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ABSTRACT

Context. Pre-stellar cores are centrally concentrated starless cores on the verge of star formation and they represent the initial condi-
tions for star and planet formation. Pre-stellar cores host an active organic chemistry and isotopic fractionation, kept stored in thick icy
mantles, that can be inherited by the future protoplanetary disks and planetesimals. It is therefore important to study pre-stellar cores,
but this is difficult as they are short-lived, and thus rare. So far, only a few pre-stellar cores have been studied in detail, with special
attention being paid to the prototypical pre-stellar core L1544 in the Taurus Molecular Cloud.

Aims. Our aim is to identify nearby (<200 pc) pre-stellar cores in an unbiased way, to build a sample that can then be studied in detail.
This will also allow us to explore the effect of the environment on the chemical and physical structure of pre-stellar cores.

Methods. We first used the archival Herschel Gould Belt Survey data, selecting all those starless cores with central H, number den-
sities higher than or equal to 3x10° cm=3, the density of L1544 within the Herschel beam of 20”. The selected 40 (out of 1746) cores
were then observed in N,H* (3-2) and N,D* (4-3) using the APEX antenna.

Results. Following a simple analysis, a total of 17 bona fide (i.e., with a deuterium fraction larger than 10%) pre-stellar cores have been
identified. Another 16 objects can also be considered pre-stellar, as they are dynamically evolved starless cores, but their deuterium
fractions is relatively low (<10%); thus, they deserve further scrutiny to unveil the source of the low deuteration. Of the remaining
seven objects, six have been found to be associated with a young stellar object, and one (CrA 151) presents hints of a very young (or
very low-luminosity) stellar object.

Conclusions. Dust continuum emission, together with spectroscopic observations of NoH* (3-2) and N,D* (4-3), is a powerful tool to
identify pre-stellar cores in molecular clouds. Detailed modeling of the physical structure of the objects is now required to reconstruct
the chemical composition as a function of radius. This work has provided a statistically significant sample of 33 pre-stellar cores, a

crucial step in the understanding of the process of star and planet formation.

Key words. stars: formation — ISM: clouds — ISM: molecules

1. Introduction

Stellar systems are the product of the collapse of dense cores
within interstellar molecular clouds (e.g., Benson & Myers 1989;
Bergin & Tafalla 2007). It is therefore important to study dense
cores, as the initial conditions for star and planet formation are
to be found there, including all the ingredients participating in
the spectacular chemical and physical evolution from interstel-
lar clouds to planets such as our Earth. Particularly interesting
are starless cores with centrally concentrated density profiles and
central densities higher than 10° cm™3, which can become unsta-
ble against gravitational collapse (Keto & Caselli 2008). These
cores are called “pre-stellar” as they are expected to contract and
proceed toward star formation, while the less dense ones could
be thermally supported and pulsating (such as B68; Alves et al.
2001; Lada et al. 2003), pressure-confined and unbound (such as
the starless cores in the Pipe Nebula; Lada et al. 2008), or tran-
sient structures with evidence of expansion motions (as in the

* Corresponding author: caselli@mpe.mpg.de

case of L1517B; Tafalla et al. 2004) or simply at an earlier stage
of evolution (Tafalla & Santiago 2004)'.

Pre-stellar cores have clear temperature gradients, from outer
edge values of around 10-13K and central values of around
6-8K (e.g., Crapsi et al. 2007; Pagani et al. 2007; Launhardt
et al. 2013), well understood by radiative transfer models of exter-
nally illuminated Bonnor-Ebert (BE; Bonnor 1956; Ebert 1955)
spheres (e.g., Evans et al. 2001; Zucconi et al. 2001; Gongalves
et al. 2004). The low temperatures and high densities favor
the freeze-out of molecules, which becomes “catastrophic” in
pre-stellar cores within the central few thousand astronomical
units (Caselli et al. 1999, 2022; Bacmann et al. 2002; Redaelli
et al. 2019; Pineda et al. 2022; Lin et al. 2023b). This is impor-
tant, as it implies that just before star formation dust grains
are enshrouded in thick icy mantles, where volatiles crucial for
mineral evolution and the synthesis of prebiotic material (in par-
ticular water and organic molecules) are then delivered to the

