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lonize Hard: Interstellar PO™ Detection
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We report the first detection of the phosphorus monoxide ion (PO™) in the interstellar
medium. Our unbiased and very sensitive spectral survey toward the G+0.693-0.027
molecular cloud covers four different rotational transitions of this molecule, two of
which (J = 1-0 and J = 2-1) appear free of contamination from other species. The fit
performed, assuming local thermodynamic equilibrium conditions, yields a column
density of N=(6.0 + 0.7) x 10" cm™2. The resulting molecular abundance with respect
to molecular hydrogen is 4.5 x 1072, The column density of PO™ normalized by the
cosmic abundance of P is larger than those of NO* and SO*, normalized by Nand S, by
factors of 3.6 and 2.3, respectively. The N(PO™)/N(PO) ratio is 0.12 + 0.03, more than
one order of magnitude higher than that of N(SO*)/N(SO) and N(NO*)/N(NO). These
results indicate that P is more efficiently ionized than N and S in the ISM. We have
performed new chemical models that confirm that the PO™ abundance is strongly
enhanced in shocked regions with high values of cosmic-ray ionization rates (107'° —
107" s7"), as occurring in the G+0.693-0.027 molecular cloud. The shocks sputter the
interstellar icy grain mantles, releasing into the gas phase most of their P content,
mainly in the form of PH3, which is converted into atomic P, and then ionized efficiently
by cosmic rays, forming P*. Further reactions with O, and OH produces PO*. The
cosmic-ray ionization of PO might also contribute significantly, which would explain the
high N(PO™)/N(PO) ratio observed. The relatively high gas-phase abundance of PO*
with respect to other P-bearing species stresses the relevance of this species in the
interstellar chemistry of P.

Keywords: phosphorus, interstellar: abundances, interstellar: clouds, astrochemistry, interstellar: ions

1 INTRODUCTION

Phosphorus (P), along with carbon (C), hydrogen (H), oxygen (O), nitrogen (N), and sulfur
(S), is one of the key elements for the development of life (CHONPS). This is because P-bearing
compounds, and in particular phosphates (PO3"), are unique in forming large biomolecules,
such as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), phospholipids (the
structural components of cellular membranes), and the adenosine triphosphate (ATP)
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molecule, which stores the chemical energy within cells.
However, while the P abundance in living organisms is
relatively high, for e.g. P/H ~ 107> in bacteria (Fagerbakke
et al., 1996), the abundance of P in the universe is several
orders of magnitude lower, for e.g. P/H ~ 3 x 107 in the solar
photosphere (Asplund et al., 2009), much lower than that of
other biogenic elements. Due to this low cosmic availability of
P, the detection of P-bearing molecules beyond our planet is
challenging.

In our solar system, phosphine (PH3) has been observed
in the atmospheres of Jupiter and Saturn (Bregman et al,
1975; Ridgway et al., 1976). P has been identified in
meteorites in the form of the mineral schreibersite (Pasek
and Lauretta 2005) and phosphoric acids (Schwartz 2006).
Recently, the measurements of the Rosetta 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,
2020a). In the circumstellar envelopes of evolved stars, six
different simple P-bearing molecules, up to four atoms, have
been detected: PN, PO, CP, HCP, C,P, and PH; (e.g. Guelin
et al., 1990; Agundez et al., 2007; Tenenbaum et al., 2007;
Halfen et al., 2008; Agundez et al., 2014). However, in diffuse
and molecular clouds and star-forming regions, only P*,
PN, and PO have been detected. The ion P" was
discovered in several diffuse clouds (Jura and York 1978),
although no P-bearing molecules have been identified
toward these regions despite deep observational searches
(Chantzos et al., 2020). In molecular clouds and star-
forming regions, only PN and PO have been identified in
different environments (Turner and Bally 1987; Ziurys 1987;
Fontani et al., 2016, 2019; Lefloch et al., 2016; Rivilla et al.,
2016; Rivilla et al., 2018, 2020a; Bergner et al., 2019; Bernal
et al, 2021). Recently, PN has been detected toward
molecular cloud complexes within the central region of the
starburst galaxy NCG 253 (Haasler et al.,, 2022).

In recent years, several efforts have been made to better
understand the chemistry of P in the ISM, based on the
comparison of the molecular abundances derived from
observations and the predictions from dedicated
chemical models (e.g. Thorne et al., 1984; Fontani et al,
2016; Rivilla et al.,, 2016; Jiménez-Serra et al., 2018;
Chantzos et al., 2020) and quantum chemical calculations
(Mancini et al., 2020; Garcia de la Concepcidén et al., 2021).
However, the small number of P-bearing species so far
detected prevents us from establishing strong constraints
on the chemical networks, in which many possible
chemical pathways are still unexplored and poorly
characterized. For this reason, it is needed to further
expand the census of P-bearing species in the ISM, and
their molecular abundances.

One of the most promising candidates is the phosphorus
monoxide ion, PO*. This molecule presents a large dipole
moment of ~3.44 Debye (from calculations of Peterson and
Woods 1990), which might allow its detection through
rotational spectroscopy even with relatively low abundance.
Moreover, other monoxide ions of biogenic elements such as
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SO™, COY, and NO" have already been detected previously in
the ISM (Turner 1992; Latter et al., 1993; Cernicharo et al.,
2014, respectively). Previous detections of the monoxide ion
SO" have shown that this species is strongly enhanced in
shocked gas, following the release of S and S-bearing
molecules from the grain mantles and by subsequent
ionization, being the main formation route, through the
reaction S* + OH — SO" + H (Herbst and Leung 1989;
Neufeld and Dalgarno 1989; Turner 1992, 1996; Podio
et al., 2014).

