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The chemistry of phosphorus (3'P) in space is particularly significant due to
the key role it plays in biochemistry on Earth. Utilising radio and infrared
spectroscopic observations, several key phosphorus-containing molecules have
been detected in interstellar clouds, circumstellar shells, and even extragalactic
sources. Among these, phosphorus nitride (PN) was the first P-bearing molecule
detected in space, and still is the species detected in the largest number
of sources. Phosphorus oxide (PO) and phosphine (PHz) were also crucial
species due to their role both in chemical networks and in forming biogenic
compounds. The still limited high-angular resolution observations performed
so far are shading light on the geometrical distribution of these molecules,
which represent crucial insights on their formation processes. Observations
have also highlighted the challenges and complexities associated with detecting
and understanding phosphorus chemistry in space, owing to the low elemental
abundance of P relative to other elements. This review article provides a
state-of-art picture of the observational results obtained so far on phosphorus
compounds in the interstellar medium. Special attention is given to star-
forming regions, and to their implications for our understanding of prebiotic
chemistry and the potential for life beyond Earth. Our knowledge of the
dominant formation and destruction pathways of the most abundant species
has improved, but critical questions remain open, among which: what is (are)
the main phosphorus carrier(s) in space? Upcoming new facilities are expected
to contribute significantly to this field, offering opportunities to both detect new
phosphorus-bearing molecules and enlarge the number of sources in which the
chemistry of P can be studied. The synergy between observations, theoretical
models, laboratory experiments, and computational chemistry is mandatory to
significantly progress in our comprehension of the chemistry of this important
but poorly studied chemical element.
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1 Introduction

The study of interstellar chemistry, that is the chemistry occurring in the interstellar
medium (ISM), is an important but difficult task owing to the huge variety of physical
conditions and chemical composition in the ISM. In particular, molecular clouds, that
are interstellar clouds where hydrogen is mostly in the form of H,, have densities in the
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TABLE 1 Phosphorus-bearing molecules detected in the ISM. PH; is a non-linear, oblate symmetric-top rotor. The expression of the energy of the
rotational levels is thus different from Equation 13, but the dependence of v of its transitions with J and / is the same. References for first detection: 1 =
Turner and Bally (1987); 2 = Ziurys (1987); 3 = Tenenbaum et al. (2007); 4 = Rivilla et al. (2022); 5 = Guelin et al. (1990); 6 = Koelemay et al. (2022); 7 =
Agundez et al. (2007); 8 = Halfen et al. (2008); 9 = Agundez et al. (2008); 10 = Tenenbaum and Ziurys (2008).

Molecule | B,(MHz) u(Dy) Catalog® | First detection Circumstellar Star-forming External
shells regions galaxies

PN 234952 2.75 CDMS 1,2 Y Y Y

PO 21899.5 1.88 CDMS 3 Y Y N

PO* 23593.5 3.44 JPL 4 N Y N

Cp 23859.9 0.89 CDMS 5 Y N N

sip® 7917(c) - - 6 Y N N

HCP 19976.0 0.39 CDMS 7 Y N N

CCpP 6372.56 3.35 CDMS 8 Y N N

PH, 133480.1¢ 0.57¢ CDMS 9,10 Y N N

“Catalog from which B, and u are taken, which is either the Cologne Database for Molecular Spectroscopy (CDMS, https://cdms.astro.uni-koeln.de/cdms/portal/; Endres et al., 2016) or the Jet

Propulsion Laboratory (JPL, Pickett et al., 1998).

bTentative detection.

“from Koelemay et al. (2022).

dparameters relative to the rotation symmetry axis of the molecule.

range ~10> —10® ¢cm™, and temperatures in the range ~10— 100 All P-bearing species in Table 1, except PO™, have been found
K (Draine, 2011). Stars and planets form in these dense clouds, in the envelopes of evolved stars, while only three (PN, PO, and
thus the chemistry occurring in such regions is influenced by the ~ PO™) were detected in star-forming regions. However the study
dynamics of the star-formation process, and is known to evolve  of P-compounds is particularly relevant here, due to their high
hand-in-hand with the change in physical properties during the  biogenic potential. Phosphorus is, in fact, a crucial element for
process (e.g., Caselli and Ceccarelli, 2012; Jorgensen et al, 2020).  the development of life as we know it. P-bearing compounds,
Having knowledge of such processes is vital to understand the  and in particular phosphates (PO;"), are unique in forming large
composition of the material out of which stars and planets were  and structurally stable biomolecules, such as deoxyribonucleic
born. Advances in observational techniques have triggered huge  acid (DNA) and ribonucleic acid (RNA), phospholipids (the
progress in this field, thanks to the improved sensitivity, angular  structural components of cellular membranes), and the adenosine
resolution, and instantaneous bandwidth coverage of new powerful  triphosphate (ATP) molecule, which stores the chemical energy
radio telescopes. Up to ~240 different molecules were identified ~ within cells. Therefore, P has an essential role in three of the
in the ISM until 2022 (McGuire, 2022), and it is now above  main features associated to any cellular activity: energy transfer,
310 (https://cdms.astro.uni-koeln.de/classic/molecules). The large  cell division, and replication (e.g., Macia, 2005; Schwartz, 2006).
majority of them contains the most abundant elements in the  The search and study of phosphorus molecules in the ISM, and in
Universe, namely, hydrogen (H), oxygen (O), carbon (C), and  particular in star-forming regions, is thus essential in the context of
nitrogen (N), which are also the most important biogenic elements.  astrobiology and our understanding of the emergence of life beyond
However, two more elements are crucial for pre-biotic chemistry  Earth. In particular, several crucial questions, still under debate, are:
as we know it: sulfur (S) and phosphorus (P). More than 30 S- what is the main source and reservoir of P in space? How do its
bearing molecules were identified in the ISM (https://cdms.astro.  compounds form and evolve, and how are they transformed and/or
uni-koeln.de/classic/molecules), and some of them (e.g., SO, CS, conserved in star-forming regions and, finally, delivered to planets?
CCS, SO,) are routinely detected in star-forming regions both in The objective of this article is to review the observational studies
the gas-phase (e.g., Fontanietal., 2023; Fuente etal., 2023) and  on P-bearing species in the ISM, and discuss their implications in
on ice mantles (e.g., Boogertetal, 2015), as well as in the coma  our current understanding of the astrochemistry of this essential
of comets (e.g., Calmonte etal., 2016). On the other hand, only  biogenic element. Emphasis is particularly given to observations
seven P-bearing molecules were clearly identified, and one (SiP)  towards star-forming regions, and their implications for pre-biotic
tentatively identified. Table I summarises the P-bearing species  chemistry. Even though the focus is on observations, a brief overview
detected so far in the ISM. This paucity of identified molecules  on how they fueled theoretical models and laboratory experiments,
arises from the relatively low fractional abundance of P with respect ~ and vice versa, will be also presented. The structure of the article is
to H. In the present-day Solar photosphere, the [P/H] is ~3x  the following: Section 2 briefly discusses the cosmic origin of P, and
1077 (Asplund et al., 2009). As reference, that of S is [S/H]~1.73x its measured abundance in the diffuse ISM; some basic processes in
107 (Lodders, 2003). the ISM relevant for P chemistry are presented in Sections 3, 4 we
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give a brief overview of the detection techniques used to identify
and analyse P-bearing species; in Section 5, the observations of the
P-bearing molecules identified in the ISM are reviewed; the input
from laboratory experiments and the implications for astrochemical
models are discussed in Sections 6, 7, respectively. Conclusions and
future perspectives are presented in Section 8.