' 'We note that our definition of pre-stellar core is more restrictive than

the one given by André et al. (2000), as they consider pre-stellar all
dense cores that are gravitationally bound.
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future protostellar disk. Indeed, large amounts of water (Caselli
et al. 2012) and organics (e.g., Oberg et al. 2010; Bacmann et al.
2012; Cernicharo et al. 2021; Jiménez-Serra et al. 2016, 2021;
McGuire et al. 2018; Scibelli & Shirley 2020; Punanova et al.
2022; Megias et al. 2023; Scibelli et al. 2024) are known to
be present in these and similar environments, as was recently
confirmed by the James Webb Space Telescope (JWST’s) sharp
view of ice components along the line of sight of stars behind
the Chamaeleon I dark molecular cloud (McClure et al. 2023).
A large amount of molecular freeze-out and low tempera-
tures within pre-stellar cores also boost deuterium fractionation
(Dalgarno & Lepp 1984; Roberts et al. 2003; Walmsley et al.
2004; Sipila et al. 2010; Aikawa et al. 2012; Taquet et al. 2012),
leading to deuterium fractions orders of magnitude larger than
the cosmic D/H value (=1.5x107; Moos et al. 2002). Thus, copi-
ous amounts of deuterium atoms and deuterated species such
as DCO*, N,D*, DCN, and DNC as well as singly and multi-
ply deuterated forms of H}, NHj3, H,CO, H,CS, ¢c-C3H,, and
CH3OH are produced (e.g.; Caselli et al. 2002b, 2003; Lis et al.
2002; Bacmann et al. 2003; Vastel et al. 2004; Crapsi et al. 2005;
Parise et al. 2011; Spezzano et al. 2013; Chantzos et al. 2018;
Harju et al. 2017; Bizzocchi et al. 2014; Redaelli et al. 2019;
Ambrose et al. 2021; Spezzano et al. 2022; Giers et al. 2022,
2023; Lin et al. 2023a). Large deuterium fractions of simple
species are also measured toward protostellar objects, especially
toward the young Class 0 sources still surrounded by the cold and
dense envelope, part of the original pre-stellar core. For example,
Emprechtinger et al. (2009) found No,H* D fractions of >15%
for the youngest objects and lower values (=3%) at the Class
0-1 borderline (see also Friesen et al. 2010a, 2013; Punanova
et al. 2016; Chantzos et al. 2018; Giers et al. 2023; Mercimek
et al. 2025). Closer to the protostar, within the so-called “hot
corino”’, where the dust temperature increases above the evapo-
ration temperature of water (~100 K; e.g., Ceccarelli et al. 2007),
complex organic molecules, and in particular methanol, also
present significant D fractions (e.g., Parise et al. 2002, 2004;
Manigand et al. 2020; Ferrer Asensio et al. 2023; Bunn et al.
2025). This can be explained if the evaporated ices are those
formed during the pre-stellar phase, where the high atomic D/H
ratio (due to the dissociative recombination of the deuterated
forms of H;r Roberts et al. 2003; Walmsley et al. 2004) allows
efficient surface deuteration of surface species, such as CO,
producing deuterated organics, such as CH;OH (Tielens 1983;
Caselli et al. 2002a; Taquet et al. 2012; Riedel et al. 2023).
Lower D fractions of organics are measured at later stages of
protostellar evolution (Bianchi et al. 2017), possibly due to gas-
phase processes at high temperature, which tend to decrease the
deuteration. However, pre-stellar core ices are at least partially
maintained through the whole process of star and planet forma-
tion, as they are needed to explain the water D/H ratio in our
oceans (about ten times higher than the cosmic D/H; Cleeves
et al. 2014) and the large methanol D/H ratio measured in comet
67P/Churyumov-Gerasimenko (Drozdovskaya et al. 2021).
Despite the important role played by pre-stellar cores in
sculpting the physical structure and chemical composition of
stellar systems, only a few have been found and investigated
with single dish telescopes (e.g., Crapsi et al. 2005; Pagani
et al. 2005; Spezzano et al. 2020; Lin et al. 2023b,a) and only
one has been studied extensively, including with interferomet-
ric observations: L1544 in the Taurus Molecular Cloud (e.g.,
Caselli et al. 1999, 2002b, 2019, 2022; Ohashi et al. 1999;
Williams & Myers 1999; Spezzano et al. 2016, 2017, 2022;
Redaelli et al. 2019, 2021, 2022). The reason for this is that pre-
stellar cores are rare because their life expectancy is short, i.e.
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the passage from the pre- to proto-stellar phase is fast (between
1 and 10 free-fall times; André et al. 2014). For example, the
life expectancy of L1544 is estimated to be less than 50 000 yr,
based on the free-fall time relative to the central structure, called
the “kernel”, revealed by the Atacama Large Millimeter and
sub-millimeter Array (ALMA; Caselli et al. 2019) and evolu-
tionary models of magnetized cores (e.g., Tassis & Mouschovias
2007). Therefore, we decided to start a new hunt for pre-stellar
cores in nearby molecular clouds, using the unbiased view of the
Herschel Space Observatory, as provided by the Herschel Gould
Belt Survey (HGBS; André et al. 2010) legacy program, and our
detailed knowledge of the prototypical pre-stellar core L1544.
With this new unbiased method, we identified 40 pre-stellar core
candidates (Sect. 2.1), which have then been observed in high-
excitation NoH* and N,D™* lines with the Atacama Pathfinder
EXperiment (APEX) to assess their pre-stellar nature (Sect. 2.2).
In Section 3 we present the data, show spectra, provide a prelim-
inary estimate of the D/H ratio and physical conditions of the gas
traced by the selected lines, and finally identify the bona fide pre-
stellar cores. A discussion follows in Sect.4 and conclusions in
Sect. 5. The aim of this paper is to present the project overview,
introduce the sample, and show the APEX data. Detailed studies
of the physical and chemical structure of individual pre-stellar
cores are presented in Redaelli et al. (2025), Spezzano et al.
(2025), and future papers.

2. Observations
2.1. The sample selection

As was mentioned in the introduction, our definition of pre-
stellar cores is more restrictive than the one given by André et al.
(2000), as we consider pre-stellar all dense starless cores that are
gravitationally bound (as in André et al. 2000) and that have cen-
trally concentrated density profiles with central densities higher
than 10° cm™>, and that are thus thermally supercritical (Keto
& Caselli 2008) and likely contracting, as in the case of the
prototypical pre-stellar core L1544 (Keto et al. 2015).

Our initial sample included all nearby (distance <200 pc)
starless cores identified in the Herschel Gould Belt Survey
Archive (HGBSA; André et al. 2010, and the publicly avail-
able catalogsz). The total number of starless cores (includ-
ing starless, prestellar and prestelllar candidates source in the
HGBS catalogs) is 1746 in the Ophiuchus, Corona Australis,
Taurus, and Lupus Molecular Clouds. These catalogs provide
the identified core properties including their number densities
(see e.g., Konyves et al. 2015). The method of deriving the
core number density was the following. First, the peak col-
umn density (N) was derived from graybody spectral energy
distribution (SED) fits to the peak flux densities in a com-
mon beam of 36” at the four Herschel wavelengths (160, 250,
350, and 500 pm). The beam-averaged peak number density ()
was derived from the peak column density () and the radius
(R) of the cores assuming a Gaussian spherical distribution,
n=v4In2/nm x N/R, where R is the core radius measured at the
20" angular resolution. We then computed the number density
of L1544 within the central 20" (the Herschel resolution), and
found n(H2)15(1,5,44=3>< 10° cm™3. The next step was to extract from

the HGBSA sample those objects with n(H),,» > n(H, ;(;,5,44.

Only 44 cores fulfilled this criterion. After excluding four cores
having protostars in their immediate vicinity, the final sample
consists of 40 pre-stellar core candidates.

2 http://gouldbelt-herschel.cea.fr/archives
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Table 1. Observed molecule, transition, frequency, critical density (n), half power beam width (HPBW), main beam efficiency (nys), velocity

resolution (Av), and root mean square noise (rms).

Molecule Transition  Frequency Aerit Receiver HPBW  nus Av rms
(MHz) (cm™) @) (ms™")  (mK)
NoH* J =32 279511.832 1.5x10° SEPIA345 22 0.77 65 40
J =54 465824.947 5.6x10° nFLASH460 13 0.61 39 40
N,D* J =32 231321.828 7.5x10° nFLASH230 27 0.81 79 15
J=43 308422.294 1.6x 10° SEPIA345 20 0.74 59 32
J=6-5 462603.932 3.8x10° nFLASH460 13 0.61 39 37

Table A.l1 presents the whole sample of 40 pre-stellar
core candidates, selected for observations with the Atacama
Pathfinder EXperiment (APEX; see Sect. 2.2): the HGBSA name
is in Column 1, J2000 equatorial coordinates are in Columns 2
and 3, Column 4 lists the H, column density derived from the
Herschel data at the resolution of the 500 um surface brightness
maps (3673), the observing setup is specified in Column 5 (see
notes for the frequency ranges and receivers used), Column 6
shows other names used in the literature, with corresponding ref-
erences reported in the notes to the table. We immediately note
that 6 of the 40 pre-stellar core candidates (marked by an aster-
isk in Table A.1) are associated with known very young stellar
objects (YSOs). In addition, one of the cores (CrA 044) has an
unidentified mid-infrared source (detected at 8 and 24 pum with
Spitzer) within its radius. However, higher angular resolution
spectroscopic observations are needed to confirm if this source
is embedded in the CrA 044 core and we consider CrA 044 star-
less in this study. The core properties derived from the HGBS
data are listed in Appendix B. There, we also give criteria for
association with a YSO.