Similar to S, P is considered to be (even more) depleted in
interstellar dust grains (Lefloch et al., 2016; Rivilla et al,,
2016), and shocks have been invoked as a key agent for the
formation of P-bearing species by gas-phase chemistry
(Lefloch et al., 2016; Jiménez-Serra et al., 2018; Mininni
et al, 2018; Rivilla et al, 2020a). Therefore, the best
targets to search for PO" are regions with the presence of
shocks and sources of ionization, such as high cosmic-ray
ionization rates, and with previous detections of P-bearing
species.

The molecular cloud G+0.693-0.027 (hereafter G+0.693),
located in the Sgr B2 complex in the Central
Molecular Zone (CMZ) of our galaxy, fulfills all of these
conditions. Its chemistry is strongly affected by large-scale
shocks (e.g. Martin et al., 2008; Requena-Torres et al., 2008;
Zeng et al., 2020), likely produced by a cloud-cloud collision
(Zeng et al., 2020). Moreover, it is well known that the
cosmic-ray ionization rate in the CMZ can be above { ~
1075 57 (Goto et al., 2014), which is more than two orders of
magnitude higher than the standard local Galactic value
(Padovani et al., 2009). All these and the detection of PO
and PN (Rivilla et al., 2018) toward G+0.693 make this cloud
one of the best targets to search for new P-bearing species,
and in particular PO™.

In this work, we report the first detection of PO" in the ISM
toward G+0.693. The molecular ions SO* and NO™ have also
been detected, and the latter detected for the second time in
the ISM. We have also analyzed their neutral counterparts
PO, SO, and NO and computed the relative ratio among
neutrals and ions. Finally, we have discussed about their
possible chemistry in the ISM, including new chemical
modeling of PO™.

2 OBSERVATIONS

We have used an unbiased and sensitive spectral line survey toward
G+0.693 carried out with three telescopes: Yebes 40m telescope
(Guadalajara, Spain), IRAM 30m telescope (Pico Veleta,

Spain), and APEX telescope (Atacama, Chile). The
observations were centered at a(J2000.0) = 17747™22° and
8(J2000.0) = -28721'27". The position switching mode

was used in all the observations with the off position
located at Aa = -885" and A8 = 290" from the source
position. The line intensity of the spectra was measured in units
of T} as the molecular emission toward G+0.693 is extended over
the beam (Requena-Torres et al., 2006, 2008; Zeng et al., 2018).
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2.1 IRAM 30m Observations

We used the dual polarization receiver EMIR connected to the
fast Fourier transform spectrometers (FFTSs), which provided a
channel width of 200 kHz in the following spectral windows:
71.76-116.72 GHz, 124.77-175.5 GHz, and 223.307-238.29 GHz.
Detailed information of the observational survey is presented
in Rivilla et al. (2021a) and Rivilla et al. (2021b). The half
power beam width (HPBW) of the telescope ranges from
~10.3" to ~34.3" in the spectral range covered.

2.2 Yebes 40m Observations

We have performed new observations using the Yebes 40m
telescope. A total of 29 observing sessions between March
and June 2021 (total observing time ~100 h) were performed,
as part of the project 21A014 (PI: Rivilla).
The NANOCOSMOS Q-band (7mm) HEMT receiver was
used, which enables ultra-broadband observations
(~18 GHz) in two linear polarizations (Tercero et al., 2021).
The receiver was connected to 16 FFTSs providing a channel
width of 38 kHz and a bandwidth of 18.5 GHz per polarization.
We observed two different spectral setups centered at 41.400
and 42.300 GHz. The total frequency range is
31.07-50.42 GHz. We performed an initial data inspection
and reduction using the CLASS module of the GILDAS
package' and our own Python-based scripts’. The
comparison of the spectra of the two spectral setups was
used to identify possible spurious lines in the IF. Telescope
pointing and focus were checked every 1 or 2h through
pseudo-continuum observations toward the red hypergiant
star VX Sgr. The final spectra were smoothed to 2kms™".
The half power beam width (HPBW) of the telescope was ~39”
at 44 GHz.

2.3 APEX Observations

We have also used data from two projects observed in the
service mode using the APEX telescope: O-0108.F-9308A-
2021 (PI: Rivilla) and E-0108.C-0306A-2021 (PI: Rivilla). We
used the NFLASH230 receiver connected to two FFTS
backends, which provide a simultaneous coverage of two
sidebands of 7.9GHz each separated by 8GHz.
The spectral resolution was 250kHz. The project O-
0108.F-9308A-2021 was observed during 10 different
observing runs from July 11 to September 26, 2021, with a
total observing time of 23.4h. We used two different
frequency setups slightly shifted in frequency (262.0 and
262.3 GHz) to check for possible spurious lines from the
image band. The total spectral range covered was
243.94-252.13 GHz and 260.17-268.38 GHz. The
precipitable water vapor (pwv) during the observations was
in the range of 0.7-3.6 mm. The project E-0108.C-0306A-
2021 was observed during two different observing runs:

'https://www.iram.fr/IRAMFR/GILDAS.
*https://www.python.org.
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October 31 and November 1, 2021. The total observing
time was 5.8h. We used two different frequency setups
slightly shifted in frequency (224.0 and 224.1 GHz) to
check for possible spurious lines from the image band.
The total spectral range covered was 217.93-225.93 GHz
and 234.18-242.18 GHz. The precipitable water vapor
(pwv) during the observations was in the range of
0.9-2.2 mm. The final spectra from both projects were
smoothed to 1MHz, which translates into a velocity
resolution of 1.1-1.4kms™' in the frequency ranges
observed. The half power beam width (HPBW) of these
APEX observations is ~23"" — 28" in the frequency range
observed.