2 The cosmic origin of phosphorus
and its abundance in diffuse gas

Cosmic abundances of all elements are produced through three
main mechanisms: Big Bang nucleosynthesis, stellar nucleosynthesis,
and neutron capture. The latter occurs mostly in environments with
high fluxes of neutrons, such as in supernova (SN) explosions or
in the interior of red giants. The main phosphorus isotope, *'P, is
traditionally believed to be mainly formed in massive (M > 8M,,) stars
by neutron capture on neutron-rich silicon (Si) isotopes, in hydrostatic
neon-burning shells of massive star in the pre-SN stage (e.g., Clayton,
2003), and then ejected during SN explosion. In the explosive phase,
irrelevant additional 3'P is created (e.g., Woosley and Weaver, 1995;
Koo et al., 2013). However, theoretical models in which P is enriched
only by core-collapse SNe cannot explain some observed [P/Fe] versus
[Fe/H] trends, as derived from spectroscopic observations of Galactic
disk stars (e.g., Caffau et al., 2011; Roederer et al., 2014; Maas et al.,
2019; Nandakumar et al., 2022). Caffau etal. (2011) also suggested
that P production is insensitive to the neutron excess, and hence that
processes other than neutron capture should produce it, such as, for
example, proton capture. A recent study (Bekki and Tsujimoto, 2024)
is able to explain the anomalous [P/Fe] trends with metallicity if an
additional source of P is provided by oxygen—neon (ONe) novae. In this
model, P production occurs at the surface of white dwarfs (WDs) rich
in oxygen and neon, whose masses are in between 1.25 and 1.35 M.
The progenitor stars of such WDs that evolve in P-rich ONe should have
masses ~7 — 10 M. To match the observed trends, this would imply
a top-heavy initial mass function (IMF), in agreement with observed
IMFs measured in low metallicity environments (Marks et al., 2012).

As previously said (Section 1), the present-day Solar photosphere
abundance of phosphorus is ~3 x 10~ (Asplund et al., 2009), in good
agreement with meteoritic abundances (Lodders, 2003). In other
Galactic stars similar to the Sun, the P abundance is almost unexplored
due to the lack of lines in the commonly accessible wavelength ranges
for ground-based telescopes (e.g., Caffau et al., 2011). Moreover, the
most favourable ultravioletlines observable are contaminated by stellar
continuum (Roederer et al., 2014). In the diffuse atomic ISM, P has
been detected in the gas-phase in the form of P* in ultraviolet
absorption spectra (e.g., Jura and York, 1978; Jenkins et al., 1986;
Savage and Sembach, 1996). Its depletion in solid form is a debated
topic. Like other elements of the third row (e.g., Si and S), it has
been for long assumed that it is systematically more depleted than the
second row elements in the ISM (Turner et al., 1990). In diffuse clouds,
Jura and York (1978) derived an elemental abundance of ~2x 107,
indicating a depletion factor of only 2-3. Dufton et al. (1986) found
no depletion of P in warm diffuse clouds (see also Lebouteiller et al.,
20062), and a depletion of a factor of 3 in cold diffuse clouds, unlike
Si which is depleted also in diffuse gas. Jenkins (2009) found that
the abundance of P in the gas-phase is even super-Solar along some
Galactic line of sights (see also Ritchey et al., 2018). However, recently
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Ritchey et al. (2023) reexamined this result and found P abundances
consistent with the Solar one along line of sights where the gas is
diffuse and poor in molecules, confirming that P is essentially not
depleted here, while increasingly severe depletion of P is seen along
molecule-rich sight lines. In the densest and colder molecular clouds
of the ISM, the depletion factor can be as high as 600-1,000 (e.g.,
Turner et al., 1990), although new measurements obtained in massive
star-forming regions and evolved star envelopes point to a lower
degree of depletion (~ 100 Rivillaetal., 2016; Ziurysetal., 2018).
The chemical models of Chantzos et al. (2020) predict that significant
depletion of P in solid phase can occur only when the volume density
of H, reaches ~10° cm ™2, due to freeze-out of atomic P on dust grain
mantles at such high densities.

P* was also detected in the diffuse ISM of external galaxies
such as the Large Magellanic Cloud (Friedman et al., 2000), M33
(Lebouteiller et al., 2006b), and in more distant low-metallicity star-
forming galaxies (Lebouteiller et al., 2013, e.g.). In particular, the P
abundance with respect to O derived by Lebouteiller et al. (2013)
seem in line with P production dominated by massive stars also in
such low-metallicity environments.

3 Basic astrochemical processes
involving phosphorus in the ISM

Two types of chemical processes are invoked to explain the
formation of molecules in the ISM: gas-phase processes and grain-
surface processes. In this section, we give an overview of the gas-
phase and grain-surface astrochemical reactions believed to be
important for the formation of phosphorus molecules. Books where
these processes are described in detail are, for example, Duley and
Williams (1985) and Yamamoto (2017).

3.1 Gas-phase chemistry

Gas-phase reactions occur spontaneously if the Gibbs energy, G,
decreases from reactants to products. G is a thermodynamical state
function, which represents the energy in isobaric and isothermal
reactions, conditions that are normally satisfied in the ISM. By
definition, G=H - TS, where H= U+ PV is the enthalpy, T the
temperature, U the internal energy, P the pressure, V the volume,
and S the entropy of the system. For an isothermobaric reaction:

AG=AU+RTAN-TAS, (1)

where R is the constant of perfect gases and N is the number
of moles. Equation 1 states that at the typical cold temperatures
of the molecular ISM (T'<100 K, corresponding to energies
<0.01 eV), the terms in T are negligible and hence AG ~ AU.
Therefore, in practice only exothermic reactions are spontaneous.
Moreover, some exothermic reactions possess an activation barrier.
Typical activation barriers have energies above 0.01 eV. Therefore,
in practice only exothermic and barrierless reactions are efficient
in the dense gaseous ISM. Among two-body reactions of this kind,
(exothermic) ion-neutral reactions are relevant because they do not
typically possess activation barriers, owing to the attractive long
range electrostatic potential between the ion and the dipole moment
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induced in the neutral species. Therefore, if an ion can react with H,,
no other reactions need to be considered owing to the much higher
abundance (>10%) of H, with respect to any other neutral. Among
the ion-neutral reactions most relevant to initiate the chemistry of P,
in theory that between P* and H, would be important. However, it is
endothermic (Thorne et al., 1984) and thus inefficient in molecular
gas. The same is true for the reaction between P* and CO, the second
most abundant neutral molecule. The first bonds (P-H, P-C, P-O)
are thus likely formed by the proton-transfer Equations 2-6 (Millar,
1991):

P+H! — PH' +H,, )
P+HCO* — PH* + CO, (3)
P*+H,0 - HPO' + H, (4)
P*+CH, — PCH} + H,, (5)

P*+0, - PO +0. (6)

Once PH" is formed through reactions 2 and 3, binary reactions
with H, and CO cannot occur because endothermic (Adams et al.,
1990), like all reactions between PH; (n=1-4) species and H,.
PH* can however react with H,O to form HPO", which then, upon
dissociative recombination (Equation 7), gives (Millar, 1991):

HPO*+e - PH+O,

— PO+H, (7)

—P+O+H.

Many neutral-neutral two-body reactions possess activation
barriers exceeding ~0.01 eV, and hence become efficient only in hot
(>100 K) regions. However, when one of the reactants is a radical,
the activation barrier is usually negligible. Among neutral-neutral
reactions including radicals, relevant for P chemistry, there are (see
also Jiménez-Serra et al., 2018):

P+ OH — PO +H, (8)

PH+ O — PO +H, 9
for PO formation, and:

PO + N —-PN + O, (10)

PH+ N — PN + H, (11)

for PN formation. The rate coeflicients of all these reactions
(Equation 8-11). In the original phosphorus network of Millar
(1991), only ~30% of reactions had rate coeflicients measured in the
laboratory. More measured rate reactions were provided by Anicich
(1993) and Charnley and Millar (1994), the latter work using the
rate reactions of Kaye and Strobel (1983). Still, the number of rate
reactions well constrained by laboratory measurements is limited.
The existing ones can be taken from the online Klnetic Database
for Astrochemistry (KIDA Wakelam et al., 2012) and the UMIST
Database for Astrochemistry (McElroy et al., 2013).
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3.2 Surface chemistry

Surface chemistry, namely, the synthesis of molecules on the
surfaces of dust grains, is extremely important in the ISM because
dust grains can help chemical reactions to occur on their surfaces
in many ways, playing the role of reactant concentrators, reactant
suppliers, chemical catalysts, and third bodies (e.g., Draine and Li,
2001). Surface chemistry was invoked to explain the large amount
of H, in the ISM (e.g., Gould and Salpeter, 1963), as well as
the higher-than-expected abundance of some species, in particular
complex organic molecules (COMs) in star-forming regions (e.g.,
Ceccarelli et al., 2023). A lot of theoretical and laboratory works
have characterised this process in detail (e.g., Pirronello etal.,
1999; Cazaux and Tielens, 2004; Wakelam et al., 2017). Grossly, the
process can be summarised like this: once a particle hits a dust
grain there is a probability, called sticking probability, that it can
be adsorbed on the grain surface. If the particle is physisorbed, the
species is linked to the grain surface via intermolecular forces (like
hydrogen bonding, dispersion or electrostatics forces), with binding
energy in a range of 0.01 — 0.2 eV (~100 — 2000 K). Light species can
move on the surface through thermal hopping or quantum tunneling
(Langmuir-Hinshelwood process), and a chemical reaction can
occur if the species encounter reactive partners. If the species
are linked to the grain through a chemical bond, with energy
of the order of >0.1 eV, the particle cannot move across the
surface. Thus, a reaction can occur only if another particle in gas-
phase hits the chemisorbed species (Eley-Rideal process). Once a
molecule is created, it can be released in the gas-phase through
thermal desorption, cosmic rays or UV rays bombardment, chemical
desorption (i.e., desorption due to the energy released by the
reaction itself), and grain sputtering. Photodesorption should be
the dominant non-thermal desorption mechanism in diffuse clouds,
while cosmic rays bombardment is the dominant one in dense
clouds (where UV radiation is shielded), and grain sputtering in
shocked regions.

