regions show the FWHM extent of a 2D Gaussian fitted to the data in the image plane and the white cross indicates the peak position
of the fit. Middle column: HDO 2, -2, , transition at 241.6 GHz. Right column: H;SO 313—22 transition at 203.4 GHz. Emission below 50 is not

: _ 0.5
included, where o = o X N> 0

continuum peak position toward which the spectra are extracted.

the central source with a notable lack of emission in the east-
west direction, likely driven by outflows along this direction.
Since B335 is located closer than the other two sources more
of the envelope emission is filtered out by the interferometer.
Comparing the continuum toward B335 with Imai et al. (2016),
who observed the source at similar angular resolution and con-
tinuum wavelength, we see good agreement: the 100 contours
(3mly beam™") appear almost identical. Toward BHR71-IRS1
the continuum appears more circular with no evidence of the
known outflows perturbing the dust in the plane of the sky.

The HDO emission lines are identified using data from the
Jet Propulsion Laboratory (JPL, Pickett et al. 1998), referencing
Messer et al. (1984), while the H)®O transitional data origi-
nate from the Cologne Database for Molecular Spectroscopy
(CDMS, Miiller et al. 2001), with spectral details from de Lucia
et al. (1972). All querying was done through the Splatalogue
interface’.

The targeted water isotopologs are detected toward each of
the sources: the HDO transitions are detected with high S/N > 10
while the H;‘o lines are slightly weaker detections (S/N ~ 5-10,
Fig. 2). The targeted emission lines are presented in Fig. 3 along

3 http://www.cv.nrao.edu/php/splat/
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X dv; dv is the channel width and N is the number of collapsed channels. The black cross marks the 202.7 GHz

with fitted Gaussian profiles. The HégO data are rebinned by
a factor of two for clarity, however this does not influence the
abundances and HDO/H,O ratios derived in this paper.

Each spectrum is extracted toward the 202.7 GHz continuum
peak of the source (see Fig. 1). For the spectral windows cen-
tered on the HDO transitions the image cube is convolved with
a Gaussian kernel using the IMSMOOTH function in CASA. The
size of the Gaussian kernel is determined such that the shape of
the beam in the resulting image matches the larger beam of the
HéSO image cube at 203 GHz, allowing for direct comparison
between the extracted spectra (see Fig. 2 for beam sizes before
the convolution). Toward B335 and BHR71-IRS1 the emission
lines are fitted using a single Gaussian profile. Toward 1483
the emission lines show two components: a brighter redshifted
component and weaker blueshifted component. In this case two
Gaussian profiles were used to fit the lines. The double-peaked
line profiles are consistent with previous high-resolution obser-
vations of hot corino species toward L483 presented in Oya et al.
(2017) and Jacobsen et al. (2019) who independently found evi-
dence of infalling rotating motion in the hot corino region toward
the source.

Toward BHR71-IRS1 there is a slight hint of a broader out-
flow component in the wings of the emission lines, but this
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Fig. 3. Continuum-subtracted spectra for the three target transitions, extracted toward the continuum peak. Blue lines represent the Gaussian fits.
For BHR71-IRS1, dimethyl ether lines (green) are fitted and subtracted from the spectrum before the HQSO line (blue) is fitted. The H;‘O lines

have been rebinned by a factor of two for clarity.

component is too weak to influence the fitted profile significantly.
No extended outflow structure is seen when imaging the line-
wings of any of the water transitions. The H%SO line is partialy
blended with dimethyl ether (CH;OCH3) toward BHR71-IRSI1.
In this case, six transitions of CH3;OCHj3 are fitted with Gaussian
profiles using a fixed FWHM and system velocity and the fit
is subsequently subtracted from the spectrum to remove the
blending before the HégO line is fitted.

In Appendix C we present velocity field for the three tran-
sitions toward each source. The maps in Fig. C.1 confirm that
no high-velocity outflow components contribute to the observed
emission for the emission lines in question. Toward L483 the
velocity field is consistent with the results of Jacobsen et al.
(2019).

Figure 2 shows integrated emission maps for H;SO and HDO
toward the three sources. The detected emission originates from
the central ~100 au for each source, consistent with the emis-
sion originating in the hot corino (7 > 100 K). In both cases
the central emission is unresolved and the slight variation in
the extent of the emitting region can be explained by the dif-
ferences in synthesised beam size. The peak positions of the
continuum emission and water emission overlap down to scales
of the synthesised beam size.