3 ANALYSIS AND RESULTS

The identification and fitting of the molecular lines were
performed using the SLIM (Spectral Line Identification
and Modeling) tool within the MADCUBA package® (version
09/11/2021; Martin et al, 2019). SLIM uses the molecular
databases of the Cologne Database for molecular spectroscopy
(CDMS, Endres et al.,, 2016) and the Jet Propulsion Laboratory
(JPL; Pickett et al., 1998) to generate synthetic spectra under the
assumption of local thermodynamic equilibrium (LTE). In
Appendix A, we list the details of the molecular spectroscopy
of all the molecules analyzed in this work. To evaluate if the
transitions are blended with emission from other species, we have
also considered the LTE model that predicts the total
contribution of more than 120 species than have been
identified so far toward G+0.693 (e.g., Requena-Torres et al,
2008; Zeng et al., 2018; Rivilla et al., 2019, 2020b; Jiménez-Serra
et al, 2020; Rivilla et al., 2021a; Rivilla et al., 2021b; Zeng
et al, 2021; Rodriguez-Almeida et al, 2021a,b). To derive
the physical parameters of the molecular emission, we used
the AUTOFIT tool of SLIM, which finds the best fit
between the observed spectra and the predicted LTE
model (see details in Martin et al., 2019). The free parameters
of the LTE model were as follows: molecular column density (N),
excitation temperature (T.), linewidth (or full width at
half maximum, FWHM), and velocity (v sg).

3.1 PO™ Detection

We have used the molecular spectroscopy from the laboratory
work by Petrmichl et al. (1991). The J = 1-0 and J = 2-1
transitions of PO" at 47.024 GHz and 94.047 GHz (Table 1),
respectively, have been detected in our survey, as shown in the
upper panels of Figure 1. This is the first detection of PO™
reported in the ISM. We note that the laboratory work by
Petrmichl et al. (1991) measured PO" transitions in the range
140-470 GHz, and thus the two unblended transitions detected in
the present work are actually the very first observation of these

*Madrid Data Cube Analysis on Image] is software developed at the Center of
Astrobiology (CAB) in Madrid; http://cab.inta-csic.es/madcuba/.
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two lines. The J = 3-2 and J = 4-3 transitions were also covered by
the survey. The former transition, at 141.070 GHz, is heavily
blended with bright emission from H'*CCCN(16-15) (see the
right panel of Figure 2). The J = 4-3 transition at 235.107 GHz
(not shown here) is also strongly blended with an unidentified
species. We note that the expected line intensity of this higher-
energy PO transition (Table 1), according to the best LTE fit (see
the following), is <0.25 mK, which is lower than the noise level of
the observed spectra.

The upper panels of Figure 1 show that the spectral profiles
of the ] = 1-0 and J = 2-1 transitions are not completely
identical, with the 1-0 transition showing a more prominent
wing at blue-shifted velocities. This is consistent with the
observed profiles of other P-bearing molecule such as PN.
The lower panels of Figure 1 show that the lower the energy
level of the PN transition, the more prominent the wing at blue-
shifted velocities is, as also observed in PO™. This suggests that
there are two different velocity components, one peaking at
~70km s~ and another one at more blue-shifted velocities
(producing the wing of the 1-0 transitions), under different
excitation conditions. These two velocity components have also
been identified in several other molecular species (Colzi et al.,
2022).

For simplicity, to perform the fit of PO", we have considered
only the ~70 km s™" velocity component, which dominates the
emission of the two transitions. To run AUTOFIT, we have
considered the J = 1-0, ] = 2-1, and ] = 3-2 transitions, taking
also the contribution of all the other species into account. We
have fixed the velocity to vigg = 70 km s!, the linewidth to
FWHM = 18km s, and the T, to 4.5 K, which is the value
derived when fitting the transitions of PN shown in the lower
panels of Figure 1 (Rivilla et al., in preparation). The result of
the fit of PO" is shown in Figure 2. We note that the JPL entry
used to perform the fit considers a dipole moment of i = 3.44 Debye,
calculated by Peterson and Woods (1990). In Appendix B, we
present higher level calculations of the PO™ dipole moment, which
gives a value of g = 3.13 Debye. Therefore, to calculate the final
molecular column density, we have multiplied the value derived
using the JPL entry by a factor of (3.44/3.13046)* = 1.21. The derived
value of the PO" column density is (6.0 + 0.7) x 10" cm ™ (Table 2).
This translates into a molecular abundance with respect to
molecular hydrogen of (4.5 + 1.1) x 107'%, using the value
of N(H,) = 1.35 x 10?*> cm™ from Martin et al. (2008).

3.2 PO

To study the relative abundance of PO™ with respect to its
neutral counterpart, we have also analyzed the molecular
emission of PO. This molecule was already detected
toward G+0.693 by Rivilla et al. (2018) using a previous
less sensitive spectral survey carried out using the IRAM
30m (Zeng et al.,, 2018). We repeat here the analysis using
the data from the new deeper survey. The J =5/2-3/2,Q =1/2
quadruplet of PO (with E, = 8.4 K, Table 1) is displayed in
Figure 3. The F = 3-2 [ = e transition is completely unblended
(see also the middle panel of Figure 1), while the F=3-21=f
is slightly blended with a very weak line of ethanolamine

lonize Hard: Interstellar PO* Detection

(NH,CH,CH,OH, Rivilla et al., 2021a), and an unidentified
species. The other two transitions appear blended with other
species already identified in G+0.693, which are indicated in
the last column of Table 1. The J = 7/2-5/2, Q = 1/2
quadruplet of PO at 152 GHz (with E,, = 15.7K), which is
also covered by our survey, is expected too weak to be detected,
with predicted line intensities of <4 mK, according to the LTE fit of
the J = 5/2-3/2, QO = 1/2 transitions (see the following), which is
lower than the noise of the data at that frequency (~5 mK).