Among surface for

processes  relevant P

hydrogenation of atomic P is considered the most relevant

chemistry,

(Chantzos et al., 2020) to form sequentially (Equation 12):

gH + gP — gPH,

gH + gPH— gPH,, (12)

gH + gPH;> gPH,.

The final product, PHj, is in fact predicted to be the main carrier
of phosphorus on dust grain surfaces (Jiménez-Serra et al., 2018),
and it is expected to desorb at an evaporation temperature of
~100 K (Chantzos et al., 2020), or through non-thermal desorption
mechanisms as those described above.

4 Detection techniques

As most of any other molecule (e.g., McGuire, 2022), the
detection of P-bearing species was obtained using radio astronomy
techniques in the centimeter and (sub-)millimeter wavelength
range. Molecules can emit and absorb radiation via electronic,
vibrational, and rotational transitions (e.g., Townes and Schawlow,
1975). However, at the typical conditions of the molecular gas
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FIGURE 1
Geometrical structure of PN, HCP, and PH3, as examples of diatomic, triatomic linear, and symmetric-top rotors, respectively.

in the ISM (see Section 1), basically only rotational levels in the
ground electronic and vibrational states are populated. Thus, the
molecular emission occurs via transitions between these levels only,
whose wavelengths fall in the radio and (sub-)millimeter portion
of the electromagnetic spectrum. This can be shown deriving the
energy of the levels of the rotational spectrum, which depends on
the geometrical structure of the molecule. All P-bearing molecules
detected so far (Table 1), except PH;, are linear rotors, in which all
nuclei are aligned. As an example, in Figure 1, we show PN and HCP,
which are both linear rotors, and PH; which is a symmetric-top
rotor. For linear rotors, the momentum of inertia of the molecule
with respect to the two principal axes perpendicular to the nuclear
line, I, is the same, and the one along the nuclear line can be
neglected. In such case, one can demonstrate (e.g., Townes and
Schawlow, 1975) that the energy level of the J rotational state is given,
to first order, by the simple equation:

E; = hB,oJJ+1), (13)

where / is the Planck constant, and B, is the rotational constant of

the linear rigid rotor, defined as (Equation 14):

_h
sl

and it is hence inversely proportional to I. The frequency of an

rot —

(14)

emission transition J+ 1 — Jis:

v=2hB,, (J+1), (15)
thus also inversely proportional to I. Because I is larger for heavier
molecules and/or molecules with longer structure, molecules
containing relatively heavy elements, like P, will have smaller B,
and lower v (for the same J) with respect to those containing lighter
atoms. Table 1 lists B, for all P-bearing species detected so far in
the ISM. Putting these B, ; in Equation 15, one finds frequencies
for the J=1-0and J = 2 — 1 transitions of PN of ~46 GHz and ~93
GHz, respectively; for HCP of ~40 GHz and ~80 GHz, respectively;
and so on. The energies of the lowest J rotational levels are such
that they can be populated even in the coldest portions of the ISM,
and emit observable transitions. This explains why radio-astronomy
techniques were, and still are, essential to identify and study P-
bearing molecules.

In single-dish radio telescopes, usually the intensity of a
molecular transition is expressed in temperature units through the
main beam brightness temperature, Tz (see, e.g., Wilson et al,
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2012). The main beam is the main lobe of the diffraction figure of
the telescope, in which most of the power received by the antenna
falls, and its angular size is considered the angular resolution of the
antenna. If Ty is the intrinsic brightness temperature of the source,
one can demonstrate that Ty ~ Ty for sources more extended
than the main beam of the telescope. On the other hand, if the
source is Gaussian and more compact than the main beam, Ty ~~
Ty/n,, where 7, is the so-called “dilution factor”. #, is always larger
than one, and increases with the decreasing source size. Therefore,
very compact sources will emit lines with observed intensity (i.e.,
Typ) fainter than their intrinsic intensity (i.e., T). This poses a
huge problem, especially for lines of P-bearing molecules which are
already intrinsically faint owing to the low elemental abundance
of P and depletion in the dense gas. The need to solve the beam
dilution problem, and to improve the angular resolution in images of
sources that have a small angular size (compared to the beam size of
single-dish telescopes), has led to develop (radio-) interferometers.
As we will see in Section 5, the use of radio interferometers such
as the Atacama Large Millimeter Array (ALMA) has allowed to
determine the emission morphology of some P-bearing molecules,
essential to connect it to the local physical properties. A general
limitation of radio telescopes is that not all molecules emit pure
rotational transitions. In fact, only electric dipole transitions have
a sufficient intensity to be detected in a reasonable amount of time,
and the strength of these rotational lines is proportional to the square
of the permanent electric dipole moment, y, of the molecule. This
implies that symmetric or almost symmetric rotors, with no or very
small y, can emit only ro-vibrational transitions with appreciable
intensity, which, however, occur from levels likely not populated at
the typical temperatures of the molecular ISM. In Table 1 we list y of
the detected P-bearing molecules.

5 Observations of phosphorus-
bearing molecules in the ISM

The first molecule containing P detected in space is phosphorus
nitride, PN, towards three star-forming regions: Ori (KL), W51,
and Sgr B2, by observations of its J=2-1, 3-2, 5—4, and 6 -
5 rotational transitions using the NRAO 12 m telescope (Turner
and Bally, 1987) and the FCRAO 14 m telescope (Ziurys, 1987).
After a few years, the second P-bearing molecule, CP, was
detected in the envelope of the prototypical carbon-rich star
IRC+10216 (Guelin et al., 1990). For a long time, the detection of
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phosphorus-bearing molecules remained restricted to these first
discoveries. Advances in instrumental sensitivities allowed in the
last 10 — 15 yrs to increase significantly both the detection of new
P-containing molecules and the number of astronomical sources in
which they were detected. Such studies have triggered new interest
in the chemistry of P in the ISM, improving significantly our
knowledge of the molecular formation and destruction mechanisms.
In this Section, we give an overview of the observations of P-
bearing molecules carried out so far in the two environments where
they have been mostly revealed: star-forming regions and evolved
stars. Particular emphasis will be given to the former for their
possible implications in pre-biotic processes involving phosphorus.
We conclude the section presenting briefly the detections achieved
in other environments, such as extragalactic sources and Solar
system objects.

