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ABSTRACT
To understand how phosphorus (P)-bearing molecules are formed in star-forming regions,
we have analysed the Atacama Large Millimeter/Submillimeter Array (ALMA) observations
of PN and PO towards the massive star-forming region AFGL 5142, combined with a new
analysis of the data of the comet 67P/Churyumov�Gerasimenko taken with the Rosetta Orbiter
Spectrometer for Ion and Neutral Analysis (ROSINA) instrument onboard Rosetta. The ALMA
maps show that the emission of PN and PO arises from several spots associated with low-
velocity gas with narrow linewidths in the cavity walls of a bipolar out�ow. PO is more
abundant than PN in most of the spots, with the PO/PN ratio increasing as a function of
the distance to the protostar. Our data favour a formation scenario in which shocks sputter
phosphorus from the surface of dust grains, and gas-phase photochemistry induced by UV
photons from the protostar allows ef�cient formation of the two species in the cavity walls. Our
analysis of the ROSINA data has revealed that PO is the main carrier of P in the comet, with
PO/PN > 10. Since comets may have delivered a signi�cant amount of prebiotic material to
the early Earth, this �nding suggests that PO could contribute signi�cantly to the phosphorus
reservoir during the dawn of our planet. There is evidence that PO was already in the cometary
ices prior to the birth of the Sun, so the chemical budget of the comet might be inherited from
the natal environment of the Solar system, which is thought to be a stellar cluster including
also massive stars.

Key words: astrochemistry � molecular data � comets: general � stars: formation � ISM:
molecules.
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1 INTRODUCTION

Phosphorus (P) is a key chemical biogenic element for the de-
velopment of life (Gulick 1955; Maci·a, Hern·andez & Or·o 1997;
Schwartz 2006; Gamoke, Neff & Simons 2009; Fern·andez-Garc·�a,
Coggins & Powner 2017). While the cosmic abundance of P in the
Universe is low relative to hydrogen, P/H � 3 × 10�7 (Grevesse &
Sauval 1998; Asplund et al. 2009), its abundance in living organisms
is several orders of magnitude higher, e.g. P/H � 10�3 in bacteria
(e.g. Fagerbakke, Heldal & Norland 1996). P-compounds are unique
in forming large biomolecules, thanks to their extreme structural
stability and functional reactivity. Phosphorus is one of the crucial
components of deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA), phospholipids (the structural components of cellular mem-
branes), and the adenosine triphosphate (ATP) molecule, which
stores and transports chemical energy within cells (see e.g. Pasek &
Lauretta 2005). Moreover, P-compounds have been proposed as
key catalysts and chemical buffers for the formation of nucleotides
(Powder, Gerland & Sutherland 2009). All of this makes P one of

C� 2020 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/492/1/1180/5699695 by guest on 01 S
eptem

ber 2021

http://orcid.org/0000-0002-2887-5859
http://orcid.org/0000-0001-7479-4948
http://orcid.org/0000-0002-2677-8238
http://orcid.org/0000-0001-6549-3318
mailto:vmrivilla@gmail.com
mailto:kathrin.altwegg@space.unibe.ch


The interstellar thread of phosphorus 1181

the major limiting nutrients for the development of life (Red�eld
1958), and may make P-bearing molecules important biomarkers in
exoplanets (Sousa-Silva et al. 2019). A fundamental question is how
the reservoir of P became biologically available on planets, and in
particular on the early Earth. In this regard, two research directions
can be pursued from the astrophysical/astrochemical point of view.
On the one hand, one can study the chemical composition of the
interstellar medium (ISM) of the parental molecular clouds that
form new stars and planets. On the other hand, one can investigate
the chemical compounds of objects found in our Solar system,
such as meteorites and comets, which may have delivered prebiotic
chemicals to our early Earth.