To perform the fit, we have used the ] = 5/2-3/2, 0= 1/2 F=3-2
I = e unblended transition. We fixed T, to 4.5 K, as for PO, leaving
N, FWHM, and visg as free parameters. The results are shown in
Table 2. We obtained visg = 69.5 + 1.4 and FWHM = 15+ 3km s/,
which are consistent to the fixed values used for PO". The derived
column density is (0.5 + 0.1) x 10" cm™, a factor of 1.6 lower than
that reported by Rivilla et al. (2018) previously. Using this value, we
obtained a molecular column density ratio PO*/PO = 0.12 + 0.03.

3.3 SO*, S'80, and 2SO

We show in Figures 4-6 the molecular transitions of SO*, **SO, and
S'80, respectively, detected toward G+0.693. We note that the JPL
entry used for SO (see Table Al in Appendix A) assumes a dipole
moment of y = 1, while theoretical ab initio calculations reported in
Turner (1992) from a private communication from Peterson and
Woods derived y = 2.3 £ 0.2 Debye. As for PO", in Appendix B, we
have performed new higher level calculations for SO*, which result
in a dipole moment of y = 2.016. Therefore, we have corrected the
column density derived by AUTOFIT by the factor (1/2.016)>. The
derived physical parameters from the SO" emission are shown in
Table 2. We obtained Ty = 8.0 + 0.3 K, vigr = 68.8 + 03kms ™',
FWHM = 180 + 0.7kms ™", and N = (1.34 + 0.07) x 10> cm™

Since the SO transitions detected toward G+0.693 are optically
thick, we have analyzed its optically thin isotopologues to better
derive its column density. For $'°0, only a single transition is
detected (Figure 6), so we have fixed T, to the value derived for
**S0, which is 6.9 + 0.1 K. The physical parameters derived by
AUTOFIT are shown in Table 2. Using the derived column
densities for both isotopologues and assuming the isotopic
ratios *28/°*S = 22 and '°0/'®0 = 250 in the CMZ (Wilson
and Rood 1994), we have derived that the column density of
SO is (142 + 4) x 10"* cm™ and (300.6 + 0.7) x 10" cm™,
from **SO and $'®0, respectively. Since the most optically
thin isotopologue is S'®*0, we use its value hereafter to
compute relative molecular abundances ratios. The ratio
SO*/SO = 0.0045 + 0.0003, which is a factor of ~30 lower
than the PO™/PO ratio. Note that even using the lower limit of
(142 £ 4) x 10"® cm™2, the ratio SO*/SO would still be a factor
of 15 lower than that measured for the PO*/PO ratio.

3.4 NO* and NO

We show in Figure 7 the detection of the N = 2-1 transition of
NO, which is the only transition of this species that falls in the
frequency range covered by our survey. This is the second
detection of this species toward the ISM, after the one
reported toward the cold dense core Barnard 1 — b by
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TABLE 1 | List of targeted transitions of PO*, SO, and NO* ions and their associated neutrals PO, S$'®0, 3*S0, and NO.

Molecule Frequency (GHz) Transition

PO* 47.024252 J=1-0

PO* 94.047798 J =2-1

PO* 141.069934 J=32

PO* 235.107153 J=5-4

PO 108.99844500 J=5/2-3/2,0=1/2, F=32I=¢
PO 109.04539600 J=5/2-3/2,Q=1/2, F=2-1]=¢
PO 109.20620000 J=5/2-3/2,0=1/2, F=32/=f
PO 109.28118900 J=5/2-3/2,Q=1/2, F=2-11=f
SO* 115.804405 J=5/2-3/2,Q=1/2,1=e
SO* 116.179947 J=5/2-3/2,Q=1/2,1=f
SO* 162.198598 J=7/2-5/2,Q=1/2,1=e
SO* 162.574058 J=7/2-5/2,Q=1/2,1=f
SO* 208.590016 J=9/2-7/2,Q=1/2,1=e
SO* 208.965420 J=9/2-7/2,Q=1/2, 1 =f
s'®0 93.267270 Ny =251,

3430 84.4106900 Ny = 2,-14

3450 97.7153170 Ny = 3,-2;

3430 106.743244 N,y = 2:-3,

3430 126.613930 N,y =352,

3450 135.775728 Ny = 45-3,

%130 175.352766 N, = 5,~44

3450 215.839920 N, = 65-5,4

NO* 238.3831574 N = 2-1

NO 150.1764800 J=3/2-1/2, Q = 1/2*, F = 5/2-3/2
NO 150.1987600 J=3/2-1/2, Q= 1/2%, F = 3/2-1/2
NO 150.2187300 J=3/2-1/2, Q = 1/2%, F = 3/2-3/2
NO 150.2256600 J=3/2-1/2, Q = 1/2%, F=1/2-1/2
NO 150.2456356 J=3/2-1/2, Q= 1/2%, F = 1/2-3/2
NO 150.3752987 J=3/2-1/2, Q=1/2", F = 1/2-3/2
NO 150.4391200 J=3/2-1/2, 0 =1/27, F = 3/2-3/2
NO 150.5465200 J=3/2-1/2, Q =1/27, F = 5/2-3/2
NO 150.5805600 J=3/2-1/2, Q=1/2", F=1/2-1/2
NO 150.6443400 J=3/2-1/2, Q=1/27, F = 3/2-1/2
NO 250.4368480 J =5/2-3/2, Q = 1/2%, F = 7/2-5/2
NO 250.4406590 J =5/2-3/2, 0 =1/2*, F = 5/2-3/2
NO 250.4485300 J =5/2-3/2, Q = 1/2%, F = 3/2-1/2
NO 250.4754140 J =5/2-3/2, 0 =1/2%, F = 3/2-3/2
NO 250.4829390 J =5/2-3/2, Q = 1/2*, F = 5/2-5/2
NO 250.5177030 J =5/2-3/2, 0 =1/2%, F = 3/2-5/2
NO 250.6458000 J =5/2-3/2, 0 =1/27, F = 3/2-5/2
NO 250.7082450 J=5/2-3/2, 0 =1/27, F = 5/2-5/2
NO 250.7531400 J=5/2-3/2, 0 =1/2", F = 3/2-3/2
NO 250.7964360 J=5/2-3/2, 0 =1/27, F = 7/2-5/2
NO 250.8155940 J=5/2-3/2, 0 =1/2", F = 5/2-3/2
NO 250.8169540 J=5/2-3/2, 0 =1/2", F = 3/2-1/2