Since we aim to determine the gas-phase abundances of
HDO and Higo in the hot corino, it is essential that the observed
emission lines originate from this region. We are confident this
is the case for several reasons. The emission is compact, orig-
inating from scales of less than 100 au. This is confirmed by
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Table 2. Fit parameters for the targeted HDO and H}*O transitions.

Species  Vieq (GHz)  FP* (mJy beam™)) FWHM (kms™) v (kms™) N (cm™?)

1483

HDO 225.896720@ 37+4 48+0.3 1.7+0.1 (1.7 +£0.2) x 10"

HDO 225.896720% 78 +£8 56+02 74 +0.1 (4.3 +04)x 105

HDO 241.561550@ 42 +5 51+02 21+02 (1.8 £0.2)x 10"

HDO  241.561550%) 82 +8 55404 77102  (38+04)x10

H;80 203.407520@ 10.2+1.5 52+1.0 24+04 (23 +0.6)x 105

H;SO 203.407520®) 10.5+1.5 52+1.0 92+04 (2.4 +0.6)x 10"
B335

HDO 225.896720 190 = 19 4.74 + 0.04 797+0.16 (3.1+0.3) x 10"

HDO 241.561550 187 + 19 471 £ 0.05 789+0.15 (2.6+0.3) x10"

HISO  203.407520 3244 578 £036  749+0.14 (2.9+04) x10'

BHR7I1-IRS1

HDO 225.896720 65+7 451 +0.16 -497+0.05 (1.9+0.2) x 10V

HDO 241.561550 66 =7 457 +0.15 -4.67+0.05 (22+0.2) x105

H;SO 203.407520 17+3 3.80 +0.48 -4.07+020 (2.0+0.4) x10Y

Notes. F, includes 10% calibration uncertainty. FWHM uncertainty is determined as the maximum between the uncertainty in the fitted Gaussian
and the channel width. Column densities N were calculated assuming optically thin emission from a gas in LTE at 124 K. Furthermore, the
column densities assume that the emission fills the beam. Toward 1483, “denotes the weaker blueshifted component and “’the brighter redshifted

component.

fitting two-dimensional Gaussian profiles to the emission maps.
Here the FWHM extent on linear scales ranges from 50 au to
100 au. The fitted 2D profiles for the HDO 3;,-2,; transi-
tion toward the three sources are shown in the left column of
Fig. 2. Additionally, the upper energy levels of the detected
transitions lie around 100-200 K and the transitions are thus
not easily excited in the cold outer envelope. Lastly, the line
widths (FWHM < 6 km s™!) of the emission lines are consis-
tent with emission from the hot corino, with little or no evidence
of outflow emission blending as described above and the emis-
sion is not extended along the known outflow directions, as in
NGC 1333 IRAS 2A (Persson et al. 2012).

4. Analysis and discussion

4.1. Estimating the column densities of HDO and H}fO and
deriving the HDO/H»O ratio

We estimated the column densities of HDO and H§80 consider-
ing optically thin emission and local thermodynamic equilibrium
(LTE) with an excitation temperature of 124 K. The choice of
analysis was motivated by the aim to compare the present results
with previous measurements presented in Persson et al. (2014)
and Coutens et al. (2014) who determined the water deuteration
in the hot corino toward a number of sources using the same
method and excitation temperature. Choosing the same method-
ology, we can directly compare the water deuteration under
similar assumptions. The results are summarized in Table 2. The
estimated column densities range from (2—7) x 10'> cm~2, com-
parable to the estimates of Persson et al. (2014) where the HDO
column densities range from 1.5x 10" cm™ for the faintest
source, IRAS 4B, to 1.2 x 10'% cm™2 for IRAS 2A.

The estimated HDO/H,O ratios for L1483, B335, and
BHR71-IRS1 are (22+0.4)x1073, (1.7+0.3)x 1073, and
(1.8 £0.4) x 1073, respectively. Uncertainties are derived from
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the statistical uncertainties of the fitted Gaussian profiles with
an additional 10% uncertainty on the flux calibration. From the
column density of HéSO we infer the H, O water column densities
by assuming the Galactic oxygen isotope ratio of '°0/'80 = 560
(Wilson & Rood 1994). The HDO column density is determined
as the weighted average of the two transitions. The HDO/H,O
ratios toward the three sources show little scatter and are well
within the uncertainties of one another which suggests similar
chemical evolution of water in these systems.