The chemistry of P in the ISM is poorly understood. P is a
relatively heavy element (atomic mass of 31 Da), and is thought to
be synthesized in massive stars and injected into the ISM through
supernova explosions (Koo et al. 2013). As pointed out by Maci·a
et al. (1997), the low number of these massive stars may explain the
relatively low cosmic abundance of P relative to hydrogen. More-
over, until very recently, it was thought that P is heavily depleted
on the surfaces of interstellar dust grains in the dense and cold ISM
by factors of 600�104 (e.g. Turner et al. 1990; Wakelam & Herbst
2008). This would make the detection of P-bearing molecules in the
gas phase through the conventional rotational spectroscopy dif�cult.
Indeed, unlike other biogenic elements (C, N, O, and S), P is barely
detected in the ISM. The ion P+ was detected in several diffuse
clouds (Jura & York 1978), and only a few simple P-bearing species
(PN, PO, CP, HCP, C2P, and PH3) have been identi�ed towards
the circumstellar envelopes of evolved stars (Guelin et al. 1990;
Ag·undez, Cernicharo & Gu·elin 2007; Tenenbaum, Woolf & Ziurys
2007; Halfen, Clouthier & Ziurys 2008; Milam et al. 2008; De
Beck et al. 2013; Ag·undez et al. 2014; Ziurys, Schmidt & Bernal
2018). In star-forming regions, only PN was detected before 2016
towards a handful of sources (Turner & Bally 1987; Ziurys 1987;
Turner et al. 1990; Caux et al. 2011; Yamaguchi et al. 2011). In
the last years, a considerable step forward has been made. Since
there is growing evidence that our Solar system was born in a warm
and massive dense core with high-mass stars (Adams 2010; Pfalzner
et al. 2015; Taquet, Wirstr¤om & Charnley 2016; Drozdovskaya et al.
2018; Lichtenberg et al. 2019), several works have been devoted to
studying P-bearing molecules in massive cores, whose chemistry
may be inherited by future Solar-like systems. The molecule PN
has been detected in other massive star-forming regions (Fontani
et al. 2016; Mininni et al. 2018; Fontani et al. 2019), and PO
has been detected for the �rst time in two massive star-forming
regions, with an abundance ratio of PO/PN in the range of 1.8�3
(Rivilla et al. 2016). Afterwards, new detections of PO in shocked
material (Le�och et al. 2016; Rivilla et al. 2018; Bergner et al. 2019)
have con�rmed that PO seems to be more abundant than PN in
the ISM.

The relatively low number of detections of PN and PO has
prevented so far a good understanding of its formation. Three
main mechanisms have been proposed: (i) shock-induced for-
mation (Yamaguchi et al. 2011; Aota & Aikawa 2012; Le�och
et al. 2016; Mininni et al. 2018; Rivilla et al. 2018); (ii) high-
temperature gas-phase chemistry (Charnley & Millar 1994); and
(iii) gas-phase formation during the cold collapse phase of the
parental core (Rivilla et al. 2016). To date, this debate has been
strongly limited due to the lack of information about the spa-
tial distribution of the emission of P-bearing molecules in star-
forming regions. Therefore, interferometric maps of P-bearing
molecules are needed to discriminate among the different proposed
mechanisms.

The knowledge about P in our Solar system is also limited due to
the low number of detections. Phosphine, PH3, has been observed
in the atmospheres of Jupiter and Saturn (Bregman, Lester & Rank
1975; Ridgway, Wallace & Smith 1976; Larson, Treffers & Fink
1977; Weisstein & Serabyn 1994; Irwin et al. 2004; Fletcher et al.
2009), and P has been identi�ed in meteorites in the form of the
mineral schreibersite (Pasek & Lauretta 2005) and phosphoric acids
(Schwartz 2006). Traces of P may have been present in the dust of
comet Halley, but it was not identi�ed in STARDUST grains of comet
Wild 2 (Macia 2005). More recently, the in situ measurements
of the Rosetta mission claimed the presence of P in the comet
67P/Churyumov�Gerasimenko (67P/C�G, hereafter; Altwegg et al.
2016), although the parent molecule(s) could not be determined.