2.2. APEX observations

APEX observations were carried out in 2022 and 2023 under
the projects O-0110.F-9310A-2022, M-0110.F-9501C-2022, and
M-0110.F-9501C-2023 (PI: Caselli). In the initial survey, the
center positions of all 40 cores of the original HGBS sam-
ple were observed using the SEPIA345 receiver (Meledin et al.
2022) using frequency setups that cover the NoH* (3-2) and
N,D* (4-3) lines. These were single-point position-switched
observations. The OFF positions were selected 5 arcmin away
from the target in a direction that appeared free of dense gas
judging from Herschel far-infrared maps. The tuning range of
SEPIA345 is 272-376 GHz. The receiver has two 8 GHz wide
IF outputs (upper and lower sidebands) per polarization, sep-
arated by 8 GHz. These were recorded with altogether 8 Fast
Fourier Transform Spectrometer (FFTS) units with a bandwidth
of 4 GHz each. The FFTS units were configured so that the adja-
cent spectrometer bands overlap by approximately 100 MHz, so
the total bandwidth per sideband and polarization is 7.9 GHz.
Each 4 GHz spectrometer band was resolved into 65 536 spectral
channels of 61.03 kHz in width. Using two tunings, the approx-
imate frequency ranges covered by SEPIA are 272-280 GHz,
288-296 GHz, and 304-312 GHz (the range 288-296 GHz was
observed twice). In addition to NoH* (3-2) and N,D* (4-3), for
example the DCO* (4-3), CS (6-5), and meta-NDj (19p—0p) lines
are included in these frequency ranges.

Subsequent ON-OFF observations toward 23 HGBS targets
selected based on their NoH* (3-2) and N,;D* (4-3) spectra
were made using the dual channel nFLASH230/460 receiver

tuned to measure the N,D* (3-2), N,D* (6-5), and N,H* (5—
4) lines. This setup was also used to observe the archetypical
prestellar core L1544 in Taurus (e.g., Caselli et al. 2019). In
the analysis of this source, we also use the N,H* (3-2) spec-
trum observed with the IRAM 30 m telescope by Redaelli et al.
(2019). The nFLASH230 receiver is tunable between 196 and
281 GHz, and its IF outputs (LSB and USB) are 8§ GHz wide
when two polarizations are measured simultaneously. The tun-
ing range of the nFLASH460 receiver is 378-508 GHz, and
the IF bandwidth is 4 GHz. For both nFLASH receivers, the
LSB and USB are separated by 8 GHz. With a single tun-
ing, the nFLASH230/460 receivers covered the spectral ranges
224-232 GHz, 241-249 GHz, 462—466 GHz, and 475-479 GHz.
In addition to N,D* (3-2), N,D* (6-5), and N,H* (5-4) lines,
these frequency ranges contain several other lines, for example,
CN (N = 2-1), CS(5-4),and C7O (2 - 1).

In this overview paper, we focus the attention on the NoH*
and N,D* lines (see Table 1), as these allow us to follow an
analysis similar to the one carried out by Crapsi et al. (2005),
although the higher J transitions considered here selectively trace
material at densities higher than 10° cm™3, possibly including the
kernel, the central flattened structure a few thousand astronomi-
cal units in size discovered in L1544 with ALMA (Caselli et al.
2019, 2022). All the other molecules and transitions detected
in the receiver setups listed in Column 6 of Table A.1 will be
presented in the papers focusing on individual sources (see first
papers by Redaelli et al. 2025; Spezzano et al. 2025). Table 1
lists the NoH* and N,D* lines observed with APEX (Columns 1
and 2), the transition frequencies (Column 3, from the Cologne
Database for Molecular Spectroscopy; Endres et al. 2016), the
critical density of the transition (74, Column 4), the receiver
used (Column 5), the half power beam width (HPBW, Column
6), the main beam efficiency (Column 7), the velocity resolu-
tion (Column 8) and the root mean square (rms, Column 9).
The critical densities of the observed transitions of NoH* and
N,D* shown in Table 2 were estimated at 10 K, using the opti-
cally thin formula of Shirley (2015, Eq. (4)). This formula takes
into account all collisionally induced transitions starting from
the upper transition level of the emission line. The line frequen-
cies were taken from Pagani et al. (2009), and the collisional
(de-)excitation rate coefficients were adopted from Schoier et al.
(2005) and Lique et al. (2015).

3. Results
3.1. Spectra

The whole sample of pre-stellar core candidates in Table A.1 has
been observed in NoH* (3-2) and N,D* (4-3), while a selec-
tion of 23 objects has been observed in NoH* (5-4), N,D* (3-2)
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Fig. 1. Spectra of N,H* (3-2) toward the
whole sample of pre-stellar core candidates in
Table A.1. From top to bottom and then from
left to right, the spectra are ordered in integrated
intensity, with CRA 047 being the strongest.
The spectra have also been displaced in inten-
sity by multiples of 2 K and centered at 0 LSR
velocity, for a comparison. Note that the spectra
of the first ten objects have been divided by fac-
tors of between 6 and 2 (see labels) for clarity.
Asterisks next to the names indicate the associ-
ation with a YSO.

and(6-5). We focus here on the NoH* (3-2) and N,D* (4-3)
lines, as they have very similar critical densities (larger than the
threshold of 3x10° cm~3; see Sect. 2.1) and they can be observed
with similar angular resolution (see Table 1), allowing for a more
accurate determination of the deuterium fraction, assuming that
they are tracing the same gas (see Section 4 for more details on
this). The spectra of NoH* (3-2) and N,D* (4-3) toward the
whole sample are shown in Figures 1 and 2, respectively. They
are presented in order of decreasing NoH* (3-2) line intensity.
Note that the N,H* (3-2) line is detected almost everywhere (37
out of 40 objects, i.e., in 93% of the sample). N,D* (4-3) is
detected in 27 objects (68% of the sample) and the intensity does
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not follow the NoH* (3-2) trend, suggesting significant varia-
tions in the deuterium fraction among sources (see Sect.3.2).
The other lines, NoH* (5-4), N,D* (3-2), and N,D* (6-5),
observed in a subsample of 23 objects are displayed in Fig. C.1.

3.2. Constant excitation temperature analysis
3.2.1. Column density and deuterium fraction

The centrally concentrated density profiles of the pre-stellar core
candidates in Table A.l require a proper non-local thermody-
namic equilibrium (non-LTE) analysis. This will be done in the
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Fig. 2. Spectra of N,D* (4-3) toward the
OB A g |Lup 039 —— whole sample of pre-stellar core candidates in
Table A.1. The spectra follow the same order as
Oph 196 Oph 146 in Fig. 1. The spectra have also been displaced
in intensity by multiples of 2 K and centered at
- - 0 > 7 - - o > 1 OhLSlE velocity, to a?%w ;Z%i cli)m%arlso(ril: N(;)tg
_ _ that the spectrum o as been divide
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individual papers such as those from Redaelli et al. (2025) and
Spezzano et al. (2025), as a detailed physical structure of each
core is needed. Here we consider a simple constant excitation
temperature analysis to provide N;H* and N,D* column den-
sities, based on N,H* (3-2) and N,D* (4-3), respectively, and
the D/H ratio in all the objects showing N,D* (4-3). As was
already mentioned, these two lines have very similar critical
densities and have been observed with almost identical angular
resolutions (Table 1), providing a reliable measurement of the
deuterium fraction in the core inner regions with densities above
~10° cm™3.

by a factor of 3 (see label) for clarity.