5.1 Star-forming regions

The first detection of PN in Ori (KL) already suggested that
the molecule probably could not be formed in cold gas, because
the measured fractional abundance, [P/H]~1071" (Turner and Bally,
1987; Ziurys, 1987), was larger by 3-4 orders of magnitude than
the expected value if PN was produced by ion-molecule reactions
in cold gas. Moreover, since the P* and PH" ions do not react
with H, (Thorneetal, 1984), a classical ion-molecule reaction
scenario did not appear to be efficient to start phosphorus chemistry.
Some laboratory experiments indicated that PO should be the
most abundant P-bearing molecule (Thorne et al., 1984). However,
the non detection of PO in Ori (KL), Sgr B2, and DR21 (OH)
(Matthews et al., 1987), all detected in PN, conducted Turner and
Bally (1987) to the conclusion that PN is produced by processes that
do not also produce PO (as well as HCP and PH;). Among these
processes, grain disruption was proposed to be the most promising
one, forming PN as indirect product via atomic P reacting with,
for example, NH;, known to be efficiently formed on dust grains
and then released in the gas-phase upon grain sputtering. However,
theoretical works proposed that a gas-phase reaction network could
be able to reproduce the observed abundances without the need
of shocks, and predict that PN should be the only species likely
to be detected if P depletion is larger than 100. For example, the
model of Millar et al. (1987) predict that, if H,O is abundant, PN is
efficiently formed in the gas from reactions 4 followed sequentially
by reactions 7, 10, and 11. Similarly, Charnley and Millar (1994)
suggested that in hot cores PN can be efficiently formed in hot gas
upon evaporation from dust grains and subsequent destruction of
PHj, rapidly (in less than 10* yrs) converted into P, PO, and PN.
Nevertheless, a search for P-bearing species (HCP, HPO, and PHj;)
in larger samples (Turner et al., 1990) gave a few more PN detections
in hot regions (2 clear and 1 tentative), but still no detections in
cold cores, nor in other P-bearing species in any target. Clearly, a
significant progress in the theoretical debate could not take place
with such low number of observational constraints.

After about 20 years from the first discoveries, in 2011
Yamaguchi et al. (2011) reported the first detection in a low-mass
star-forming region of a phosphorus molecule: PN in the J=2-1
line towards L1157 B1 and B2, two well-studied chemically rich
protostellar bow shocks formed by the interaction between the
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ambient material and the outflow from the low-mass protostar
IRAS 20386 + 6751 (e.g., Tafalla and Bachiller, 1995). The derived
[PN/H,] fractional abundances in B1 and B2 are of the order of
107!%, The non-detection towards the protostar indicated again
that the PN emission is associated preferentially with shocked
material. Fontani et al. (2016) have doubled the number of star-
forming regions detected in PN through observations with the
IRAM 30 m telescope towards a sample of high-mass star-forming
regions in different evolutionary stages, from starless cores to
ultracompact HII (UCHII) regions. They reported the detection
of PN J=2-1 in 2 starless cores, 3 protostellar objects, and 3
UCHIISs, bringing the number of firmly detected sources in star-
forming regions to 14 (13 high-mass and one low-mass). The
observations of Fontani et al. (2016) also report for the first time PN
detections in relatively quiescent material. In fact, the measured line

widths at half maximum were below ~2kms™!

in two targets. This
brought into consideration again the theoretical possibility to form
PN also in not shocked gas.

In the same year as the PN survey of Fontanietal. (2016),
Rivillaetal. (2016) reported the first detection of phosphorus
oxide (PO) in two star-forming regions, W51 and W3(OH) (both
luminous high-mass objects), followed shortly after by Lefloch et al.
(2016) towards L1157 BI. Such new detections were particularly
important for many reasons. First, PO was predicted to be
the most abundant P-bearing species in laboratory experiments
(Thorne et al., 1984). Second, it is the basic bond of phosphates, and
hence understanding its formation and survival in the ISM is crucial
for astrobiology. Figure 2 shows the lines of PO detected in W51
and W3(OH) by Rivilla et al. (2016). The abundance ratio PO/PN
measured by Rivilla et al. (2016) and Lefloch et al. (2016) is ~1.8 =3
and ~2.8, respectively, indicating a PO abundance higher than PN
by a comparable amount. To understand the origin of PN and PO
emission, Rivilla et al. (2016) used the Vasyunin and Herbst (2013)
model which simulates the chemical evolution of a parcel of gas and
dust with time-dependent physical conditions: a cold collapsing core
is followed by a warm-up phase simulating a newborn protostar. The
model indicates that the two molecules are formed via gas-phase
ion-molecule and neutral-neutral reactions during cold collapse,
they freeze-out on dust grains during the early cold phase, and then
are both released into the gas when the temperature reaches ~35
K during core warm-up. This scenario needs two conditions to be
satisfied: (1) the P elemental abundance should be [P/H]~5x 107°%;
(2) the gas temperature should be in between ~35 K and ~90 K. The
first condition, in particular, indicates a P abundance 25 times higher
than typically assumed (~2 x 10719, or, said in other words, that P
should be less depleted than usually assumed. Lefloch et al. (2016)
used the shock model in Viti et al. (2011) to reproduce the PN and
PO emission towards L1157 B1. Again, the total P abundance in the
gas-phase should be of the order of 10~ to match the observations.
Lefloch et al. (2016) suggest that in L1157 B1 PN and PO are both
produced in the shock upon release of PH, from dust grains, with PO
produced at later times than PN. Moreover, the key player regulating
the relative abundance PO/PN is atomic nitrogen, the abundance of
which depends on the shock velocity that regulates the conversion
of N to NH;, and vice versa. In summary, the two studies agree in the
need for a gas-phase abundance of p higher than expected, but while
Rivilla et al. (2016) indicate that PN and PO are a direct product
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FIGURE 2

Top panels: Spectrum observed at 3 mm toward W51. The PO transitions are indicated with blue vertical lines. Under the spectrum, zoom-in views of
the PO transitions are highlighted. The red line is the fit in local thermodynamic equilibrium with an excitation temperature of 35 K and an assumed
source size of 12"". Top panels: same as top panels for W3(OH). From Rivilla et al. (2016).

of grain mantle desorption, Lefloch et al. (2016) indicate an indirect
production in gas-phase upon release of PH, from the grains.
Rivilla et al. (2018) shed more light on the role of shocks in
the formation and destruction of PN and PO observing seven star-
forming regions in the Galactic Centre, characterised by different
types of chemistry. They detected five out of seven regions in PN
and only one in PO, and suggested an efficient formation of these
molecules in shock-dominated regions upon grain sputtering, and
an efficient destruction in radiation-dominated (UV/X-rays/cosmic
ray) regions. Such photo-destruction would change the PO/PN ratio,
since PO is predicted to be destroyed more efficiently than PN by UV
photons (Jiménez-Serra et al., 2018). We will come back to this point
when discussing the extragalactic detection of PN (Section 5.3.1).
Mininni et al. (2018) and Fontani et al. (2019) followed-up the PN
J=2-1 line survey of Fontani et al. (2016) again with single-dish
telescopes but in an enlarged sample and utilising multiple lines.
Both studies agree that the derived excitation temperatures of PN
are in the range 5-30 K, and are likely sub-thermally excited.
Another result that the two works have in common is that the PN
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line profiles resemble those of SiO, a well-known shock tracer (see
left panel in Figure 3). In particular, Fontani et al. (2019) found that
PN is detected only in sources having non-Gaussian high-velocity
wings in the lines of SiO, and confirmed the positive correlation
between the PN and SiO abundances (see right panel in Figure 3)
previously suggested in the Galactic Centre clouds by Rivilla et al.
(2018). All these results converge to the same conclusion: shocks
are necessary to form PN no matter if they are a direct or a
secondary product of dust grain mantles. The PN emission detected
in relatively quiescent gas by Fontani et al. (2016) could thus be
originated in shocked material which had sufficient time to cool
down and become more quiescent.

From the side of low-mass star formation regions, Bergner et al.
(2019) detected PN and PO in multiple lines for the first time in
the envelope of a low-mass protostar: Bl-a. The study was then
followed-up in seven similar protostars, all of them known to be
associated with an outflow (Wurmser and Bergner, 2022). The multi-
line analysis performed in these studies indicates that also in the
low-mass regime: (1) both the PN and the PO emission are likely
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Wilson (1999). Adapted from Fontani et al. (2019).

Left panel: Spectrum of PN (3-2) (red histogram; multiplied by a factor of 20) and SiO (2-1) (black histogram) lines measured towards the G5.89-0.39
UCHII region. Taken from Mininni et al. (2018). Right panel: Fractional abundance of PN, X[PN], against that of SiO, X[SiOl, in different Galactic star
formation environments: High-mass star-forming clumps [black filled circles, Fontani et al. (2019), upper limits are indicated by empty triangles],
shock-dominated Galactic Centre clouds (red circles Rivilla et al., 2018); radiation-dominated Galactic Centre clouds (blue stars Rivilla et al., 2018), the
Orion Bar (blue square; Cuadrado, private communication), the L1157 B1 shock Lefloch et al. (magenta open star, 2016). The X[SiO] in Rivilla et al.
(2018) were computed converting the 2?SiO column density in 28SiO column density assuming an isotopic ratio 28Si/2°Si = 19.6 (Anders and Grevesse,
1989). Moreover, the abundances of both PN and SiO were converted from PN/**CS and SiO/**CS to PN/H, and SiO/H, assuming H,/**CS~8.8 x 10
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sub-thermally excited; (2) the line profiles of PN and PO resemble
those of the shock tracers SiO, SO,, and CH;OH; (3) the PO/PN
relative abundance ratio is in the range 0.6-2.2, confirming that PO
tends to be more abundant than PN. The latter result, in particular,
is in common with the other objects in which both molecules
were detected, all characterised by the presence of shocked gas but
associated with different physical properties: a protostellar bow-
shock, two very luminous high-mass star-forming regions, and a
Galactic Centre molecular cloud.