In this work, we combine the search for P-bearing molecules
in the star-forming region AFGL 5142 using the Atacama Large
Millimeter/Submillimeter Array (ALMA) with new analysis of the
data of the coma of the comet 67P/C�G taken with the Rosetta
Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA)
instrument. This comparison will allow us to establish if the pristine
chemical composition of the comet, in particular the P-bearing
reservoir, may have been inherited from a parental molecular core
similar to the one that formed our Sun.

AFGL 5142 is a star-forming region in the Perseus arm, where
low-mass and high-mass star formation is ongoing simultaneously
(Hunter et al. 1999). It is located at a relatively close distance,
2.14 kpc (Burns et al. 2017), which allows us to study the molecular
emission at high spatial resolution. Several H2O and CH3OH masers
have been identi�ed in the region (Hunter et al. 1995; Goddi &
Moscadelli 2006; Goddi et al. 2007). The centre of the region
harbours a dust millimetre core (MM position, hereafter; see Fig. 1)
detected by Hunter et al. (1999), which actually consists of �ve
millimetre sources, some of them associated with hot cores with
high temperatures in the range of 90�250 K (Zhang et al. 2007).
Hunter et al. (1999) detected an SiO out�ow in the north-east�south-
west direction powered by this central protocluster. Observations of
other molecular species such as CO, HCN, and HCO+ (Zhang et al.
2007; Liu et al. 2016) con�rmed the presence of abundant shocked
material. Busquet et al. (2011) revealed, based on observations of
N2H+, the presence of a cold starless core (SC) located �12 arcsec
to the west (see Fig. 1). Several PN transitions have been detected
with single-dish observations (Fontani et al. 2016; Mininni et al.
2018). The presence of varied physical conditions in a single region
makes AGFL 5142 a well-suitable laboratory to test the different
mechanisms proposed for the formation of P-bearing species. It
harbours three different environments where each mechanism could
be dominant: (i) a system of low- and high-mass protostars whose
heating produces a chemically rich molecular hot core (gas-phase
chemistry scenario); (ii) abundant shocked material produced by
out�owing material (Zhang et al. 2002; Liu et al. 2016; shock
scenario); and (iii) a starless cold core (Busquet et al. 2011; cold
collapse scenario).

67P/C�G is a Jupiter-family comet with a period of �6.5 yr.
Several studies suggested that it experienced a close encounter with
Jupiter in 1959 February, which reduced its perihelion distance
from 2.7 to the current 1.2 au (Lamy et al. 2007). Its nucleus has
a bilobate shape and is approximately 4.3 × 2.6 × 2.1 km in size
(Jorda et al. 2016). The Rosetta mission escorted the comet pre- and
post- its 2015 August perihelion passage, revealing that the dusty
surface covers an icy interior (Fornasier et al. 2016). The most recent
analysis of mission data suggest that 67P/C�G is indeed a primordial
rubble pile containing non-thermally processed materials that were
once part of the protoplanetary disc that evolved into our modern-
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1182 V. M. Rivilla et al.

Figure 1. (a) The ALMA maps of the SO(23�12) transition. We show two different velocity ranges: [�12, �4] km s�1 (light blue contours) and [�3.5, 6]
km s�1 (red contours). The contour levels start at 40/50 mJy km s�1 beam�1 and increase in steps of 75/100 mJy km s�1 beam�1 for the blueshifted/redshifted
emission. The continuum map is shown in colour scale, starting from blue (�2 mJy beam�1) to magenta (30 mJy beam�1). The beam of the continuum map
(2.27 arcsec × 1.65 arcsec) is indicated in the lower right corner. The cavity of the bipolar out�ow is indicated with dashed white curves, and the directions
of the redshifted/blueshifted lobes of the bipolar out�ow are indicated with orange/blue arrows, respectively. The positions of the MM core and the SC are
indicated with yellow crosses. (b) Same as in panel (a), but showing only the high-velocity gas: [0.5, 6] km s�1 (red) and [�12, �7.5] km s�1 (light blue).
The contour levels start at 20/50 mJy km s�1 beam�1 and increase in steps of 25/50 mJy km s�1 beam�1 for the blueshifted/redshifted emission. The inset
in the lower left shows a zoom-in of the inner region. In the inset, the contour levels start at 30/100 mJy km s�1 beam�1 and increase in steps of 10/50 mJy
km s�1 beam�1 for the blueshifted/redshifted emission. The emission at 4.5 µm from Spitzer IRAC2 is overplotted in white contours. (c) Ratio between the
emission of NH3 (J,K) = (3,3) and (J,K) = (1,1), adapted from Zhang et al. (2002) (see this work for further details). The colour scale is a proxy of the gas
temperature: red is hotter and dark blue is cooler. The gas is heated at the base of the two molecular out�ow cavities. (d) Schematic picture of the region. The
bipolar out�ow is close to the plane of the sky, and it is excavating two cavities in the natal molecular core.
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The interstellar thread of phosphorus 1183