log Ay Jdu E, (K) Blending®®
s™)

-5.32112 3 2.3 Unblended
-4.33884 5 6.8 Unblended
-3.78062 7 13.5 H'SCCCN
-3.08956 11 33.9 Un
-4.67120 7 8.4 Unblended
—4.71676 5 8.4 s — CoHsCHO
-4.66892 7 8.4 NH,CH>CH,0OH + Un
-4.71433 5 8.4 aGg — (CH20H),
-5.14768 6 8.9 Unblended
-5.14351 6 8.9 Unblended
-4.67885 8 16.7 Unblended
-4.67575 8 16.7 Unblended
-4.33524 10 26.7 Unblended
-4.33294 10 26.8 Unblended
-5.02955 7 8.7 Unblended
-5.30558 5 19.2 Unblended
-4.96948 7 9.1 Unblended
—4.99699 5 20.9 Unblended
-4.67350 7 25.3 Unblended
-4.52226 9 15.6 Unblended
417742 11 24.0 Unblended
-3.89897 13 34.4 Unblended
-5.0635 15 171 Unblended
-6.4802 6 7.2 Unblended
-6.7355 4 7.2 Un

-6.8323 4 7.2 Autoblended
-6.56313 2 7.2 Autoblended
—-7.4343 2 7.2 HOCO*
-7.4319 2 7.2 Unblended
-6.8297 4 7.2 ¢ — CgHs
-6.4771 6 7.2 Unblended
-6.5282 2 7.2 Unblended
-6.7321 4 7.2 Unblended
-5.7349 8 19.2 Autoblended
-5.8105 6 19.2 Autoblended
-5.8597 4 19.2 Autoblended
-6.3546 4 19.2 Autoblended + NS*
-6.5307 6 19.2 Autoblended + NS*
—-7.7347 4 19.2 Un

-7.7332 4 19.3 Un

-6.5290 6 19.3 Unblended
-6.3529 4 19.3 Unblended
-5.7330 8 19.3 Autoblended
-5.8087 6 19.3 Autoblended
-5.8579 4 19.3 Autoblended

We provide the transition frequencies, quantum numbers, the base 10 logarithm of Einstein coefficients (log Au), the upper state degeneracy (9.), and the upper energy level (E,). The last

column states if the transitions are unblended or blended with another molecular species.

AWe indicate if the transition is blended with an already identified species, with an unidentified species (Un.), or autoblended (with a transition close in frequency of the same molecule).

Cernicharo et al. (2014), using the same transition. Since only a
single transition is detected, we fixed the Tk, to the value derived
from NO, which is 11.2 K (see the following). The result of the fit
is shown in Table 2. We obtained a column density of (3.89 +
0.05) x 10" cm™.

NO was already reported toward G+0.693 in Zeng et al. (2020),
who detected the J = 3/2-1/2 transitions (see Table 1) using a

previous IRAM 30m survey (Zeng et al., 2018). Using data from the
new survey, we have also detected the higher energy J = 5/2-3/2
transitions with APEX (Table 1), which allow us to constrain its
excitation temperature more accurately. We have obtained
Tex = 11.2+ 0.2 K and a column density of (1.58 + 0.03) x 10'° cm ™,
which is a factor of ~2 lower than that reported by Zeng et al. (2020).
The best LTE fit slightly underestimates (~10%) the line intensities of
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FIGURE 1 | Spectral profiles of the molecular transitions of the P-bearing species detected toward G+0.693 (see Table 1): PO* (upper panels), PO (middle panel),
and PN (lower panels). The left/middle/right columns show transitions with £, = 2.3/6.8 — 8.4/13.5 K, indicated with red/green/blue histograms, respectively. The gray
vertical dashed lines indicate the velocities 70 km s™' and 70 + 15 km s™".
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FIGURE 2 | PO™ transitions detected toward G+0.693 (see Table 1). The gray histograms show the observed spectra obtained using the Yebes 40m telescope
(J =1 -0 transition; leftmost panel) and IRAM 30m telescope (J =2 — 1 and J = 3 — 2, transitions; middle and right panel). The red curve corresponds to the best LTE fit
derived with MADCUBA, and the blue curve shows the total contribution considering all the molecular species identified, including PO*.
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TABLE 2 | Derived physical parameters of the molecules toward G+0.693 analyzed in this work.

Molecule N (x 10"* cm™?) Tox (K)
PO* 0.060 + 0.007 45
PO 0.49 + 0.09 45
SO* 1.34 + 0.07 8.0+0.3
3430 6.5+ 0.2 6.9 + 0.1
s'80 1.20 + 0.03 6.9
NO* 3.89 + 0.05 11.2
NO 1580 + 30 112 £02

@We adopted Ny, = 1.35 x 10°° cm™, from Martin et al. (2008).