The assumption of a fixed excitation temperature for the three
sources only has a moderate effect on the estimated HDO/H,0
ratios. Calculations presented by Persson et al. (2014) and
Jgrgensen & van Dishoeck (2010) have shown that varying the
excitation temperature in the range 50-300 K has limited influ-
ence on the HDO column densities in the LTE approximation.
We confirm this in Appendix B, where the HDO/H,O ratio is
calculated for the measured line strengths and excitation tem-
peratures in the range 30-300 K. Toward 1483, an excitation
temperature T, < 60 K is needed to bring the HDO/H,O ratio
within the range of the four clustered sources reported in Persson
et al. (2014) while B335 and BHR71-IRS1 require 7Tx < 70 K.
Such low excitation temperatures in the inner ~50-100 au are
not expected. Since we observe two transitions of HDO for all
three sources we can calculate the excitation temperature for each
source under the assumption of LTE. The excitation tempera-
tures are 127 +24 K, 174 + 59 K, and 103 + 21 K for L483, B335,
and BHR71-IRS1; hence the choice of 124 K as the excitation
temperature is consistent with the HDO line strengths toward
the three sources. Meanwhile, the derived excitation temperature
for HDO is inconsistent with the lower excitation temperatures
needed to bring the HDO/H,O ratio down the values similar to
the clustered sources, i.e., 60 K for L483 and 70 K for B335
and BHR71-IRS1. Computing the HDO/H,O ratio for the esti-
mated excitation temperatures yields (2.2 + 0.4) x 1073 for L483,
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Fig. 4. Comparison between the D/H ratio and HDO/H,O ratio for comets in the Solar System and hot corino observations toward Class 0
protostars. Values for IRAS 16293-2422, IRAS 2A, and IRAS 4B are from Persson et al. (2014), while IRAS 4A-NW has been adjusted from
the value quoted in the paper as a mistake in the data analysis was discovered, which enhanced the HDO abundance by a factor of ~2. Errorbars
show 1o uncertainties. For the isolated sources the uncertainty is based on statistical errors from the fitted Gaussian profiles and a flux calibration
uncertainty of 10%. On the right axis the corresponding D/H ratio is shown. The references for the Oort Cloud Comets (OCC) and Jupiter Family
Comets (JFC) can be found in Appendix A. The colored regions show the standard deviation for each class of objects. Note that the HDO/H,O
ratio for the protostars are derived from observations of HDO and H;SO while some cometary values are derived from other proxies for the

D/H ratio.

(2.1+0.3)x 1073 for B335, and (1.6+0.3)x 1073 for BHR71-
IRS, all well within the error bars. Using the estimated excitation
temperatures rather than the fixed value does not affect the
conclusions presented here.

The difference between optically thin LTE calculations, sim-
ilar to those presented here, and more advanced modelling for
comparable observations of HDO and H%SO have been studied
in previous works to determine how well the former assumptions
work in this regime. Persson et al. (2014) ran radiative trans-
fer models for IRAS 16293-2422 and IRAS 2A and found that
the water column densities were consistent with those derived
from optically thin LTE calculations. Similarly, Coutens et al.
(2014) ran non-LTE RADEX calculations and found column den-
sities consistent with the LTE calculations. These results suggest
that the water emission originating in the hot corino of these
low-mass Class 0 protostars is well approximated by LTE calcu-
lations and that the emission is not optically thick. We note that if
the densities in the inner envelopes of the isolated protostars are
lower than the clustered counterparts then the emission from the
water isotopologs could be sub-thermal and the LTE approxima-
tion invalid. We consider it unlikely to be the case; observational
estimates of the overall envelope masses and bolometric lumi-
nosities for L483 and B335 are comparable to those of IRAS 2A,
IRAS 4A, and IRAS 4B (see, e.g., Shirley et al. 2002; Jgrgensen
et al. 2007; Kristensen et al. 2012). With comparable envelope

masses and luminosities it is unlikely that the inner density pro-
file, i.e. on hot corino scales, would differ substantially between
the isolated and clustered sources.

The advantage of more advanced models, as opposed to the
LTE approach adopted here, is often diminished by the uncer-
tainties of the physical source parameters such as the kinematics,
the density profile, protostellar parameters etc. Attempting more
advanced modelling may thus offer little improvement over the
LTE approach and makes direct comparison between sources
more challenging.