Gaussian fits taking into account the hyperfine structure (hfs)
of the two lines were carried out using the CLASS/GILDAS
software® and the results are reported in Tables D.I and D.2.
The objects in these tables have been ordered as those in
Figures 1 and 2, i.e., in order of decreasing N,H" (3-2) inte-
grated intensity. The tables present the hfs fit output (Columns
2-5: J(Tme) X 7, where J(Tvp) is the equivalent Rayleigh-Jeans
main beam temperatures, and 7 is the total optical depth, i.e., the

3 https://www.iram.fr/IRAMFR/GILDAS/doc/html/
class-html/class.html
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Fig. 3. Comparison of centroid velocities (visg) and line widths
(FWHM) of the N,D* (4-3) and N,H* (3-2) lines. The different colors
represent different molecular cloud complexes: Corona Australis (blue),
Ophiuchus (red), Lupus (black). The stars show the cores associated
with YSOs. The 1:1 correlation line is shown in dashed black.

sum of the optical depth of all the hyperfines, the centroid veloc-
ity, VLsr, the intrinsic line width, FWHM, and the total optical
depth), the excitation temperature 7ex (Column 6), derived from
the radiative transfer equation and the information from Columns
2 and 5, the total column density N (Column 7). If the line is
optically thin, or if the error on 7 is larger than 7/3, the excita-
tion temperature must be assumed. Column 8§ of Tables D.1 and
D.2 shows the column density using the assumed 7. In gen-
eral, if T, can be measured for the No,H* (3-2) line but not for
the N,D* (4-3) line, we used the NoH* (3-2) excitation tem-
perature for the calculation of the N,D* column density. If Tex
cannot be measured at all, then we adopt for both lines Tex =
5K, the typical value for similarly faint objects. Column 9 shows
the D/H ratio (Rp) calculated by simply taking the ratio of the
N,D* and NoH* column densities. Rp values range from about
0.016+0.001 (Oph 082, see Table D.1) to 4+2 (CrA 151).

3.2.2. Correlations

Figure 3 compares the centroid velocities (v sg) and the line
widths (FWHM) of N,D* (4-3) and N,H* (3-2), showing a
good correlation, especially in vy sg. This suggests that these two
lines trace similar gas. The larger FWHM found in N;H* (3-2)
for some of the objects could be due to the larger volume occu-
pied by NoH*, tracing the more turbulent motions or accretion
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Fig. 4. N,H* deuterium fraction (Rp = N(N,D*)/N(N,H*) column den-
sity ratio) obtained from the N,D* (4-3) and N,H* (3-2) lines using
constant excitation temperature analysis, as a function of H, column
density, N(H,), from Herschel data. The different colors represent dif-
ferent molecular cloud complexes: Corona Australis (blue), Ophiuchus
(red), Lupus (black). The stars show the cores associated with YSOs.

flows in the outer regions of the core. However, higher-angular-
resolution observations and mapping are needed to shed light
on this difference. The cores associated with YSOs do not stand
out in these figures, once again showing that the physical prop-
erties of the original pre-stellar core have not been significantly
modified.

Figure 4 shows the NpH* deuterium fraction (Rp =
N(N,;D*)/N(N,H")) as a function of the H, column density,
N(H,), obtained from Herschel data (see Table A.1). The values
range from ~0.02 for core Oph 082 to ~4 for core CrA 151, with
a mean of 0.49+0.09. However, there is no obvious correlation
between the two quantities, although higher column densities
should imply higher volume densities, and thus larger deuterium
fractions at the low dust temperatures reported in Table A.1. It
is important to note that these values (derived from a constant
excitation temperature analysis) are highly uncertain as non-LTE
effects play a crucial role in the correct measurement of column
densities in pre-stellar cores. This is clearly shown in Redaelli
et al. (2025) and Spezzano et al. (2025). For example, CrA 151
has been studied in detail by Redaelli et al. (2025), who found
Rp =~ 0.5 (instead of our 4+2, see Table D.1), while in Oph 464
Spezzano et al. (2025) found Rp =~ 0.4 (instead of 0.24+0.03,
Table D.1). A detailed discussion on the discrepancies between
the two methods to deduce column densities and D fractions can
be found in the two papers. The missing trend between Rp and
N(H,) in Fig. 4 may then be due to the assumption of constant
excitation temperature and results are expected to change once
non-LTE analysis will be carried out for all cores. Figure 4 is,
however, still useful for our overview study and for comparison
with previous work (see next section).

4. Discussion

Using a similar (constant excitation temperature) analysis,
Crapsi et al. (2005) defined as pre-stellar all dense starless cores
with a deuterium fraction larger than 10%. If we adopt the same
criterion, and with the caveats described in the previous section,
we see from Tables D.1 and D.2 and Fig. 4 that 20 out of the 26
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Fig. 5. H, volume density (ny,) versus kinetic temperature (Ty;,) traced
by the N;H* (5-4)/(3-2) line flux ratio and based on the RADEX
non-LTE code (van der Tak et al. 2007). The objects where this flux
ratio was possible to measure are indicated in the figure by the labeled
gray curves. The curves are dashed if Ty, > Tqus and full if Ty, <
Taust, Where Ty s the dust temperature measured with Herschel (see
Table A.1).

cores with Rp values (77% of the sample) can be defined as pre-
stellar. Among these, however, Oph 237, Oph 169, and perhaps
CrA 151 (see Redaelli et al. 2025) are associated with a YSO.
Therefore, we conclude that 17 of the studied objects are bona
fide pre-stellar cores. This sample will be studied in detail with
planned interferometric observations. The other starless cores
with deuterium fractions of less than 10% are also interesting
and deserve future scrutiny. The reason for this is that their high
central densities derived from the Herschel data imply dynami-
cally evolved structures either on the verge of protostar formation
or hosting very young protostars, so the low deuterium frac-
tions may point to different chemical evolution possibly linked
to different environmental conditions.

It is not surprising that six (and possibly seven, if CrA 151
will be confirmed protostellar; see Redaelli et al. 2025) of the 40
Herschel-selected cores have been found associated with YSOs.
The transition from pre-stellar to protostellar is expected to be
fast, with very young protostellar objects still being surrounded
by the cold and dense envelopes part of the original pre-stellar
cores. In fact, four of the six cores associated with YSOs
(Oph 091, Oph 169, Oph 237, and Oph238), have Rp between
0.07 and 0.3, so they do not show systematically lower deu-
terium fraction values as is expected in case of warm dense gas.
This implies that the associated protostar is very young or has
a very low luminosity and has not significantly modified the
physical conditions of the surrounding dense envelope traced by
N,H* (3-2) and N,D* (4-3) with APEX*. Crapsi et al. (2005)
also included in their list of pre-stellar cores an object, L1521F
(Crapsi et al. 2004), which was soon after found to harbor a very
low-luminosity object (or VeLLO; Bourke et al. 2005). We stress
that the D fraction measured with No;H*, a molecule produced in
the gas phase, is particularly sensitive to the local kinetic temper-
ature (Tyin), as proton-deuteron exchange reactions such as H;’ +
HD = H,D™" + H, start to proceed from right to left when Ty,

4 The APEX beam at these frequencies is about 20”(see Table 1), or
~3000 au at the distance of the selected targets.

> 30 K (Watson 1973), quickly dropping the abundance of N,D*
(formed from the reaction of N, with HY deuterated isotopologs).
Only two cores in our sample associated with YSOs (Cra 047 and
CrA 050) have no detection of N,D* lines, suggesting the pres-
ence of a warm (7, > 30 K) envelope possibly due to central
heating or to dynamical and chemical evolution in warmer envi-
ronments where deuterium fractionation is not favored. This will
be checked in future studies.