The tight association between PN, PO, and shock emission was
robustly confirmed by high-angular resolution studies. Rivilla et al.
(2020), Bergner etal. (2022) and Fontani etal. (2024) mapped at
high-angular resolution the PN and PO emission towards three
protostars with different properties: the high-mass protostellar
object AFGL 5142 (Rivilla et al., 2020), the low-mass class I protostar
Bl-a (Bergner etal, 2022), and the prototypical chemically rich
hot core G31.41 + 0.31 (Fontanietal, 2024). All sources are
driving outflows associated with typical shock tracers: SiO, SO,
and SO,. Again, despite the different instrinsic properties of the
targets (luminosity, mass, evolutionary stage), the results are similar.
First, the phosphorus molecules emit from compact spots which
coincide with regions where the protostellar outflows interact with
environmental dense and quiescent gas. As an example, Figure 4
shows the emission morphology of PN and SiO in the G31.41
+ 0.31 star-forming region: the similar spatial distribution of
PN and SiO emission is apparent, even if PN emission is more
compact. Second, PN and PO emission is generally cospatial with
low-velocity and not with high-velocity SiO and SO emission.
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This could be due to either different solid carriers of P and Si/S
in the grains, or to insufficient sensitivity in the high-velocity
range of the PN and PO spectra. In any case, the lack of a
clear detection of PN towards the protostellar envelopes of AFGL
5142, Bl-a, and G31.41 + 0.31 (Rivilla et al., 2020; Bergner et al.,
2022; Fontanietal, 2024, respectively), traced by the 3 mm
continuum in Figure 4, allows one to rule out relevant formation
pathways in hot gas.

The third (and last so far) P-bearing molecule detected in
a star-forming regions, PO*, was found by Rivillaetal. (2022)
towards the Galactic Centre molecular cloud G+0.693-0.027. This
is the first phosphorus molecular ion found in the ISM, which
had hence important implications in the ionisation efficiency of
P-bearing species. Comparing the abundance of PO* with those
of other similar ions (SO* and NO%) and to the predictions of
chemical models, Rivilla et al. (2022) concluded that a very high
cosmic ray ionisation rate, {, is needed ({~1071°~1071* s to
explain the observed [PO*/H,] of ~4.5 x 107'2. Such high {is indeed
measured in G+0.693-0.027. The main source of PO* should be
atomic P, produced from dissociation of PH; (desorbed from dust
grain mantles), and then ionised by a large flux of cosmic rays.
PO" is then formed by P* + O, and/or P* + OH. An alternative,
or complementary, formation pathway for PO* could be direct
ionisation of PO, which in any case needs a high { to explain
the high observed PO*/PO column density ratio. Rate coefficients
for radiative association of P* and O were computed by Qin et al.
(2023), butitis unclear how relevant this process can be in producing
PO™.
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A key ingredient in phosphorus chemistry is certainly
phosphine, PH;. Phosphine is formed via hydrogenation of H
on dust grains (because gas-phase routes are endothermic and
hence inefficient, Thorneetal., 1984), and then desorbed via
thermal (Chantzos et al.,, 2020; Molpeceres and Kistner, 2021)
or non-thermal (e.g., Jiménez-Serraetal, 2018; Furuyaetal,
2022) processes. So far, phosphine has never been detected in
a star-forming region, indicating either inefficient desorption
mechanisms, or a rapid destruction and conversion into other
P-bearing compounds (e.g., Jiménez-Serraetal, 2018). In the
prototypical pre-stellar core L1544, a stringent upper limit
abundance of ~5x107'? in the central part of the core was
derived by Furuya and Shimonishi (2024) with ALMA. Based
on their astrochemical modeling of the source, they infer an
upper limit to the volatile P elemental abundance of 5x 1077,
consistent once again with a depletion level in dense gas lower than
typically assumed. Towards the chemically rich protostellar bow-
shock L1157 Bl, Lefloch etal. (2016) derived a PH; upper limit
abundance of ~107°. Therefore, both PN and PO are more abundant
than PH; here, consistent with a rapid conversion of PH; into these,
and maybe other, species after evaporation from grain mantles.

Finally, although phosphorus is thought to be mainly produced
in massive stars and injected in the environment through SN
explosions (see Section 2), P-bearing molecules were detected also
in WB89-621, a star-forming region located in the outskirt of
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the Galactic disk (Koelemay etal., 2023) where the presence of
supernovae is extremely rare. WB89-621 is at a Galactocentric
distance of 22.6 kpc (Blair et al., 2008), even though a more recent
estimate place it at ~18.9 kpc (Fontani et al., 2022). In any case, the
source is at a distance from the Galactic Centre where metallicity is
expected to be ~4 — 5 times lower than Solar (e.g., Shimonishi et al.,
2021). The measured PN and PO abundances, comparable with
those in the local Galaxy (Koelemay et al., 2023) in an environment
where supernovae are basically absent (Ranasinghe and Leahy,
2022), supports the idea that massive stars and supernovae are not
the unique sources of phosphorus (see Section 2).

5.2 Evolved stars

Even though this review is mostly focussed on star-forming
regions, a significant contribution on the interstellar chemistry
of phosphorus was given by evolved stars. As said in Section 1,
all phosphorus molecules found in the ISM except PN and PO*
were detected for the first time in circumstellar shells of evolved
stars, in particular carbon and oxygen rich stars. The CP radical
was the first phosphorus molecule detected towards IRC+10216
(Guelin et al., 1990), a carbon-rich star very prolific in providing
detections of new molecules in space (e.g., McGuire, 2022). The
most obvious processes invoked to explain CP formation, namely,
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photodissociation of HCP or ion-molecule reactions in the outer
part of the envelope (Glassgold et al., 1987), were both challenged
by the fact that the emission seems confined in an inner shell.

For 10 years, CP remained the only phosphorus species found
in a circumstellar shell, until Cernicharo et al. (2000) detected PN
in the same object. Then, a boost of new detections of phosphorus
molecules happened in 2007 and 2008. Again towards IRC+10216,
the third P-bearing species, HCP, was detected in multiple lines
(Agundez et al,, 2007). They are shown in the left panel of Figure 5.
The line profiles indicated again that this species is confined to the
inner envelope, probably near the stellar photosphere.As discussed
in Agtndezetal. (2007), the gas chemical composition of the
atmosphere of cool stars like IRC+10216 is in thermal equilibrium
(TE). The prediction of TE models is that up to 2-3 stellar radii the
dominant gaseous P-bearing molecule depends on the C/O relative
ratio. These predictions are shown in the right panel of Figure 5.
In C-rich stars like IRC+10216, all gaseous P is in the form of
HCP, which should have an abundance more than three orders of
magnitude higher than any other phosphorus molecule. However,
the observed HCP line intensities suggest already a significant
depletion of HCP (due to either freeze-out or dissociation) already
at a few stellar radii. That the emission of phosphorus molecules is
associated with inner shells of circumstellar envelopes was further
confirmed by the first PO detection, the fourth P-bearing molecule
seen in the ISM, reported by Tenenbaum et al. (2007) toward the
oxygen-rich supergiant star VY Canis Majoris (VY CMa). The
line profiles of the detected PO and PN transitions suggest an
origin again in the inner part of a spherical wind known to be
present in VY CMa (Ziurysetal, 2007). The same conclusion
was drawn by observations of Milam et al. (2008) towards the C-
rich protoplanetary nebula CRL 2688, who found that HCP and
PN should be produced in the inner shells, and CP is likely
a product of HCP photodissociation at larger radii. However,
Tenenbaum et al. (2007) measured comparable abundances of PN
and PO in VY CMa, which is at odds with the prediction of
circumstellar chemistry models for O-rich stars: considering only
processes in TE, these models predict a PO abundance much
higher (~2 orders of magnitude) than that of PN. Therefore,
Tenenbaum et al. (2007) invoked non-equilibrium shock processes,
as proposed by Cherchneff (2006), to explain the comparable PN and
PO abundances in VY CMa (see also Milam et al., 2008).