Visr (km s™)

FWHM (km s™") Abundance? (x107'°)

70 18 0.045
69.56 + 1.4 15+3 0.36
68.8 + 0.3 18.0 £ 0.7 1.0
68.3 + 0.2 221+ 04 4.8
679 +0.3 24.8 + 0.7 0.89
68.1 + 0.2 18.1 £0.3 3.2
67.4 + 0.1 20.4 £ 0.3 1170

0.02

0.015 |

0.01 |

Ty (K)

0.005 |

TT T

—0.005 &

including PO.

109.1
Freq. (GHz)

FIGURE 3| PO transitions detected toward G+0.693 (see Table 1). The gray histogram shows the observed spectra obtained using the IRAM 30m telescope. The
red curve corresponds to the best LTE fit derived with MADCUBA, and the blue curve shows the total contribution considering all the molecular species identified,

the transitions at 150 GHz. This small discrepancy is within the
typical uncertainties in the calibration of the IRAM 30m data, and
therefore the LTE fit reproduces reasonably well both sets of lines,
within the calibration uncertainties. The derived ratio NO*/NO is
0.00245 + 0.00005, which is very similar to that derived in the cold
core Barnard 1-b of ~0.002 (Cernicharo et al., 2014). The NO*/NO
ratio found in G+0.693 is also similar to the SO*/SO ratio (which is a
factor of 1.7 higher) and a factor of ~50 lower than the PO*/PO ratio.

4 DISCUSSION
4.1 Chemistry of PO*, NO*, and SO*

We discuss in this section the chemistry of PO", so far poorly
explored, comparing it with that of NO" and SO* proposed
previously in the literature. Then, in Section 4.2, we present the
results of a new detailed chemical modeling focused on the
formation of PO™.

The upper panel of Figure 9 shows the molecular column
densities of NO™, SO, and PO" and of their neutral counterparts
derived in this work toward G+0.693. The two lowermost panels
of Figure 9 show the molecular abundances of the ion monoxides
(middle lower panel) and the monoxides (lower panel),

normalized by the cosmic abundances of N, S, and P with
respect to H (from Asplund et al, 2009). After the
normalization by cosmic abundances, PO* is the most
abundant ion; however, PO is the least abundant monoxide
(two lowermost panels of Figure 9). These two facts together
produce the observed enhancement of the N(PO")/N(PO) ratio
(middle upper panel of Figure 9), which is 0.12 + 0.03,
significantly higher than the N(SO")/N(SO) ratio (0.0045 +
0.0003) and the N(NO")/N(NO) ratio (0.00245 + 0.00005).

We discuss here the possible formations routes of these
three ions, which are summarized in Figure 10. We have
included the rates (k) of the chemical reactions, obtained
from KIDA (Kinetic Database for Astrochemistry, Wakelam
et al.,, 2012) and the calculations of Garcia de la Concepcion
et al. (2021). The values, indicated with numbers above each
arrow, denote the o parameter (in which the reaction constant
is k = a x {, with { being the cosmic-ray ionization rate) for the
cosmic-ray ionization reactions, and the values of k for the
ion — molecule and electron recombination reactions are
calculated at T = 100 K, which is the average gas kinetic
temperature of the CMZ (e.g. Hiiettemeister et al., 1993; Zeng
et al.,, 2018).

Molecular ions are expected to be formed through gas-phase
chemistry (e.g., Herbst and Leung 1986). For the case of SO,
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FIGURE 4 | SO" transitions detected toward G+0.693 (see Table 1). The gray histogram shows the observed spectra obtained using the IRAM 30m telescope.
The red curve corresponds to the best LTE fit derived with MADCUBA, and the blue curve shows the total contribution considering all the molecular species identified,
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several works (Herbst and Leung 1989; Neufeld and Dalgarno
1989; Turner 1996) have shown that the dominant formation
route of SO" is the ion-molecule reaction S* + OH — SO* + H.
Neufeld and Dalgarno (1989) argued that the SO* abundance can
be strongly enhanced in shocked regions due to the release of S
from dust mantles and its subsequent ionization by cosmic rays,
followed by the previous reaction. This chemical pathway has
been supported by the detection of SO in the shocked molecular
clump associated with the supernova remnant IC 443G (Turner
1992) and in the protostellar shock L1157 — B1 (Podio et al,
2014). The detection of SO* toward G+0.693, in which large-scale
shocks are also present (e.g. Martin et al., 2008; Requena-Torres
etal., 2008; Zeng et al., 2020), further confirms the primary shock
origin of SO*. Moreover, the regions with enhanced cosmic-ray
ionization rate, such as the CMZ in general (Goto et al., 2014) and
G+0.693 in particular (Zeng et al., 2018) or the L1157 — B1 shock
(Podio et al., 2014), favor the formation of S* through cosmic-ray
ionization reactions (Figure 10), which also increase the
formation efficiency of SO™.

Analogously, the same chemical route can be applied for N
and P (left and right panels of Figure 10). In this scenario,
NO" and PO" can be formed through N* + OH — NO" + H
and P" + OH — PO" + H. The reaction rates of S*, N*, and P*
with the OH radical, calculated by Woon and Herbst (2009),
are similar regardless of the temperature (see, for e.g., the

values at 100 K in Figure 10). However, the observations
indicate that the abundance of PO" after normalization by the
cosmic abundance of P is higher than that of NO" and SO
(lower middle panel of Figure 9). This might be due to a
higher cosmic-ray ionization of atomic P compared with that
of N and S giving P, N*, and S* (Figure 9). Indeed, the
quantum calculations by Heays et al. (2017) indicate that the
reaction rates of P — P" is higher than those of S — S* (by a
factor of 1.8) and N — N* (by a factor of ~2000), as shown in
Figure 10.