The high central volume densities obtained from Herschel
data (all above the threshold value of 3x10° cm™3; see Section 2.1
and TableB.1), can be compared with the volume densities
obtained using line ratios for those cores where multiple lines
have been observed in N;H* and N,D*. Figures 5 and 6 present
volume density (ny,) vs. kinetic temperature (T, ) curves for the
N,H* (5-4)/(3-2) and N,D* (4-3)/(3-2) line flux ratios, respec-
tively, obtained with the RADEX code (van der Tak et al. 2007).
The line flux ratios for each individual source are marked by
labeled gray curves, which are full if Ty, < Tquq and dashed
if Tin > Tqust, Where Tqyg 1s the dust temperature from Herschel
(see Table A.1). It is interesting to note that some objects need
a Ty, significantly lower than T4, to have central densities
above the selection threshold of 3x10° cm™ (see Section?2.1).
This is the case for CrA 038 (Figs.5 and 6), an object with a
deuterium fraction below 0.1 (Table D.1) and three bona fide
pre-stellar cores (Cra066, Oph316, Oph385; Fig.6). Kinetic
temperatures lower than dust temperatures are expected in case
of external heating. For example, an enhanced interstellar radia-
tion field could heat the dust in the outer core envelope, so that
the Herschel dust temperature measurement toward the core cen-
ter will be skewed to values at least a few kelvin higher than
the central temperature, as has also been found in other studies
(e.g., Choudhury et al. 2021, in the Ophiuchus Molecular Cloud).
More detailed analyses will be carried out in future papers
focused on these objects to investigate this point. In particular,
interferometric observations of NH; will be required to mea-
sure the central gas temperature and more accurately reconstruct
the temperature profiles across the cores, following procedures
similar to those described in Crapsi et al. (2007) and Lin et al.
(2023b).

5. Conclusions

Pre-stellar cores represent the initial conditions in the process
of star and planet formation, but they are difficult to find as
they are short-lived. With the aim of increasing the number of
known pre-stellar cores in nearby (<200 pc) clouds and study
their properties as a function of environment, we used archival
Herschel data on starless cores from the Gould Belt Survey
(André et al. 2010) to identify objects with central densities
higher than or equal to 3x10°cm™ (the density of the pro-
totypical pre-stellar core L1544 within the central 20”; e.g.,
Caselli et al. 2019). We found 40 cores (out of 1746), which
we then observed with APEX in order to inquire about their
nature. This was done by scrutinizing the line profile of high
density tracers with a high spectral resolution (61 kHz) and high
sensitivity (20-60 mK) and by measuring the deuterium frac-
tion using NoH" (3-2) and N,D* (4-3) lines. Of the 40 dense
cores, 17 can be considered bona fide pre-stellar cores, as they
have deuterium fractions larger than 10% (following the origi-
nal definition of Crapsi et al. 2005). Six cores (or seven if also
CrA 151 is included; see Redaelli et al. 2025) of the 40 originally
selected cores with Herschel host a very young (and/or very low-
luminosity) stellar object that has not yet significantly modified
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Fig. 6. Same as Figure 5 but for the N,D* (4-3)/(3-2) line flux ratio.

the chemical composition of its envelope, as the corresponding
deuterium fractions measured with APEX are relatively large
(between 7 and 30%), except for CrA 047 and CrA 050, not
detected in N,D* lines. The other pre-stellar cores (17 objects)
with deuterium fractions of less than 10% require further inves-
tigation, in order for us to understand what causes the lower level
of deuteration in such dynamically evolved structures.

Here we have presented an overview of our findings, follow-
ing a simple analysis. A more detailed analysis of each individual
core is in progress and the first results can be found in Spezzano
et al. (2025) and Redaelli et al. (2025). Interferometric observa-
tions, in particular with ALMA, similar to those described in
Caselli et al. (1999, 2022) are also planned. ALMA observa-
tions are crucial to study the structure of the central regions, the
so-called kernel (Caselli et al. 2019), its connection to the rest
of the core and its dynamical evolution toward the formation of
the YSO and the protoplanetary disk. The kernel chemical and
physical structure is required to put quantitative constraints on
simulations of star and planet formation.

This work demonstrates that a combination of dust contin-
uum emission and high-density-tracer spectral line data presents
a powerful tool to identify pre-stellar cores, a crucial step in
the formation of stellar systems. Detailed studies of pre-stellar
cores are needed not just for understanding the process of star
and planet formation by setting the initial conditions, but also
for quantifying the chemical inheritance from clouds to planets
and our astrochemical origins.
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Appendix A: Prestellar core candidates observed with APEX

Table A.1. Pre-stellar core candidates observed with APEX.

HGBSA R.A. Dec. N(H,)? setup”  other

name*® J2000.0) (x10%' cm™?) designations

Tau 109 4140298  280947.0 40.1 S J041403.0+280947HCBSM

Tau 410 4183299 282829.0 33.6 SF J041833.0+282829HCBSM

Tau 420 4184032 282316.0 50.7 SJF J041840.3+282316H0BSM  7041840.1+282324F
Lup288  154459.03 -341705.4 1044 S Lupl C26

Lup039 1601 54.81 -415246.1 41.6 S

Lup032 1609 1749 -3907 38.1 398 S

Oph082  162624.06 -242154.6 509 S J162624.0-242154H6BS.L - A-MM4M

Oph087  162626.33 -2422255 51.8 S J162626.3-242225HGBS.L - A N2 D04

Oph091*  162627.65 -242359.3 378.8 S,F Oph A-SM14

Oph129 16264371 -241724.8 376 SF A-MM18M

Oph146 1626 48.63 -242936.9 413 S J162648.6-242936H6BSL C-.MM8M

Oph169* 16265891 -2434223 779 S C-A1T®

Oph178  162705.19 -243917.6 533 SF J162705.1-243917HGBS.L '1,1688-d5C

Oph196 1627 12.56 -242949.0 704 SF J162712.5-242049HGBS.L B1_A2F0

Oph201 16271451 -243026.1 592 S J162714.5-243026M6BS L 1162714.6-243020P%8
Oph215 16272013 2427122 626 S J162720.1-242712H6BSL 11688 58Ke