More recently, new identification of PO and PN towards
the circumstellar shells of several O-rich stars were reported:
the Asymptotic Giant Branch (AGB) stars TX Cam and R Cas
(Ziurys et al., 2018), the supergiant NML Gyg (Ziurys et al., 2018),
and the Mira-type variable star IK Tau (De Beck et al., 2013). Both
the observed compact emission of PN and PO (De Beck et al., 2013),
and the predictions of Non-TE models applied to a spherical radial
distribution of the gas, suggest that the two molecules are always
formed near the stellar photosphere, perhaps with their abundances
enhanced by shocks (Ziurys et al., 2018). Moreover, the observed
molecular abundances indicate gas phase carriers of P even more
abundant than previously thought. Another important piece of the
puzzle was added by the detection of the fifth and sixth phosphorus
molecules in the ISM: CCP and PH;. The CCP radical, detected
by Halfenetal. (2008) towards IRC+10216 in four rotational
transitions, shows line profiles and abundance again consistent with
an inner shell production, perhaps from radical-radical reactions
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involving CP, or ion-neutral chemistry involving P*. PH; was
first tentatively detected Agtindezetal. (2008); Tenenbaum and
Ziurys (2008) in the J = 1 - 0 rotational transition, and then firmly
Agundez et al. (2014) detected in IRC+10216 thanks to Herschel
spectra of the J=2-1 line. Because PH; is expected to be a
relevant P carrier owing to hydrogenation of P on dust grains
(see Section 3.2), accurate abundance measurements of this species
are extremely important to constrain chemical models. However,
radiative transfer calculations indicate a formation of PH; not
necessarily confined in the inner stellar atmosphere, unlike PN,
PO, HCP, and CCP, and its abundance is hard to reproduce
by models (Agtindez etal.,, 2014). Finally, Koelemay et al. (2022)
recently reported the tentative detection of SiP towards IRC+10216,
whose line profile and tentative abundance are consistent with a
distribution in the inner 300 stellar radii. Its production could
be due to grain destruction that releases both Si and P in the
gas, but the formation/destruction pathways cannot be constrained
since they are not yet included in the KIDA (Wakelam et al., 2012)
and UMIST (McElroy et al., 2013) databases.

5.3 Other environments

5.3.1 External galaxies

The first, and so far unique, phosphorus molecule detected
in an external galaxy is PN towards the nearby starburst Galaxy
NGC 253 (Haasler et al., 2022), in the framework of the ALMA
Comprehensive High-resolution Extragalactic Molecular Inventory
(ALCHEMI) project (Martin et al., 2021). The PN emission arises
from two giant molecular clouds in the galaxy, and it is enhanced
towards the emission peak of the dust thermal continuum emission
(Haasler et al., 2022). Simultaneous SiO observations confirm that
also in these extragalactic clouds the abundances of PN and SiO are
correlated, poiting to a shocked origin of PN as in Milky Way clouds
(e.g., Lefloch etal., 2016; Rivilla et al., 2018; 2020; Fontani et al.,
2019; Bergner et al., 2022). However, while in Galactic clouds PO
is found to be always more abundant than PN, upper limits on
PO abundances measured towards NGC 253 suggest that the PN
abundance is comparable to or larger than that of PO. Because (
in the central molecular zone of NGC 253 can be above ~107!4
s7!, namely, at least three orders of magnitude higher than the
standard interstellar value of 1.3x 1077 s7! (e.g., Padovani et al,,
2009), this difference could be due to the photo-destruction caused
by secondary UV photons produced by such high ¢, more efficient
in destroying PO than PN (Jiménez-Serra et al., 2018). The same
scenario is consistent with the non-detection of PO in multiple
molecular clouds of the Galactic Centre (Rivilla et al., 2018), also
known to be associated with { higher by several orders of magnitude
than the standard interstellar value (see Section 5.1).

5.3.2 Solar system objects and implications for
astrobiology

In the Solar system, phosphorus in the form of PH; has
been observed in the atmospheres of Jupiter and Saturn (e.g.,
Larson etal., 1977; Fletcher etal., 2009, respectively). Using an
Infrared spectrometer on board of the Cassini satellite, the vertical
and meridional variation of the PH; abundance in Saturn’s
upper troposphere was determined (Fletcher et al., 2007). In the
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Left panel: rotational transitions J=2-1,4-3,5-4, 6 -5, and 7 -6 (from bottom to top) of HCP observed toward IRC+10216 with the IRAM 30 m
telescope by Agundez et al. (2007). Thick gray lines show the line profiles predicted from a radiative transfer model and the HCP abundance profile in
the right panel. Right panel: Thermochemical equilibrium abundances predicted in the innermost region of a circumstellar envelope (C-rich: upper
panel; O-rich: lower panel) as a function of radius from the star. Taken from Agundez et al. (2007).

atmosphere of exoplanets, and of terrestrial planets in particular,
PH,, is claimed to be a promising biosignature gas (Sousa-Silva et al.,
2020) (even though it was found also in Jupiter and Saturn without
necessarily being related to biological activity), as well as an
interstellar source of key phosphorus oxoacids (Turner et al., 2018)
such as phosphoric acid (H;PO,), phosphonic acid (H;PO;), and
pyrophosphoric acid (H, P, O;). A detection was claimed in the
atmosphere of Venus (Greaves et al., 2021) based on observations of
the James Clerk Maxwell Telescope (JCMT) and ALMA, questioned
by an independent analysis of the same data (Villanueva et al,
2021). In meteorites, P was identified in the form of the mineral
schreibersite (Pasek and Lauretta, 2005) and phosphoric acids
(Schwartz, 2006). When entering the upper atmosphere of planets,
the P contained in meteoric material can be delivered at the
planet surface. At the Earth surface, the dominant form(s) of P
are apatites, minerals containing P as (PO,),, which are solid-
state precipitated forms of phosphates, with Ca®>" (or Mg**) and
other counterions (F~, ClI°, OH"). However, apatites are not
biologically available because poorly soluble and reactive. Therefore,
P in forms more appropriate for biological processes could have
originated from such meteoric material, and been deposited
at Earth surface during the early heavy bombardment period
(Plane et al., 2021). In comets, the measurements of the Rosetta
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spacecraft detected P in the comet 67P/Churyumov-Gerasimenko
(Altwegg et al,, 2016), which is predominantly in the form of
phosphorus monoxide, PO (Rivilla et al., 2020). Since comets, like
meteorites, may have contributed to deliver at least part of the pre-
biotic material to the early Earth, this finding is in line with the
possibility that the basic bond of phosphates in living organisms can
have a cometary origin.

6 Input from laboratory experiments
and computational chemistry

The synergy between observations, chemical models, laboratory
experiments, and computational chemistry made it possible the
identification of the aforementioned phosphorus molecules in
the ISM. Laboratory experiments, in particular, were essential
to identify the new species in the observed spectra through
calculation of their spectroscopic parameters. As stated in Section 4,
almost the totality of the gas-phase species in the ISM was
identified through their rotational transitions at centimeter and
(sub-)millimeter wavelengths, owing to the low temperatures of
the ISM (see Section 4). Therefore, rotational spectroscopy was,
and still is, of paramount importance also for the identification of
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phosphorus molecules. Even though this review article focusses on
observations, we briefly summarise some spectroscopy works that
allowed to identify the most relevant P-bearing species in centimeter
and (sub-)millimeter spectra.