Table 1. Molecular transitions studied in this ALMA data set, from the
CDMS molecular data base.

Molecule Transition Frequency logAij Eup
(GHz) (s�1) (K)

PN N = 2�1, J = 2�2 93.9782 �5.137 24 6.8
PN N = 2�1, J = 1�0 93.9785 �4.790 39 6.8
PN N = 2�1, J = 2�1 93.9798 �4.660 14 6.8
PN N = 2�1, J = 3�2 93.9799 �4.535 16 6.8
PN N = 2�1, J = 1�2 93.9808 �6.091 38 6.8
PN N = 2�1, J = 1�1 93.9823 �4.915 38 6.8

PO J = 5/2�3/2, � = 1/2, F = 3�2, l = e 108.9984 �4.671 62 8.4
PO J = 5/2�3/2, � = 1/2, F = 2�1, l = e 109.0454 �4.716 70 8.4
PO J = 5/2�3/2, � = 1/2, F =3�2, l = f 109.2062 �4.699 59 8.4
PO J = 5/2�3/2, � = 1/2, F = 2�1, l = f 109.2812 �4.714 44 8.4

SO N = 2�1, J = 3�2 109.2522 �4.958 02 21.1

day Solar system (e.g. Altwegg et al. 2015; Davidsson et al. 2016;
Alexander, McKeegan & Altwegg 2018).

This work is organized as follows. In Section 2, we present the
ALMA and ROSINA data. We present our results in Section 3 and
discuss their implications for the formation of P-bearing molecules
in star- and planet-forming regions in Section 4. Finally, we
summarize our main �ndings in Section 5.

2 OBSERVATIONS

2.1 ALMA observations

We carried out interferometric observations using 40 antennas of
the ALMA in Cycle 4 between 2017 January and April as part
of the project 2016.1.01071.S (PI: Rivilla). The phase centre was
RA = 5 h 30 m 48.0 s, DEC = 33� 47� 54.0�� . The observations
were performed in Band 3 with the array in the C40-3 con�guration
with baselines ranging from 15 to 460 m. The digital correlator
was con�gured in 12 different spectral windows with channel
widths of 122 kHz (�0.35 km s�1), which cover the PN(2�1)
transition, the J = 5/2�3/2, � = 1/2 quadruplet of PO, and the
SO 23�12 transition (see Table 1). The precipitable water vapour
during the observations was in the range of 1.5�5.6 mm. Flux
and bandpass calibration were obtained through observations of
J0510+1800. The phase was calibrated by observing J0547+2721
and J0552+3754. The onsource observing time was about 2.5 h.
The synthesized beams are 2.5 arcsec × 1.8 arcsec for the PN map,
and 2.1 arcsec × 1.6 arcsec for the PO and SO maps. The root
mean square (rms) of the noise of the maps is �2 mJy beam�1

per channel. The data were calibrated and imaged using standard
ALMA calibration scripts of the Common Astronomy Software
Applications package (CASA).1 Further analysis was done with
MADCUBA2 software package (Mart·�n et al. 2019).