Another complementary chemical route for the formation of
the monoxide ions (NO*, SO", and PO") is the cosmic-ray
ionization of their neutral counterparts (NO, SO, and PO;
Figure 10). The latter can be produced by gas-phase neutral
reactions between atomic N, S, and P with the OH
radical (Pineau des Forets et al, 1990; Turner 1996;
Cernicharo et al., 2014; Garcia de la Concepcion et al.,
2021). We note that they can also be formed with reactions
with O, (KIDA and Garcia de la Concepcién et al., 2021),
although the reaction rates are at least one order of magnitude
lower. Previous observations have shown that the abundances
of NO, SO, and PO are significantly enhanced in shocked
regions (Bachiller and Pérez Gutiérrez 1997; Codella et al,,
2018; Rivilla et al., 2018, 2020a), which make them abundant
possible progenitors for their associated ions. For the case of S,
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FIGURE 5 | %SO transitions detected toward G+0.693 (see Table 1). The gray histogram shows the observed spectra obtained using the IRAM 30m telescope.
The red curve corresponds to the best LTE fit derived with MADCUBA, and the blue curve shows the total contribution considering all the molecular species identified,
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FIGURE 6 | S'®0 transition detected toward G+0.693 (see Table 1).

The gray histogram shows the observed spectra obtained using the IRAM
30m telescope. The red curve corresponds to the best LTE fit derived with
MADCUBA, and the blue curve shows the total contribution considering

all the molecular species identified, including S'80.

Turner (1992) found in the molecular clump IC 443C that SO*
and SO do not coexist spatially, which seems to rule out
this pathway, at least in this particular source. However,
this might not be the case in other regions such as G+0.693,
in which both species have been detected nor can be
extrapolated to the cases of P and N.

0.04

238.35 238.4

Freq. (GHz)

FIGURE 7| NO* transition detected toward G+0.693 (see Table 1). The
gray histogram shows the observed spectra obtained using the APEX
telescope. The red curve corresponds to the best LTE fit derived with
MADCUBA, and the blue curve shows the total contribution considering
all the molecular species identified, including NO™.

As indicated in Figure 10, the rates of the reactions with
OH to form the oxides are higher for P than for S and N by a
factor of 3-4. However, the lower panel of Figure 9 shows that
the observed y(PO)/x(P) is lower than y(NO)/x(N) and
x(SO)/x(S).  This might indicate that PO s
more efficiently destroyed in the gas phase than SO and
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FIGURE 8 | NO transitions detected toward G+0.693. The gray histograms show the observed spectra obtained using the IRAM 30m telescope (upper panel) and
the APEX telescope (lower panel). The unblended transitions used to perform the fit with MADCUBA are listed in Table 1. The red curve corresponds to the best LTE
fit derived with MADCUBA, and the blue curve shows the total contribution considering all the molecular species identified, including NO.

NO. In this sense, a possible destruction route would be the
cosmic-ray ionization of PO to form PO" (Figure 10). If this
reaction were highly efficient, the abundance of PO would
decrease, and the PO'/PO ratio would be significantly
enhanced, in agreement with observations. Unfortunately,
this reaction is not included in the available
chemical databases such as KIDA (Wakelam et al., 2012)
or UMIST (McElroy et al., 2013), so its rate is not known. One
can argue that the ionization rates of PO should be higher
than those of SO and NO, as occurs for the atomic species (see
values in Figure 10). P is the less electronegative atom;
thus, the -I inductive effect produced by the O atom is
more noticeable in PO than in SO or NO, as can be
inferred from the dipole moments of the three oxides:
u(PO) = 1.88 D > u(SO) = 1.535 D > u(NO) = 0.159 D
(Appendix A). As a consequence, the valence electrons on the
P atom of PO are more weakly retained than in S of SO and
much less than in N of NO. Furthermore, the highest
occupied molecular orbital in PO is half-filled, being easier
to lose an electron in comparison to the closed-shell orbital of
SO. In Section 4.2, we have included the cosmic-ray
ionization of PO in a chemical model to evaluate its role
in the formation of PO™.

Finally, the main destruction mechanism of the monoxide ions is
the dissociative recombination reaction with electrons (blue arrows in

Figure 10), which produces back the atomic species. NO™ is more
rapidly destroyed by electrons than SO and PO". This would further
decrease the abundance of NO, which might explain why y(NO*)/
A(N) and N(NO")/N(NO) exhibit the lowest ratios (see Figure 9).

Regarding the still poorly constrained chemistry of P in the
ISM, the relatively high gas-phase abundance of PO with respect
to PO, in which N(PO*)/N(PO) = 0.12 + 0.03, stresses the more
predominant role that P-bearing ions such as PO" and P" can
play in the chemical network of P than N and S chemistries. In the
next section, we studied in more detail the formation of PO" in
G+0.693 using the chemical models of P chemistry presented in
Jiménez-Serra et al. (2018).

4.2 Chemical Modeling of PO*

To explain the abundances of PO" measured in G+0.693, we have
used the chemical code UCLCHEM®* (Holdship et al, 2017) to
simulate the P chemistry toward this source. It has been
proposed that the chemistry of this source is characterized by low-
velocity shocks (which explain the line widths of the molecular
emission of 20kms™') and by an enhanced cosmic-ray ionization
rate with respect to its standard value ({, = 1.3 x 1075 7.