Several rotational transitions in the ground and first four
vibrationally excited state of PN, the molecule detected so far in
the highest number of sources, were first measured by Wyse et al.
(1972) through a high temperature, microwave spectrometer. In the
same year, Hoeft et al. (1972) resolved the hyperfine structure of
the J=1-0 transition in the ground and first vibrationally excited
state, due to the "N quadrupole coupling constant. The first infrared
spectrum of PN (near 1,300 cm™!) was then measured by Malki and
Lovas (1981) with a tunable diode laser at high temperature, and
extended to the full spectrum by Ahmad and Hamilton (1995), who
combined their results with previous high-temperature microwave
and infrared data to produce accurate spectroscopic parameters
for the ground state X'>*. Triggered by the first PN detections in
space, improved ground state rotational parameters were measured
by Cazzoli et al. (2006), who also derived the equilibrium structure
of the molecule with high accuracy combining their measurements
with rotational and ro-vibrational transitions available in the
literature. For PO, the second molecule easier to detect in the ISM,
the first spectroscopic works in the far-infrared and millimeter
are those of Kawaguchi et al. (1983) and Bailleux et al. (2002), who
determined also the equilibrium P-O bond length. For the other
P-bearing species detected, HCP is particularly relevant because
supposed to be the main P reservoir in the inner circumstellar
envelopes of C-rich stars (see Section 7.2). The ground state
rotational spectra of HCP and its less abundant isotopologues have
been measured in the millimeter-wave and submillimeter-wave
ranges by Dréan et al. (1996), Johns et al. (1971), and Bizzocchi et al.
(2001). The spectroscopy of PHj, believed to be the main P carrier
on the surfaces of dust grains (see Section 3.2), was investigated
by several authors (e.g., Davies et al., 1971; Cazzoli and Puzzarini,
2006). The first rotational transitions and rotational constants were
estimated by Helminger and Gordy (1969). Cazzoli and Puzzarini
(2006) resolved for the first time the hyperfine structure of the J =
1-0and J=2-1(K=0,1) rotational transitions using the Lamb-
dip technique. Some spectroscopic parameters were re-analised
and improved in following works (Miiller, 2013; Sousa-Silva et al.,
2013). Finally, the CP and CCP radicals were identified thanks to
the laboratory works in Saito et al. (1989) and Halfen et al. (2008),
respectively, and the tentative detection of SiP was based on the
laboratory measurements described in Koelemay et al. (2022).

Finally, computational simulations were relevant to understand,
from a theoretical point of view, some key aspects of chemical
reactions involving P (like binding energies, reaction energies,
or activation barriers) particularly challenging to study in the
laboratory due to the high reactivity of phosphorus radicals. For
example, Molpeceres and Késtner (2021) confirmed that P can
be easily hydrogenated via subsequent additions of H on cold
dust grain analogues, such as ice mantles. However, using a novel
methodology based on a neural network interatomic potential,
Molpeceres et al. (2023) studied the surface reaction P + H —» PH
occurring on amorphous solid water, and found that the nascent PH
molecule migrates rapidly towards sites with high binding energies,
implying an inefficient chemical desorption, and hence very low
gas-phase abundances of PH, molecules. About the still debated
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topic of the prebiotic source of P on Earth (see Section 5.3.2),
laboratory experiments suggested that the schreibersite mineral
that reached the primordial Earth through the early meteoritic
bombardment could have been converted to oxygenated phosphorus
molecules upon reaction with water (Pasek and Lauretta, 2005).
Computational studies confirmed that water corrosion of different
crystalline surfaces of schreibersite indeed lead to the formation of
phosphites and phosphates (Pantaleone et al., 2021; 2023).

7 Implications for astrochemical
models: what are the main
phosphorus reservoirs?

Although the observational constraints obtained so far are
important “food” for chemical models, the reactions leading to the
formation of the detected phosphorus species are far from clear.
Moreover, a major question still remains unanswered: what are the
main phosphorus reservoirs in the molecular ISM? We will briefly
summarise in this chapter the most relevant steps performed by
chemical modelling to answer this question in star-forming regions
(7.1) and evolved stars (7.2), triggered by the observational results
presented in Section 5.

7.1 Star-forming regions

The fact that in all star-forming regions studied so far both PN
and PO emission arise from shocked material and is well correlated
with the emission of typical shock tracers (5), indicates very clearly
dust grains as the main source of P. However, which is the main
carrier in dust grains is still debated. Jiménez-Serra et al. (2018)
proposed PH; on ice mantles, owing to an efficient hydrogenation
of P, which however in hot or shocked gas is rapidly converted into
PN and PO upon evaporation (at 7> 100 K, Chantzos et al., 2020)
from the grains. But this is at odds with high-angular resolution
maps (Rivilla et al., 2020; Bergner et al., 2022; Fontani et al., 2024),
which do not detect PN and PO towards warm/hot protostellar
envelopes, where PH; should have been abundantly evaporated.
These maps thus suggest a P carrier in the refractory core of
grain mantles, released by grain sputtering due to a shock passage.
PO can be efficiently formed from either PN + O (Jiménez-
Serra et al., 2018) or P + OH Garcia de la Concepcidn et al. (2021)
if the environment is warm and/or energetic (in particular in shocks
with shock speed >40 kms™!). However, Rivilla et al. (2020) and
Bergner et al. (2022) found that PN and PO emission is cospatial
with low-velocity and not with high-velocity shock emission, and
Garcia de la Concepcion et al. (2024) found that in such low(er)
velocity shocks the P + OH channel is not efficient anymore,
owing to an underproduction of OH. Rather, the most efficient
formation pathway for PO production in this case should be P +
0, (Garcia de la Concepcion et al., 2024).

The analysis of the spatial distribution of the PN and PO
emission in Bl-a carried out by Bergner et al. (2022) suggested that
there is a phosphorus reservoir in dust grains more volatile than
silicate grains but less volatile than simple ice mantles (such as,
for example, CH;OH ices). Some phosphate minerals (e.g., apatite)
and/or phosphorus oxides (e.g., P, O;,) possess this property,
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and could also explain the high abundance of PO, since they
both have P-O bonds and hence could provide PO directly into
the gas upon decomposition in shocks. Such conclusion is in
line with the findings of Rivillaetal. (2020) and Bergner et al.
(2022), who showed a tight spatial association between P-bearing
and S-bearing molecules, suggesting S and P parent carriers with
similar volatility on grain mantles. Bergner et al. (2022) proposed
both FeS and allotropic sulfur as plausible grain carriers of sulfur
with intermediate volatilities between ices and silicates. However,
more recently Fontani et al. (2024) found a spatial correspondence
between PN and SiO much better than that between PN and SO
or SO,, which points to a P carrier more refractory than S carriers
in grains. Therefore, it is now clear that the main reservoir of P
in star-forming regions is in dust grains, and cannot be in volatile
ice mantles. Nevertheless, whether it is more or less refractory with
respect to some S and Si reservoirs is still under debate.

Jiménez-Serra et al. (2018) investigated how different energetic
conditions can influence the P chemistry. They concluded that
models with strong UV illumination predict a strong molecular
dissociation, in line with the non-detection of PO in giant molecular
clouds in NGC 253 (Haasler etal., 2022) and in the Galactic
Centre (Rivilla et al., 2018). Models with enhanced ( predict high
abundances of both PN and PO, but the PO/PN ratio tends to be
<1, at odds with the measured abundances. Figure 6, taken from
Jiménez-Serra et al. (2018), shows how the abundances of PN and
PO change with ¢: up to {~ 107" 57!, that is 10* times higher than
the average interstellar value, the PO/PN ratio is predicted to be <I,
while it is higher at higher { for a gas temperature of 100 K. From the
point of view of the chemical reactions most relevant for P chemistry,
theoretical calculations of the interconversion mechanisms of PN
and PO, namely, N + PO and O + PN, indicate that the N + PO
reaction is barrierless, while the O + PN reaction possesses a small
barrier (Souza et al., 2021), which could hence make the difference
in the PO/PN ratio in cold and warm environments. The theoretical
study of Sil et al. (2021) attributed the reason for the PO/PN ratio
>1 in dense and evolved cores to a lower abundance of atomic N in
such environments. Fernandez-Ruz et al. (2023) have determined,
through a mathematical model and Bayesian methods, a relatively
small sample of reactions crucial in triggering P chemistry in a
molecular cloud, and hence whose rates need to be constrained
in the best possible way. Depending on the temperature, the key
reactions are obviously different. At low temperature (T ~ 10 K), a
handful of reactions should dominate the formation of PN and PO,
such as Ferndndez-Ruz et al. (2023):

O+ PH—- PO +H,

O + PHy PO + H,, (16)

N+ PH— PN + H.