2.2 ROSINA measurements

The Rosetta spacecraft of the European Space Agency (Glassmeier
et al. 2007) accompanied the comet 67P/C�G for 2 yr from
2014 August through 2016 September. Onboard Rosetta was the
instrument suite ROSINA with two mass spectrometers and a

1https://casa.nrao.edu
2Madrid Data Cube Analysis on ImageJ is a software developed in the Center
of Astrobiology (Madrid, INTA-CSIC) to visualize and analyse astronomical
single spectra and datacubes. MADCUBA is available at http://cab.inta-csic.
es/madcuba/Portada.html.

pressure sensor (Balsiger et al. 2007). During the two weeks in
2014 October, at a distance of 3 au from the Sun, but only 10 km
from the nucleus, the densities measured in the coma by ROSINA
DFMS (Double Focusing Mass Spectrometer) were relatively high
allowing the detection of low-abundance species. DFMS measures
one integer mass with a resolution of �9000 at full width at half-
maximum (FWHM) at a mass 28 Da at a time. The integration time
is 20 s. The detector has a one-dimensional array of 512 pixels.
A peak can be well approximated by a double Gaussian, whereby
the second Gaussian has �3 times larger width and 10 times lower
height. For small peaks, one Gaussian is precise enough for most
purposes. All peaks on one integer mass have the same widths for
the two Gaussians. Details on the data analysis can be found in Le
Roy et al. (2015) and Calmonte et al. (2016).

3 ANALYSIS AND RESULTS

3.1 ALMA maps of the AFGL 5142 star-forming region

3.1.1 Spatial distribution and kinematics of SO: a bipolar outflow
cavity

With the aim of interpreting in the following section the maps
of PN and PO, we �rst discuss here the spatial distribution and
kinematics of the 23�12 transition of SO. Our maps exhibit SO
emission from velocities of �12 to +6 km s�1 (the systemic
velocity of the central core is �2.85 km s�1). We show in Fig. 1
the maps of SO: panel (a) includes all velocities, while panel (b)
includes only the highest velocities with respect to the systemic
velocity. The SO emission not only peaks towards the MM position
but also traces extended structures distributed across the �eld of
view. Since SO is considered a good tracer of shocked material
(e.g. Martin-Pintado, Bachiller & Fuente 1992; Pineau des Forets
et al. 1993; Chernin, Masson & Fuller 1994; Bachiller & P·erez
Guti·errez 1997; Podio et al. 2015), we interpret the SO emission in
terms of shocked (or post-shocked, see below) material produced
by an out�ow driven by a central protostar.

Zhang et al. (2007) and Liu et al. (2016) interpreted previous
observations of CO, HCN, and HCO+ as a system of up to three
different out�ows arising from the central protostar(s). Although
this hypothesis is plausible, we propose that the SO emission is
tracing the cavities of a single wide-angle bipolar out�ow (see
overplotted dashed lines in Fig. 1). The redshifted and blueshifted
high-velocity SO emission (Fig. 1b) traces very well the launching
point of the molecular out�ow, coinciding with the central protostar,
and the north-east�south-west direction of the bipolar out�ow in the
plane of the sky (see zoom-in view in the central inset of Fig. 1b).
This direction of the bipolar out�ow is also in good agreement with
the elongated morphology of the Spitzer IRAC23 emission at 4.5
µm (inset in Fig. 1b), which is a good tracer of shocked H2 emission
in protostellar out�ows (e.g. Smith & Rosen 2005; Qiu et al. 2008),
and with the SiO bipolar out�ow detected by Hunter et al. (1999).
The interaction of the lobes of the out�ow with the surrounding gas
might be responsible for the gas heating observed by Zhang et al.
(2002, 2007) using several inversion transitions of NH3 (see Fig. 1c;
Zhang, private communication). The detected hotspots towards the
north-east and south/south-west are in good agreement with the
direction of the bipolar out�ow. This suggests that the mechanical
energy of the out�ow has opened two cavities in the parental core.

3Spitzer IRAC2 image obtained from the NASA/IPAC Infrared Science
Archive: https://irsa.ipac.caltech.edu/Missions/spitzer.html
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1184 V. M. Rivilla et al.