4.2. Water deuteration: comparison with existing
observations

Figure 4 shows the calculated HDO/H,O ratios for the three
isolated protostars along with existing data for a number of
low-mass embedded protostars in clustered star-forming regions
and cometary values from the Solar System. The protostellar
values in Fig. 4 are all derived from interferometric obser-
vations with high spatial resolution to probe the hot corino
emission where the ice is sublimated entirely off the dust grains.
The three sources observed in this work have a similar degree
of deuterium fractionation with HDO/H,O ratios in the range
(1.7-2.2) x 1073. Meanwhile, the four previously observed pro-
tostars lie in the range (5.5-9.2) x 10~*. This suggests that the
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sources presented here, which are all isolated protostars, have
a distinct chemical history compared to the clustered protostars
previously targeted. Comets for which the D/H ratio have been
determined generally show lower values than the isolated proto-
stars as seen in Fig. 4. Meanwhile, the clustered protostars show
reasonable agreement with the Oort Cloud Comets, which have
led to the suggestion that comets form from gas that is chemi-
cally similar to the gas observed in hot corinos, with little or no
processing after this stage (Persson et al. 2014). Assuming this
is the case, and that the D/H ratio of comets have not changed
significantly after their formation, this would suggest that the
Solar System was formed in a clustered region of star forma-
tion. Such a scenario is also supported by evidence such as the
abundance of short-lived radionuclides, high-eccentricity orbits
of small Solar System bodies, and low occurrence rate of isolated
protostars (Adams 2010).

The apparent differentiation between clustered and isolated
protostars can be understood in the framework for water for-
mation and deuterium fractionation proposed by Furuya et al.
(2016). They propose that water is primarily formed in the
molecular cloud with limited deuteration. Later on, in the dense-
core phase, deuteration is enhanced due to the low temperature
and high shielding leading to the freeze-out of CO and a higher
D/H ratio in the gas-phase. In this scenario, the duration of
the dense-core phase determines the amount of deuteration,
with a longer dense-core phase resulting in an enhanced deu-
terium enrichment in the ice. Conversely, a prolonged molecular
cloud phase could decrease the deuterium fractionation and the
HDO/H, O ratio is thus related to the ratio of the life-time of the
two stages.

The star-formation process is recognized to be heterogenous
in nature, with some stars born in dense clusters while others
are formed in relatively isolated regions of molecular clouds
(e.g., Ward-Thompson et al. 2007). Stars born in dense clusters
are likely to collapse on shorter timescales; the mean free-fall
time scales with the inverse square root of the mean density
oo, ti = (3m/32Gpo)'/? (e.g., Padoan et al. 2014; Krumholz
2014). Furthermore, external pressure from nearby massive stars
in the local cloud region can trigger and potentially accelerate
the collapse process in dense star forming regions. Accord-
ingly, isolated protostars could experience a longer dense-core
phase, enhancing the deuterium fractionation and potentially
also enhancing the abundance of complex organic molecules
formed from CO ice. The isolated protostars presented here all
exhibit a higher deuterium fractionation than comparable coun-
terparts in more dense, star-forming regions, in agreement with
the theoretical expectation as outlined above. Assuming that the
water formation processes are understood, this enhanced deu-
terium fractionation can imply two things: either the timescale
of the dense-core phase is longer for the isolated cores or the
molecular cloud phase, where most H,O is formed, is shorter for
clustered star formation. The latter option does not appear likely
since both theoretical and observational data imply that isolated
cores do not collapse more easily than their clustered coun-
terparts (Ward-Thompson et al. 2007). Given that the isolated
protostars presented here exhibit higher deuterium fractiona-
tion compared to clustered protostars, this implies that the ratio
between the duration of the dense-core phase and the molecular
cloud phase is higher for these sources.

Another possible explanation for the differences between
the HDO/H,O ratios toward clustered and isolated protostars
could be variations in the temperatures between the different
regions. For example, higher initial gas temperatures in the clus-
tered regions, e.g., due to irradiation by neighboring young stars,
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would also reduce the efficiency of deuteration enrichment in
these regions. Further, observational constraints and numerical
studies are needed to address the relative importance of the
collapse time-scales and gas temperatures.