Because the three reactions 16 have similar rate coefficients, in
cold gas a higher PO/PN abundance would just be due to the
higher O over N elemental abundance. At higher temperatures
the network becomes more complicated and more reactions,
including destruction of PH and PH,, need to be considered.
Moreover, Fernandez-Ruz et al. (2023) also suggested that current
astrochemical models fail in reproducing the observed PO/PN
abundance ratios because some rate coefficients are likely inaccurate,
and/or some networks lack important destruction routes of PN.
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7.2 Evolved stars

As seen in Section 5.2, phosphorus molecules are common in
both oxygen- and carbon-rich evolved stars. Agtindez et al. (2007)
modelled the envelope of the carbon-rich star IRC+20126 with
thermodynamic calculations in TE conditions, and found that all
phosphorus should be in the form of HCP (see Figure 5). A similar
prediction was obtained by Turner etal. (1990), before the first
detection of HCP. HCP should arise from a inner shell (up to 2-3
radii) around the stellar photosphere, as confirmed by observations
(Agundez et al., 2007). On the other hand, in an O-rich envelope the
main phosphorus carriers would be PO, PS, and P, in the vicinity of
the star, and P, Oy at larger radii (see Figure 5). PN would be, in
this case, more than 2 orders of magnitude less abundant than PO,
which is clearly at odds with observational results. To explain the
observed PN abundances, this species should be efficiently formed
in the outer envelope through neutral-neutral reactions like N + CP,
and/or CN + P.

Most of the models developed so far assume a steady,
spherically-symmetric, outflow with constant expansion velocity
and mass loss rate. MacKay and Charnley (2001) modelled both
C- and O-rich circumstellar envelopes in this way, assuming that
the dominant forms of P at the fiducial inner radius are HCP and
PS for C-rich and O-rich, respectively. They predicted that the only
species with abundance greater than 107'° should be CP in C-rich
envelopes and PO in O-rich ones. In particular, for the O-rich
case, PO should be formed by P + OH and/or PS + OH, which
are most efficient at an “intermediate” distance from the stellar
photosphere of ~2 x 10'6 cm. Ziurys et al. (2018) measured in five
O-rich envelopes an emission peak of PO at a distance from the
star comparable to the one predicted by MacKay and Charnley
(2001), but the measured abundances are 100-1,000 times greater
than the predicted ones. Ziurysetal. (2018) concluded that the
observed abundances would indicate that shocks could be important
for PN formation, but PO could instead be formed by photochemical
processes in the outer part of the envelope. Willacy and Millar (1997)
modelled the envelope of O-rich stars assuming that PH; is the
phosphorus carrier at the fiducial inner radius. They found that the
only phosphorus-bearing species with fractional abundances greater
than 1071° are P, PH, PH,, PH; and PO. All hydrogenated species
arise for photodissociation of PH;, while PO would be formed by
neutral-neutral reaction of atomic O with either PH or PH,. In any
case, the observed abundances cannot be reproduced.

8 Summary, conclusions and future
prospects

Understanding the formation of phosphorus molecules is of
great importance in astrochemistry, because P is a crucial element
for the development of life as we know it. Phosphorus is mostly
created by neutron capture occurring within high-mass stars, and
ejected during supernova explosions, even though recent works
have invoked other sources of phosphorus to explain the detection
of P-bearing molecules in the outskirt of the Galactic disk. In
diffuse clouds, all works performed so far agree that phosphorus
is essentially non depleted. Its depletion increases with increasing
gas density, although model predictions indicate depletion levels
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FIGURE 6
Evolution of the abundances of P-bearing species as a function of time in a collapsing cloud simulated for a hydrogen density n(H) = 2x10* cm™3;
enhanced cosmic-ray ionisation rates {=1.3x107%°, 1.3x107* and {=1.3x1073 s7!; gas temperatures T =10 and 100 K, considering a long-lived
phase for the collapse. From Jiménez-Serra et al. (2018).

lower than previously thought to reproduce the observed molecular
abundances (including upper limits). The high uncertainty in

the depletion level, and hence in the initial P elemental gaseous

abundance, is certainly still one of the most critical input parameters

for chemical models of dense clouds.

The first detections of PN in star-forming regions, obtained

many years ago,

already suggested that this species is linked

to shocks. A significant step forward in the relation between

phosphorus chemistry and shocks in star-forming clouds was
made in the last decade, thanks to:
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« a significant statistical increase of PN detections obtained
with single-dish telescopes towards high-mass star-forming

regions, which confirmed that PN is correlated with SiO both

in the abundances and line shapes in a variety of Galactic

environments;

the first PO detections, which indicated that also this radical
is likely a product of shocked gas, and is typically more
abundant than PN;

the first surveys of PN and PO in low-mass star-forming

regions, which indicated that even in the low-mass regime PO
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and PN are linked to shocks. Moreover, their relative ratios are
in good agreement with those found in the high-mass regime,
indicating similar formation/destruction pathways in low- and
high-mass star-formation environments;

o the first high-angular resolution maps of phosphorus

molecules, which confirmed that the PN and
PO  emissions spatially overlap with those of
shock tracers;

All these findings point to a solid main carrier of phosphorus in
star-forming regions. However, it is still unclear if this is mainly
in a volatile or refractory form. Theory indicates that the main
volatile form would be PH; in ice mantles of dust grains, but
PH; was never detected in a star-forming regions so far, and the
expected products of its destruction in hot gas, namely, PN and
PO, are also undetected towards warm/hot protostellar envelopes.
Therefore, PH; does not seem to be the main solid phosphorus
carrier. Moreover, the PN and PO emission seems to arise from
material at lower velocity, on average, that responsible for the SiO
and SO emission, which challenges the simple grain sputtering
scenario. A solid carrier of P not as volatile as ice mantles,
and not as refractory as silicate cores, could solve this problem.
However, the non-detection of PN and/or PO at high velocities
could also be due to the limited sensitivity of the observations
in such velocity ranges. In any case, PO seems the main gaseous
P carrier in star-forming regions. It is also the main carrier
in the comet 67P/Churyumov-Gerasimenko, which suggests that
comets could have contributed significantly to the phosphorus
budget (in particular in the form of phosphates) at the early
evolution of Earth.

From the side of evolved stars, CP was the first molecule
detected in the shell of a C-rich AGB star, followed by PN, HCP,
CCP, PO, and PH;. Some of these species, in particular several
lines of PN and PO, were detected also in O-rich envelopes of
super-giant stars and AGB stars. A recent tentative detection of
SiP was also reported in the circumstellar shell of the C-rich
envelope of IRC+10216. These studies indicate that phosphorus
molecules are common in both C-rich and O-rich envelopes of
evolved stars. Models suggest that the molecular emission arises
predominantly from inner shells, and hence such molecules are
created close to the stellar photosphere, where the gas is in TE
conditions. The formation of PO is apparently favoured with
respect to that of PN in O-rich envelopes, where theory predicts
that PO is indeed one of the main carriers. Instead, models
of C-rich stellar envelopes successfully predict that P would be
mostly in the form of HCP, as observed, but the first confirmed
detection of PH; in IRC+10216 challenged these models, since no
obvious formation routes in TE are able to match its observed
abundance. Several non-equilibrium processes, again invoking
shocks, were proposed, but in any case the observed abundances
suggest gas phase carriers of P more abundant than previously
thought.

The detection of phosphorus compounds in new sources
and new molecules, especially those predicted to be relevant
from models such as PS in the envelope of O-rich stars, HCP
and CP in diffuse clouds, and PS, HPO, and HPO" in dense
star-forming cores, will significantly help us to constrain much
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better the phosphorus chemistry in the ISM. These detections
will require high sensitivity observations. The next-generation of
radiotelescopes, in particular of the Square Kilometer Array (SKA),
will certainly play an important role. The sensitivity of SKA in the
centimeter range will allow us to detect the low-J transitions of
phosphorus molecules with an unprecedented signal-to-noise ratio.
Moreover, new high-angular resolution studies, both with current
and future interferometers, will be critical to understand the physical
mechanisms that are responsible of the formation (and destruction)
of P-bearing species in the ISM. Obviously, such observations
will benefit from further development of theoretical studies and
laboratory experiments, and vice versa. New chemical routes should
be explored, and their associated reaction rates should be measured
with great accuracy. Laboratory experiments should derive accurate
spectroscopic parameters for proper identification of molecular
lines. In summary, the synergy between new observations,
model predictions, laboratory measurements, and computational
simulations will allow us to further progress in our knowledge
of the important but still mysterious interstellar chemistry
of phosphorus.
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