Figure 2. ALMA-integrated maps of SO(23�12) (left) and PN(2�1) (right) in three velocity ranges: [�6.5, �4.5] km s�1 (blue), [�4.5, �2.0] km s�1 (green),
and [�2.0, 0] km s�1 (red). The cavity of the bipolar out�ow is indicated with dashed white curves. The positions of the SC and the MM core are indicated
with yellow (or black) crosses. The different P-spots (P1�P7) are identi�ed with yellow circles. The beams of the observations are indicated in the lower right
corner of each panel.

SO and NH3 mainly trace the interface of these cavities with the
local core gas, while the internal regions have already been swept
away (Figs 1a and c). We have depicted this scenario in a sketch
in Fig. 1(d). The relatively low velocities of SO with respect to the
systemic velocity, around –10 km s�1, and the fact that the gas in
the out�ow cavities appears redshifted on one side of the cavity and
blueshifted on the other side (compare Fig. 1a and the sketch in
Fig. 1d), suggest that the bipolar out�ow is close to the plane of
the sky.

3.1.2 Spatial distribution and kinematics of P-bearing species:
PN and PO

The spatial distribution of the PN(2�1) emission is shown in the
right-hand panel of Fig. 2, where three different velocity ranges
([�6.5, �4.5], [�4.5, �2.0], and [�2.0, 0] km s�1) are shown.
For a direct comparison, we show the integrated maps of SO (the
left-hand panel of Fig. 2) using the same velocity ranges. Unlike
SO, PN(2�1) emission does not trace gas at high velocities. This is
shown clearly in Fig. 3, where we compare the spatial distribution
of PN with that of the high-velocity gas traced by SO. There is a
clear anticorrelation, i.e. the regions with high-velocity gas traced
by SO are devoid of PN emission.

The right-hand panel of Fig. 2 shows that PN is distributed
throughout the �eld peaking towards several visually identi�ed
spots (P-spots, hereafter) located along the cavities of the bipolar
out�ow. We have identi�ed seven P-spots in the PN map: P1 (in the
northern out�ow cavity), and P2 to P7 (in the southern cavity).

The spectra extracted in a circular region of 3 arcsec diameter
centred on the positions of the P-spots are shown in Fig. 4. PO is

Figure 3. ALMA-integrated PN(2�1) emission map (in colours) as shown
in the right-hand panel of Fig. 2, with the high-velocity SO emission (in
contours) shown in Fig. 1(b) overplotted. The positions of the SC and the
MM core are indicated with yellow crosses. The different P-spots (P1�P7)
are identi�ed with yellow circles. The positions of the high-velocity spots
HV-r and HV-b are indicated with yellow plus signs. The cavity of the bipolar
out�ow is indicated with dashed white curves.
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The interstellar thread of phosphorus 1185

Figure 4. ALMA spectra of PO, PN, and SO (molecular transitions listed in Table 1) towards different positions of the AFGL 5142 star-forming region,
indicated to the left of the panels. The dashed vertical lines indicate the systemic velocity of the central core, �2.85 km s�1. The red lines are local thermodynamic
equilibrium (LTE) �ts to the data obtained as explained in the text.
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1186 V. M. Rivilla et al.

detected in the P3, P4, and P5/P6/P7 regions, and tentatively in the
P2 spot. In Fig. 5, we show a zoom-in view for those P-spots for
which clear PO emission has been detected. The emission of PN,
PO, and SO is spatially coincident in the P3 and P4 spots. In the case
of the P5/P6/P7 spots, the PO spatial distribution is more similar to
that of SO than to that of PN. P-bearing molecules and SO have not
been detected towards the position of the SC.

We have also extracted spectra towards three additional positions
in the region: the central MM position, and the peaks of the
redshifted and blueshifted out�ow lobes traced by the high-velocity
SO emission (HV-r and HV-b, respectively, hereafter; see Fig. 3).
The coordinates of all the positions are indicated in Table 2. PN is
barely detected in the surroundings of the MM position. PO is not
detected at any of these positions. None of the P-bearing species
is detected towards the HV-r and HV-b. The rightmost panel of
Fig. 4 also shows the spectral pro�le of the SO 23�12 transition.
It is detected towards all the regions, being strongest at the MM
position. The SO spectral pro�les show several velocity components
in some of the regions. In Section 3.1.3, we will analyse the spectra
towards the different positions to derive the linewidths, velocities,
and column densities of the different species.