“https://uclchem.github.io/.
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UCLCHEM runs in three phases: Phase 0 considers the chemistry of a
translucent cloud with n(H) = 10° cm™ and Ti, = 20 K for 10° years.
Phase 1 simulates the collapse of a molecular cloud from n(H) =
10* em™ to n(H) = 2 x 10* cm™ at a constant temperature of Ty, =
10 K. At this stage, most of atomic P is locked into solid PH;. In Phase
2, we simulate the passage of a low-velocity C-type shock with v, =

20km s~ and an initial gas density of n(H) = 10* cm™ using the
parametric approximation for the physical structure of the C-type
shocks of Jiménez-Serra et al. (2008). The assumed shock velocity of v;
=20 km " is consistent with the observed line widths of the molecular
line emission (Requena-Torres et al., 2006; Zeng et al., 2018) and with
the gas densities measured toward G+0.693 (Zeng et al., 2020). The
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maximum temperature reached within the shock is 900 K (see Table 4
in Jiménez-Serra et al,, 2008). For the P chemistry network, we use the
one built by Jiménez-Serra et al. (2018), which has recently been
updated with the rates of the reactions P + OH — PO + Hand P +
H,0 — PO + H, (Garcia de la Concepcion et al., 2021). The initial
elemental abundances are as in Jiménez-Serra et al. (2018). In this
work, we have implemented several updates:

1. The reaction rate of the ionization of P with a cosmic-ray
photon (CR-photon), through the reaction P + CR-photon —
P* + e, was obtained from the quantum chemical calculations
by Heays et al. (2017);

2. The reaction rate of P* + OH — PO" + H was obtained from
the calculations by Woon and Herbst (2009);

3. We have introduced for the first time the formation route of
PO" proposed in this work: PO + CR-photon — PO* +e™. To
our knowledge, there are neither laboratory experiments nor
theoretical calculations carried out for this reaction.
Therefore, we have assumed the rate of the analogous
reaction with SO, from Heays et al. (2017). As discussed
in Section 4.1, the ionization rate of PO might be higher than
that of SO, so the value assumed here should be considered as
a lower limit.

The chemistry of PO is explored for three different values of
the cosmic-ray ionization rate { = 1.3 x 1077 s, 1.3 x 107> s,
and 1.3 x 10"*s7!, i.e., 1, 100 and 1000 times the standard value.
The results of Phase 2 of the models for the abundances of PO™,
PO, and P" are shown in Figure 11 (solid curves), compared to
the observed values of PO* and PO (dashed horizontal lines). It
is clear that an enhanced cosmic-ray ionization rate of at least
factors of 100-1000 is needed in order to obtain PO"
abundances close to the observed value ~107'2. In our
models, most of the P contained on dust grains is in the
form of PH3, which is initially released into the gas phase by
the sputtering of the icy mantles once their saturation time-scale

is reached®. PH; is rapidly converted into P due to the
endothermic destruction reactions PH; + H — PH, + H,,
PH, + H - PH + H,, and PH + H — P + H, and photo-
dissociation by secondary ultraviolet photons (see Jiménez-
Serra et al., 2018). Atomic P is then ionized efficiently with
enhanced values of (, as can be seen from the higher abundance
of P in the models with { = 1.3 x 107° s and 1.3 x 107 ¢!
(Figure 11), via the reaction P + CR-photon — P* + e™. This is
consistent with the conclusion drawn in Section 4.1, of P being
more easily ionized by cosmic rays than other elements such as
N or S. In the model with { = 1.3 x 10™"* s7*, which reproduces
better the observed abundance of PO¥, the production of PO™ is
dominated by the reaction P* + O, — PO" + O at early post-
shock times (60-600 years), when O, is very abundant due to its
release to the gas phase from the icy mantles after grain
sputtering. Later, the production of PO" is dominated by the
reaction PO + CR-photon — PO" until 2,500 years. After that
time, PO" is mainly formed by P* + OH — PO" + H, with a
contribution of the P* + O, pathway. We stress that we have
assumed a reaction rate for the cosmic-ray ionization of PO, and that
theoretical and experimental studies of this reaction would be
helpful to evaluate its possible contribution to the formation of PO*.

5 SUMMARY AND CONCLUSION

We report the first detection of PO™ in the interstellar medium,
toward the molecular cloud G+0.693-0.027. We have detected the
J=1-0and J = 2-1 transitions with the Yebes 40m and the IRAM
30m telescopes, respectively, which appear free of contamination
from other species. The LTE analysis performed derives a column
density of N = (6.0 + 0.7) x 10"" cm ™ and an abundance with respect

°The saturation time-scale is defined as the time at which 90% of the content of the
icy mantles is sputtered off grains (see Jiménez-Serra et al., 2018).
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to molecular hydrogen of 4.5 x 1072 The abundance of PO*
normalized by the cosmic abundance of P is larger than that of
NO™ and SO", normalized by N and S, by factors of 3.6 and 2.3,
respectively. As well, the N(PO")/N(PO) ratio is 0.12 + 0.03, more
than one order of magnitude higher than that of N(SO")/N(SO)
(0.0045 + 0.0003) and N(NO™)/N(NO) (0.00264 + 0.00005). These
results indicate that P is more efficiently ionized in the ISM than N
and S.

We have performed a detailed chemical model that includes
the effects of a C-type shock and high cosmic-ray ionization rates
(), to reproduce the physical conditions of G+0.693. The results
show that the abundance of PO™ is enhanced in shocked regions
with high values of {. Most of the P contained on dust grains,
which is in the form of PHj, is released into the gas phase by the
sputtering of the icy mantles produced by the shock. PH; is
rapidly converted into atomic P, which is then ionized efficiently
by cosmic rays. Later, PO" is formed by the reactions of P* with
O, at early post-shock times, and by cosmic-ray ionization of PO
and by the reaction of P* with OH afterward. The values of the
cosmic-ray ionization rates of { = 107> — 107'* s™" are needed to
obtain PO" abundances close to the observed value of several
107'%. The relatively high gas-phase abundance of PO" with
respect to PO, N(PO")/N(PO) = 0.12 + 0.03 stresses the
predominant role that P-bearing ions such as PO" and P" can
play in the chemical network of P.
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