The observations presented here support the hypothesis that
the local cloud environment influences the early physical evo-
lution and ultimately the chemistry of young stellar systems.
A consequence of this is that the water deuteration can be an
important proxy for both the chemical and the physical history
of protostars.

Regarding the question of inheritance or local processing of
water during star formation, the results presented here favor the
inheritance scenario, at least at the earliest protostellar phase,
since all three isolated protostars show similar HDO/H, O ratios.
The lack of pronounced variation between the sources indicate
a similar physical and chemical evolution for the systems, with
little impact from local variations in, e.g., protostellar luminosity
or accretion bursts. This conclusion is compatible with previous
studies which modeled the water evolution from the collapse of
an isolated pre-stellar cores to circumstellar disk (Visser et al.
2009; Cleeves et al. 2014; Drozdovskaya et al. 2016; Furuya et al.
2017).

5. Summary and outlook

In this paper we present the first ALMA Band 5 observa-
tions of the H)®O 3;3-2, transition toward three isolated
low-mass Class 0 protostars. Combined with observations of
the HDO 3;,-2,; and 2;;-2,, transitions we have determined
the HDO/H;O ratio for the sources and compared with previ-
ous determinations of the water deuteration toward low-mass
Class 0 protostars.

1. The targeted water emission is detected in the hot corino
toward the targeted sources with a high S/N on angular
scales of 073-1”1 corresponding to linear scales of ~50-
150 au. The column densities of HDO and H}*O have been
determined assuming optically thin emission under local
thermodynamic equilibrium with an excitation temperature
of 124 K.

2. From the estimated column densities the derived HDO/H,0O
ratios for L1483, B335, and BHR71-IRS1 are (2.2 +
0.4)x1073,(1.7+0.3) x 1073, and (1.8 £0.4) x 1073, respec-
tively.

3. The three isolated protostars show a factor of ~2 higher deu-
terium fractionation than the previously targeted sources,
which are associated with larger cloud complexes. This
observed differentiation in water deuteration is significant
and can be explained by variations in the collapse timescales
or initial gas temperatures depending on the cloud envi-
ronment. In clustered regions external perturbations from
nearby stars may either accelerate the collapse process
through turbulence or heat the gas, leading to a lower deu-
terium fractionation. If this is the case then the degree of
deuterium fractionation correlates with the local cloud envi-
ronment, providing a new proxy for the early evolutionary
history of young stars.

4. The similarity of the HDO/H,O ratio toward the three iso-
lated protostars could indicate that little processing of the
water has occurred from cold cloud to hot core and suggests
that the conditions in the dense core phase, before the onset
of the collapse, determines the deuterium fractionation at
later stages.

These observations present the first measurements of water
deuteration targeting specific cloud environments and have
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nearly doubled the number of protostars for which the hot corino
water deuteration has been measured. The observations indicate
that isolated protostars have a distinct chemical history and fur-
ther exploration of the relationship between cloud environment
and deuterium fractionation could strengthen our understanding
of the physical and chemical evolution during star formation.
A natural progression is to determine the water deuteration
toward more clustered or high-mass protostars, which should
show lower fractionation levels according to the chemical evolu-
tion outlined above. Another option is to target doubly deuterated
water, D,O. At this stage the D,O column density has only
been determined toward the hot corino region of one source,
NGC 1333 IRAS 2A (Coutens et al. 2014). Expanding the num-
ber of sources for which the D,O/HDO ratio is measured would
test if the trend shown in Fig. 4 is real. Should the trend not be
present for the doubly deuterated water isotopolog then we are
missing important details in the current chemical models.

A third option to constrain the importance of the local
cloud environment for the chemical evolution is to determine
the deuteration of other molecules, such as methanol, in the
hot corino. If the relationship between local cloud environment
and molecular deuteration proposed here is correct, then the
deuteration should be enhanced for all molecules.

In parallel with observational efforts, numerical modeling is
needed to improve our understanding of the effects of the local
cloud environment on the chemistry of young stellar systems. So
far, little work has been done to model the chemical evolution
in the context of a dynamic molecular cloud environment, i.e.,
collapse models which include the influence of the surrounding
cloud environment with the local differences in temperature,
density, UV-field, and turbulence. Such modeling would
strengthen our understanding of the link between chemistry,
particularly the deuterium fractionation, and the local cloud
environment.
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Appendix A: Table of D/H and HDO/H,O ratios

Values reported in Fig. 4 are presented in Table A.1 along with
references and information of the tracers used to determine the
water deuterium fractionation.