3.1.3 LTE analysis

We have analysed the spectra of PN, PO, and SO extracted towards
the different positions using two complementary analyses. In the
�rst case, we have assumed local thermodynamic equilibrium
conditions (LTE), as we did in previous studies (Fontani et al.
2016; Rivilla et al. 2016, 2018; Mininni et al. 2018). We have
used the Spectral Line Identi�cation and Modelling (SLIM) tool of
MADCUBA, which produces synthetic spectra of the molecules using
the information from the publicly available spectral catalogues. For
the analysis in this work, we have used the entries from the CDMS
catalogue (M¤uller et al. 2001, 2005). For PN, our observations fully
resolve for the �rst time the 14N hyper�ne splitting (see Fig. 4).4
For this reason, we have used the CDMS entry considering the 14N
hyper�ne splitting, and the partition function that considers the spin
multiplicities.

To derive the physical conditions, we have used the MADCUBA-
AUTOFIT tool that compares the observed spectra with the LTE
synthetic spectra of the different species, taking into account all
transitions considered. This tool provides the best non-linear least-
squares �t using the Levenberg�Marquardt algorithm. The free
parameters are: total column density (N), excitation temperature
(Tex), velocity (�), and FWHM. MADCUBA-AUTOFIT calculates
consistently from these parameters the line opacity of each transition
(see Rivilla et al. 2019). Since our data contain only a single
rotational transition of the three species (PN, PO, and SO), the
excitation temperature cannot be derived, and hence we assumed
�xed values. For the P-bearing species, we used the value found by
Mininni et al. (2018) in this region using several transitions of PN,
namely Tex = 5 K. We note that the column densities of PN and
PO can vary by a factor of 2.5 and 2.1, respectively, assuming
different values of Tex in the range of 5�50 K (lower column
for higher temperatures). For SO, for which an earlier estimate
of Tex is not available, we used the kinetic temperature derived
from observations of NH3 (Busquet et al. 2011) of 34 K. The SO
column density can vary by a factor of 1.4 assuming a different

4The hyper�ne structure of PN(2-1) was marginally resolved in single-dish
spectra of AFGL 5142 by Fontani et al. (2016) (see their �g. 1).

Tex in the range of 10�50 K. Then, �xing Tex, we run MADCUBA-
AUTOFIT leaving N, �, and FWHM as free parameters. Towards
some positions (e.g. P1, P2, HV-r, and HV-b), we have used several
velocity components to reproduce the pro�le of SO, �xing the value
of the velocity as well. When the algorithm did not converge, we
�xed manually the velocities and/or the FWHM to the values that
best reproduced the observed spectra, and reran AUTOFIT. The
results of the best �ts are plotted in Fig. 4 and the derived physical
parameters are shown in Table 3. The errors of the free parameters
are derived from the diagonal elements of the covariance matrix,
the inverse of the Hessian Matrix, and the �nal �2 of the �t.

In the following, we summarize the main results of the analysis:
The velocities of PN and PO are different. In the four P-spots for

which the two species have been detected and the velocity was left
as a free parameter (P3, P4, P5, and P6, all located in the southern
blueshifted cavity), the differences are 0.4 – 0.1, 0.46 – 0.07,
0.24 – 0.09, and 0.5 – 0.1 km s�1, respectively. Fig. 6 shows
that the velocities of PN are lower than those of PO, namely PN
is blueshifted with respect to PO. The velocities of PO are more
similar to those of SO.

(i) Most of the P-spots have narrow linewidths in the range 0.9�
1.7 km s�1 (P3, P4, P5, P6, and P7), with the exception of P2,
which has broader linewidths of 5�6 km s�1. The narrow linewidths
allowed us to fully resolve for the �rst time the 14N hyper�ne
structure of PN towards the P3 and P4 spots (Fig. 4). The quite
narrow linewidths of PN and PO towards several P-spots, with
values of 1�2 km s�1, suggest that these molecular species might
arise from post-shocked material, where turbulence has been already
partially dissipated, rather than directly shocked material. A second
alternative would be slow shocks due to the out�ow wind, whose
velocity can be signi�cantly reduced compared to the one of the
out�ow axis, as observed.