Oph219 16272156 -243949.1 255 S J162721.5-243949HCBSL E MM M

Oph227 16272499 -242708.5 59.6 SF J162724.9-242708H6BS.L B2 _MM6aKe, B2-N2F10
Oph229 16272539 -242654.6 449 SF J162725.3-242654H6BSL B2_MM6bX?, B2-A5F
Oph237* 162728.18 -242636.0 1059 SF J162728.1-2426361C9BS.L B2-N4F10 B2-MMO9bK?
Oph238* 162728.19 2427125 676 S.JF J162728.1-242712H6BSL B2_MM8bK?
Oph246 16273293 -242630.7 160.7 S,F J162732.9-2426301CGBS.L B2-MM 14aK?
Oph3l6  162829.08 -241916.7 67.6 SF J162829.0-24191616BSE D.MM 1M, MMS0475
Oph319  162831.64 -241806.7 548 S J162831.6-24180MCBS.L D_MM4M

Oph332 16285796 -242053.6 503 S J162857.9-242053HCBS L

Oph385 16313828 -244949.2 79.4 S,F J163138.2-244949H6BSL 1163137.7-2449477
Oph387  163138.83 -245009.0 356 S,F J163138.8-245009HCBES L

Oph410 16315714 -2457 14.8 348 S J163157.1-245714HGBS L

Oph4l2 16315776 -245753.6 66.6 S J163157.7-245753HGBS.L

Oph455  163221.66 -242743.0 106.6 S J163221.6-242743H6BSL 1163221.6-2427397
Oph464  163229.07 -242909.0 2282 SF TRAS 16293EK:HGBS.L

Oph485 16324670 -235227.4 50.0 S J163246.7-235227HCBS L

CrA021 1901 10.83 -365415.3 32.8 SF J190110.8-365415HGBS.B

CrA038  190146.10 -365535.7 373 SF J190146.1-36553516BSE SMM6N

CrA040 19014728 -365639.8 109.5 S,JF J190147.2-365639HGBS.B

CrA044 19015445 -3657489 481 SF J190154.4-365748H6BS:B SMM 1 AN-Gr0
CrA047* 190155.86 -365746.9 73.0 S,F J190155.8-365746HGBSE  MMS 13Chini
CrA050* 19015894 -365709.9 428 SF SMM2N-H

CrA066 19021751 -370135.8 391 SF J190217.5-370135HGBS.B | MM S 21 Chini

CrA 151 19102017 -370827.0 241 SF J191020.1-3708261GBS.B Core 5Y, SL42H-U

“ The peak H, column density at the peak derived from Herschel data at the original resolution of the 500 um surface brightness maps (367”3). The
dust temperature is reported in Table B.1. The values are taken from catalogs provided by the Herschel Gould Belt Survey Archive.

b S: The Sepia345 receiver used in two tunings covering the frequency ranges 1) 271.8-279.7 GHz (LSB) and 288.0-295.9 GHz (USB), and 2) 287.3-
295.3 GHz (LSB) and 303.6-311.5 GHz (USB); so the frequencies ~ 288 — 295 GHz were observed twice. F: The nFLASH230/460 dual channel
receiver tuned to cover the frequency ranges 224.4-232.3 GHz (LSB), 240.6-248.5 GHz (USB), 462.2-466.2 GHz (L.SB), and 474.6-478.6 GHz
(USB).

¢ An asterisk next to the HGBSA name indicates association with a YSO; see main text.

References: * André et al. (1993); € Chen et al. (2019); " Chini et al. (2003); ™ Di Francesco et al. (2004); P® Di Francesco et al. (2008); £
Eden et al. (2019); ¥ Friesen et al. (2009); F1° Friesen et al. (2010b); © Gaczkowski et al. (2015); % Groppi et al. (2007); ' Haas et al. (2008);
HGBSB Bresnahan et al. (2018); H9BSM Marsh et al. (2016); H9BSL Ladjelate et al. (2020); "V Hardegree-Ullman et al. (2013); ¥ Kamazaki et al.
(2019); ¥ Kerr et al. (2019); ¥ Kirk et al. (2017); M Motte et al. (1998); N Nutter et al. (2005); ¥ Pattle et al. (2015); S Stanke et al. (2006); ¥
Yonekura et al. (1999)
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Appendix B: Core Physical Properties derived from
the HGBS data

Physical properties derived from the Herschel Gould Belt Survey
(HGBS) data are listed in Table B.1. The cores associated with
YSOs are listed in Table B.2. This table gives the observed core
radius from the HGBS catalogs, the angular distance to the near-
est known YSO (provided that this is shorter than 70”"), and the
number of YSOs within the core radius. The search for YSOs
was performed using the SIMBAD Astronomical Database’.
A core was considered starless if no YSO is found within its
radius. We also inspected the mid-infrared surface brightness
maps of the 40 targets extracted from the Spitzer and WISE®
data archives’. The starless cores, with the single exception of
CrA 044, did not show compact mid-infrared emission.

Table B.1. Core properties derived from Herschel Gould Belt Survey
data.

Table B.2. Targets associated with YSOs.

HGBS Rops YSOs? nearest YSO

Tau 420 56" 0 687, TT J04184023+2824245
Oph 082 22" 0 557,J162623.4-242100

Oph 087 25" 0 38", J162625.4-242301

Oph 091 25" 2 2.5”, GDS J162627.8-242359
Oph 129 28" 0  43”,TT GSS 38

Oph 146 25" 0 597,7162648.4-242838

Oph 169 53" 3 377, TT WL22

Oph 178 27" 0 56”,J162705.6-244013

Oph 196 30" 0 39”, BBRCG 25

Oph 201 21" 0 307, J162715.5-243053

Oph 215 25" 0 277,71162721.8-242727

Oph 219 18" 0 577,J1162718.3-243914

Oph 227 25" 0 40”7, [AMD2002] J162722-242712
Oph 229 317 0 39”, [GPJ2008] Source 8
Oph 237 28" 1 26", J162727.53-242611.2
Oph 238 25" 2 3.4”, [GPJ2008] Source 8
Oph 246 28" 0 68", TT ISO-Oph 150

Oph 410 24”7 0 61”7,J1163200.9-245642

Oph 455 27" 0  51”,IRAS 16293-2422B
CrA 038 25”7 0 44”7,A 445

CrA 040 227 0 287,A403

CrA 044% 19”7 0  277,J190155.76-365727.7
CrA 047 21”7 1 19”, J190155.76-365727.7
CrA 050 18" 1 4.8”, SMM 2, CrA-43

¢ Number of YSOs within the core radius given in column 2 of
Table B.1.

b CrA 044 is associated with an unidentified compact 8 and 24 pum
source detected with Spitzer. The source resides 13" from the core cen-
ter on its western side. Future spectroscopic observations with higher
angular resolution will be carried out to assess the association of the
source with the core.