Table A.1. Measured HDO/H, O and D/H ratios for comets and protostars.

Object HDO/H,0 (x10™%) Tracers Reference
Oort cloud comets
1/P Halley 42+0.6 H,DO", H;0* 1
C/1996 B2 Hyatuake 5.8+2.0 HDO, H,O 2
C/1995 O1 Hale-Bopp 6.6 1.6 HDO, H,0 3
C/2007 B3 Lulin <11.2 HDO, H,0 4
8P/Tuttle 82+3.0 HDO, H,0O 5
C/2009 P1 Garradd 412 +0.44 HDO, HégO, H,0 6
C/2002 T7 LINEAR 5014 OD, OH, '80OH 7
153P Ikeya-Zhang <5.6+0.6 HDO, H;SO 8
C/2012 F6 Lemmon 65+1.6 HDO, H;SO, H,O 9
C/2014 Q2 Lovejoy 14+04 HDO, HigO, H,0 9
Jupiter family comets
45P Honda-Mrkos-Pajdusakov (HMP) <4.0 HDO, HégO, H,O 10
103P Hartley 2 32+0.5 HDO, H;SO, H,0 11
67/P Churyumov-Gerasimenko 106 1.4 HDO, HD'#0, H,0, H%SO 12
46P/Wirtanen 32+13 HDO, H;SO 13
Clustered protostars
NGC 1333 IRAS 4A-NW 54+1.5 HDO, H;SO 14@
NGC 1333 IRAS 2A 74+21 HDO, HéSO 14
NGC 1333 IRAS 4B 59126 HDO, H;SO 14
IRAS 16293-2422 92+£2.6 HDO, H;SO 14
Isolated protostars
BHR71-IRS1 18 +4 HDO, H}*O 15
B335 17+3 HDO, HéSO 15
L483 22+4 HDO, H}*O 15

Notes. Protostars only include interferometric observations of hot corino emission toward low-mass Class O protostars. Conversions between
HDO/H,0 and D/H assumes the statistical ratio HDO/H,O = 2 x D/H. @Note that the value for IRAS 4A-NW has been adjusted from the value
derived in Persson et al. (2014) since a mistake in the data analysis was discovered, which enhanced the HDO abundance by a factor of ~2.
References. (1) Brown et al. (2012); (2) Bockelée-Morvan et al. (1998); (3) Meier et al. (1998); (4) Gibb et al. (2012); (5) Villanueva et al. (2009);
(6) Bockelée-Morvan et al. (2012); (7) Hutsemékers et al. (2008); (8) Biver et al. (2006); (9) Biver et al. (2016); (10) Lis et al. (2013); (11) Hartogh
et al. (2011); (12) Altwegg et al. (2015); (13) Lis et al. (2019); (14) Persson et al. (2014); (15) this paper.
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Appendix B: Computing HDO/H,0 as a function of
excitation temperature in the LTE approximation

In Fig. B.1 we show the HDO/H,O ratio as a function of excita-
tion temperature in the range 30-300 K under the assumption of
optically thin LTE emission. All values are calculated using the
line strengths from the fitted line profiles presented in Fig. 3. Evi-
dently the exact choice of excitation temperature in the regime

100-200 K has limited effect on the corresponding HDO/H,0O
ratio. The green shaded region indicates the upper limit for
the clustered protostars in Persson et al. (2014), HDO/H,0 =
1.18 x 107* for IRAS 16293-2422. For 1483 an excitation
temperature of ~60 K is needed to lower the HDO/H,0 to
1.18 x 103 while the threshold for B335 and BHR71-IRS1 lies
around 70 K.
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Fig. B.1. HDO/H,O ratio for the three sources assuming excitation temperatures in the range 30-300 K and optically thin LTE emission. The green
shaded area show the upper limit for the HDO/H,O ratio for the clustered protostars presented in Persson et al. (2014). The blue circle marks the

value at the assumed excitation temperature of 124 K value.
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Appendix C: Velocity fields for HDO and H}°0

Moment 1 velocity fields computed in CASA to verify that no
high-velocity components are present for any of the targeted
water transitions.
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Fig. C.1. Moment 1 velocity fields toward each of the sources for the three water transitions. The maps show no signs of outflow emission
contributing to the emission for the targeted transitions. Emission below 507y, is excluded in the integration.
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