(ii) The derived line opacities of PN, PO, and SO (see Table 3)
are low (� < 0.1) in most of the positions. Only at P4 the transitions
are slightly more optically thick, with � � 0.2 (for PN and SO),
while towards the central MM position the opacity of SO is � =
0.278 – 0.009.

(iii) In the positions where the two P-bearing molecules have
been detected, the molecular abundance ratio PO/PN is always
larger than 1, with the only exception of the P-spot located closer to
the protostar, P2, where the ratio is 0.6 – 0.2. In the other P-spots,
the ratio spans from 1.4 to 2.6 (Table 4). This con�rms previous
�ndings from IRAM 30-m single-dish observations in the W51
and W3(OH) massive star-forming regions (Rivilla et al. 2016), the
protostellar shock L1157 (Le�och et al. 2016), and the Galactic
Centre G+0.693 cloud (Rivilla et al. 2018), where the PO/PN ratio
ranges from 1.8 to 3.

(iv) The abundance SO/PN ratio spans from 70 to 207 in the
P-spots. These values are orders of magnitude lower than the one at
the MM position, which is 3365, and those towards HV-r and HV-
b, which are >1000 (Table 4). The SO column densities towards
these regions are not affected by optical depth effects, since the
opacities derived from our analysis are �0.3 (Table 3). In any case,
we note that even in the case of optically thick conditions, the SO
column densities would be lower limits, and thus also the SO/PN
value would be a lower limit. Therefore, the SO/PN values found
in the P-spots are signi�cantly lower than those of other regions
with strong SO emission. Comparison between the low value of
the SO/PN ratio found in the P-spots and those of the central MM
position demonstrates that, while SO traces not only the out�ow
cavities but also the central core surrounding the protostar (indeed
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Figure 5. Zoom-in view of the P3 spot (upper left-hand panel), P4 spot (upper right-hand panel), and P5, P6, and P7 spots (lower-hand panel). The colour
scale represents the integrated emission of the SO 23�12 transition, in mJy beam�1 km s�1. The blue contours indicate the total integrated emission of the
PN(2�1) transitions at 93.978209, 93.978477, and 93.97978 GHz. The contour levels start at 20/6/13 mJy km s�1 beam�1 and increase in steps of 5/3/3
mJy km s�1 beam�1 for the P3/P4/P5-P6-P7 regions, respectively. The white contours correspond to the combined integrated emission of the four hyper�ne
PO transitions (see Table 1). The contour levels start at 20/6/20 mJy km s�1 beam�1 and increase in steps of 5/3/5 mJy km s�1 beam�1 for the P3/P4/P5-P6-P7
regions, respectively. The positions of the different P-spots (Table 2) are indicated with black plus signs.

SO peaks towards the MM position), PN emission traces only the
cavities. This suggests that P-bearing molecules are excellent tracers
of out�ow cavity walls. The SO/PO ratio, shown in the last column
of Table 4, ranges between 27 and 309 in the P-spots, while it is
>4500 at the MM position.

(v) As previously mentioned, PN and PO are only detected at
velocities relatively close to the systemic velocity of the core (–2 km
s�1), while SO traces also gas at high velocities (Fig. 3), as can be
seen in the spectra towards P1, P2, HV-r, and HV-b (Fig. 4). To study

this in more detail, we compare in Fig. 7 the column density versus
the velocity of SO in the regions considered in this work: the P-
spots, MM, HV-r, and HV-b positions. The P-spots have SO column
densities in the range �(1�10) × 1014 cm�2, and SO velocities
ranging from ��5 to �1 km s�1. Other regions with comparable SO
column densities, but higher velocities with respect to the systemic
velocity, do not exhibit emission from P-bearing species. These
regions include the HV-r and HV-b positions, and also additional
velocity components of the P-spots in which emission of P-bearing
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