HGBS R® M TY n,

name @ (Mo) (K) (10° cm™3)
Taul09 413  0.06(0.02) 11.0(0.5) 4.0
Taudl0  51.6 124 (0.65)  6.8(0.5) 3.1
Tau420 560 2.75(0.78)  10.1 (0.6) 3.7
Lup288 39.5 2.50(0.03)  8.0(0.1) 12.0
Lup032 313 220(0.02)  76(0.1) 3.4
Lup039 475  1.19(0.15) 7.1(0.2) 4.8
Oph082 222 025(0.12) 145(4.5) 6.0
Oph087 252 116(0.21) 119 (0.6) 5.8
Oph091 252 7.87(1.06) 12.7(0.6) 423
Oph129 282 049 (0.04) 13.6(0.3) 4.1
Oph146 252 0.97(0.30)  7.0(0.4) 4.6
Oph169 533 296 (0.40) 116 (0.4) 5.7
Oph178 267 0.62(0.12)  9.7(0.5) 5.9
Oph196 29.6 0.66(0.33) 115 (4.5) 74
Oph201 207 140(0.18)  7.9(0.3) 7.1
Oph215 252 113(0.25)  8.8(0.3) 7.0
Oph219  17.8  0.14(0.07) 14.5(4.5) 32
Oph227 252 115(0.17)  9.4(0.4) 6.6
Oph229 311 155(029)  9.5(0.4) 4.6
Oph237 282 133(022)  9.7(0.4) 114
Oph238 252  117(0.06) 12.0(0.1) 7.6
Oph246 282 2.82(0.30) 8.4(0.2) 173
Oph3l6 415 3.06(0.46) 7.9(0.2) 5.9
Oph319 504 3.13(0.60)  7.6(0.3) 42
Oph332 489 219(034) 8.9(0.3) 3.9
Oph385 222 046(023) 11.5(4.5) 9.4
Oph387 207 091(0.46) 115 (4.5) 42
Oph410 237  0.51(0.10) 9.9 (0.4) 3.9
Oph412 296 112(022)  9.0(0.4) 6.9
Oph455 267 451(1.99)  6.4(0.4) 11.7
Oph464 267 397032 9.6(0.2) 25.1
Oph485 519 1.08(0.54) 11.5(4.5) 3.7
CrA021  19.0 0.08 (0.04) 13.4(1.0) 8.3
CrA038 254 0.67(0.33) 13.4(1.0) 7.2
CrA040 222  134(0.58) 101 (L1) 232
CrA044 19.0 0.66(0.14) 153 (0.9) 11.9
CrA047 206 0.98(0.19) 17.2(1.0) 16.7
CrA050 175 0.62(0.28) 12.0(1.4) 114
CrA066 333  0.69(022)  8.7(0.5) 5.7
CrA 151  20.6 0.41(0.08) 10.9 (0.4) 5.8

¢ The core radii (R), masses (M), dust temperatures (7Tgus), and beam-
averaged peak densities (ny,, in units of 10°cm™) are taken from
the catalogs of Marsh et al. (2016) (Taurus), Benedettini et al. (2018)
(Lupus), Ladjelate et al. (2020) (Ophiuchus), and Bresnahan et al.
(2018) (Corona Australis).

5 https://simbad.cds.unistra. fr/simbad/
¢ The Wide-field Infrared Survey Explorer
7 https://irsa.ipac.caltech.edu
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Appendix C: Spectra of N,D* (3-2), N,H* (5-4), and N,D* (6-5)
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Fig. C.1. Spectra of N,D* (3-2), N,H* (5-4), and N,D* (6-5) toward a subsample of 23 pre-stellar core candidates. From top to bottom, the spectra
follow the same order as in Fig. 1. The spectra have also been displaced in intensity by 2 K and centered at 0 LSR velocity, to allow for a comparison.
Note that some spectra have been divided or multiplied by factors of 2 to 5 (see labels) for clarity.
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Appendix D: Hyperfine fit results for the cores in Table A.1

Table D.1. Hyperfine fit results for the cores in Table A.1, ordered as in Figure | (see text for details). Note that the N,H* (3-2) spectrum toward
CrA 047 has two velocity components.

Line J(Tyup)XT Visk FWHM T T,, (hfs) N(T,, hfs) N(T,,) Rp
K km/s km/s K x10% ecm™2 %103 cm™2 -

CrA 047*

NoH* 3-2  50.400+0.047 6.100+0.065 1.440+0.218 7.390+0.100 12.44+0.10 6.89 +1.05 - -

NoH* 3-2 16300+ 0.047 6.320+0.065 0.534+0.218 2.280+0.100 12.81+0.34 0.80+0.33 - -
CrA 044

NoH* 3-2  137.000 £0.152 5.670 +£0.001 0.732 +0.001 18.400+0.022 13.13+0.01 8.94+0.02 - 0.31(6)

N,D* 4-3 1.460 + 0.069 5.600 £0.011 0.265+0.016 2.030 = 0.201 495+0.16 2.81=+0.51 - -
Oph 087

NoH" 3-2  43.100+0.081 3.130+0.000 0.303+0.001 7.750+0.018 11.04+0.02 1.46+0.01 - -
Oph 464

NoH* 3-2  87.500+0.268 3.590+0.002 0.394 +0.002 24.400+0.088 8.74+0.02 5.96+0.04 - 0.24(3)

N,D* 4-3 9.940 £ 0.572 3.610£0.002 0.376 £0.008 2.780 + 0.225 9.12+0.44 1.45+0.20 - -
Oph 091*

NoH* 3-2  62.700 +£0.033  3.790 +0.000 0.535+0.000 15.600+0.005 9.26+0.00 5.13 +0.00 - 0.0663(2)

N,D* 4-3 1.370 £ 0.059 3.810+£0.013 0.610 +0.031 0.1 - - 0.340(1) -
Oph 238*

NoH* 3-2 6.900 £ 0.152  4.210+0.002 0.640+0.009 1.120+0.060 11.71 £0.40 0.45+0.03 - 0.067(6)

N,D* 4-3 0.356 + 0.025 4270 +0.015 0.460 +0.041 0.1 - - 0.030(2) -
Oph 082

N,H" 3-2  16.800+0.436 3.190 +0.002 0.402 +0.005 5.120 +0.157 8.37+0.16 1.29+0.06 - 0.016(1)

N,D* 4-3 0.108 £ 0.029 3270 £0.048 0.336 £0.101 0.1 - - 0.020(1) -
CrA 040

NoH* 3-2  11.400+0.363 5.130+0.003 0.826 +0.010 3.810+0.152 8.01+£0.19 2.00+0.11 - 0.045(4)

N,D* 4-3 0.160 +£ 0.017 5.180 £ 0.050 0.886 +0.101 0.1 - - 0.090(5) -
CrA 038

NoH*" 3-2  67.600+=1.660 5.320+0.002 0.307 £0.004 29.900+0.788 7.06+0.11 6.24 +0.25 - 0.072(4)

N,D* 4-3 1.240 +£0.033 5.370 £ 0.004 0.345 +0.011 0.1 - - 0.45(2) -
Oph 246

NoH* 3-2 5.380 + 0.875 4.080 +£0.004 0.743+£0.043 2.150+£0.592 7.38+1.05 1.06+0.39 - 0.4(2)

N,D* 4-3 0.681 +£0.031 4.090 £0.012 0.527 £0.029 0.1 - - 0.4(1) -
Oph 227

N,H* 3-2 6.210 £ 0.371 3.840 £ 0.004 0.635+0.016 3.040 £ 0.250 6.77+029 135+0.16 - 0.21(3)

N,D* 4-3 0.362 £0.015 3.900 £ 0.016 0.735 £ 0.033 0.1 - - 0.28(3) -
CrA 151

No,H*3-2  7.380+0.614 5.610 £0.006 0.400+0.019 4.290 + 0.432 6.31 +0.32 1.28+0.20 - 4(2)

N,D* 4-3 2.020 + 0.405 5.680 +£0.006 0.435+0.031 2.420+0.738 5.18+0.58 4.74 +2.68 - -
Oph 229

NoH* 3-2 5.210 +£ 0.384 3.870 £ 0.004 0.702 £ 0.020 2.490 = 0.283 6.83+0.39 1.22+0.19 - 0.24(5)

N,D* 4-3 0.332 +£0.015 3.970 £ 0.020 0.818 +£0.041 0.1 - - 0.29(5) -
CrA 050%*

N,H* 3-2 3.090 £ 0.258 4.820+0.005 0.791 £0.027 0.863 +0.235 873124 042+0.14 - -
Oph 237*

N,H* 3-2 2.990 + 0.041 4.060 £0.065 0.854+0.218 1.100£0.100 7.66+0.32 0.61 +£0.17 - 0.3(1)

N,D* 4-3 0.711 £ 0.029 4.190 £ 0.007  0.391 = 0.020 0.1 - - 0.17(5) -
Oph 129

NoH* 3-2 6.380 + 0.486 2.740 £ 0.004 0.253 +£0.010 3.480 + 0.393 6.47+0.35 0.64+0.10 - 0.6(1)

N,D* 4-3 0.558 +£0.041 2.760 £ 0.012  0.307 £ 0.026 0.1 - - 0.39(6) -
Oph 178

NoH" 3-2  4.880+0.446  4.470+0.005 0.259+0.012 3.240 +0.441 6.00+£0.37 0.66+0.13 - 0.9(3)

N,D* 4-3 0.883 +0.036 4.510+0.006 0.316+0.016 0.1 - - 0.6(1) -
Oph 410

N,H*3-2 7770 £0.566  4.540 +0.005 0.280+0.011 5.810+0.515 574+024 134+0.18 - 0.18(3)

N,D* 4-3 0.361 £0.035 4570 £0.014 0.299 +0.033 0.1 - - 0.24(3) -
Oph 412

N,H* 3-2 3770 £0.510  4.380 +£0.006 0.397 +0.025 2.270 + 0.522 6.23 +0.64 0.68 +0.22 - 0.3(1)

N,D* 4-3 0.238 £ 0.035 4.390 £0.023 0.370 = 0.069 0.1 - - 0.20(7) -
Oph 196

NoH* 3-2 2.020 £ 0.183 3,700 £ 0.010 0.799 £0.026  1.290 + 0.286 6.09+0.55 0.80+0.24 - 0.4(2)

N,D* 4-3 0.441 + 0.030 3.860 £ 0.011 0.341 +£0.027 0.1 - - 0.3(1) -

A77, page 13 of 14



Table D.2. Continuation of Table D.1.

Caselli, P, et al.: A&A, 703, A77 (2025)

Line J(Typ)XT VISR FWHM T T, (hfs) N(T,, hfs) N(T,,) Rp
K km/s km/s K x10% cm™?  x10'3 cm™2 -

Lup 288

NoH* 32 10.100 +£0.735 4.930+0.006 0.300+0.012 10.800+0.863 5.09+0.18 3.17+0.40 - 0.12(2)

N,D*4-3  0.160 +£0.026 5.010 +£0.027 0.342 +0.067 0.1 - - 0.37(5) -
Oph 316

NoH* 32 4.650+0.658 3.420+0.005 0.180+0.014 3.620 +0.749 5.66+0.50 0.55=+0.16 - 0.4(2)

N,D*4-3  0.582+0.075 3.460+0.010 0.177 £ 0.026 0.1 - - 0.23(7) -
Oph 215

NoH* 3-2  1.470+0.033 4.070+0.007 0.731 £0.018 0.194+0.013 13.27+0.56 0.09 +0.01 - 0.22(3)

NoD*4-3  0.213+£0.022 4.190 +£0.027 0.524 + 0.067 0.1 - - 0.020(2) -
Oph 385

NoH* 3-2  3.680+0.537 4.470+0.008 0.389+0.029 3.030 + 0.640 5.55+0.50 1.02+0.31 - 0.3(1)

NoD*4-3  0.526 +0.044 4510+ 0.011 0.294 + 0.030 0.1 - - 0.4(1) -
Oph 387

NpH* 3-2 5200+ 0.603 4.490 +0.009 0.345+0.023 4.980 +0.706 527+032 159+0.34 - 0.7(2)

Np,D*4-3  0.551+£0.055 4.530+0.014 0.302 +0.036 0.1 - - 1.1(2) -
Oph 201

NoH* 3-2 2210+ 0.428 3.900 +0.008 0.619 +0.050 1.460 + 0.641 6.01+1.08 0.71 £0.42 - 0.3(3)

NoD*4-3  0.281 £0.029 3.950+0.020 0.385 +0.048 0.1 - - 0.2(1) -
Oph 455

NoH*3-2  1.830+0.212 3.710+0.011 0.911 £0.043 1.340 + 0.346 579+0.59 1.00+0.35 - -
Oph 319

NoH*3-2  1.650+0.091 3.340 + 0.006 0.201 +0.012 0.1 - - 0.38(2) 0.8(2)

N,D* 4-3  0.213 £ 0.042 3.32 +0.029 0.2 0.1 - - 0.29(6) -
Oph 332

NpH* 3-2 3490 +0.502 3.270+0.008 0.234+0.017 4.070 = 0.838 495+038 097 +0.29 - -
CrA 066

NoH* 3-2  1.160 +£0.048  6.070 = 0.007 0.344 + 0.016 0.1 - - 0.45(2) 0.9(2)

NoD*4-3  0.277£0.048 6.130+0.016 0.206 + 0.044 0.1 - - 0.39(7) -
Oph 169*

NoH* 3-2  5420+4980 3.920+0.010 0.263+0.013 8.890 +0.493 448 +1.13 287+2.14 - 0.2(1)

NoD*4-3  0.279+0.046  3.920+0.020 0.243 £ 0.048 0.1 - - 0.46(8) -
Oph 219

NoH*3-2 1.760 0317 4.680+0.012 0.510+0.042 2.640+0.743 460+043 1.57+0.63 - -
Lup 032

NoH* 32 1.630+0.353 4.560+0.010 0.346 +0.037 2.120 +0.835 479+0.64 0.79+0.44 - -
Oph 485

N,H*3-2 3.850+0.742 2.510+0.016 0.267+0.031 6.830 + 1.470 439+034 233+0.79 - -
Tau 420

NoH* 3-2  2.220+0.561 7.310+£0.017 0.277 £0.040 4.990 + 1.570 413+040 2.02+094 - -
Tau 410

NoH*3-2  1.090+£ 0485 7.350+0.017 0.216 £0.045 2910+ 2.140 - - 0.17(3) -
CrA 021

NoH* 3-2 0468 +£0.073 6.110+0.016 0.189 +0.031 0.1 - - 0.10(1) -
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