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Abstract

The millimeter-wave spectrum of the SiP radical (X?II;) has been measured in the laboratory for the first time using
direct-absorption methods. SiP was created by the reaction of phosphorus vapor and SiH, in argon in an AC
discharge. Fifteen rotational transitions (J + 1 «— J) were measured for SiP in the 2 = 3/2 ladder in the frequency
range 151-533 GHz, and rotational, lambda doubling, and phosphorus hyperfine constants determined. Based on
the laboratory measurements, SiP was detected in the circumstellar shell of IRC+10216, using the Submillimeter
Telescope and the 12 m antenna of the Arizona Radio Observatory at 1 mm and 2 mm, respectively. Eight
transitions of SiP were searched: four were completely obscured by stronger features, two were uncontaminated
(J=135—12.5 and 16.5—15.5), and two were partially blended with other lines (/J=8.5—7.5 and
17.5 — 16.5). The SiP line profiles were broader than expected for IRC+10216, consistent with the hyperfine
splitting. From non-LTE radiative transfer modeling, SiP was found to have a shell distribution with a radius ~300
R,, and an abundance, relative to H,, of f~ 2 x 10~°. From additional modeling, abundances of 7 X 1072 and
9 x 10'° were determined for CP and PN, respectively, both located in shells at 550-650 R,,.. SiP may be formed
from grain destruction, which liberates both phosphorus and silicon into the gas phase, and then is channeled into

other P-bearing molecules such as PN and CP.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Circumstellar envelopes (237); Molecular
spectroscopy (2095); Evolved stars (481); Chemical abundances (224); Interstellar molecules (849); Asymptotic

giant branch stars (2100)

1. Introduction

Phosphorus is a key ingredient for the origin of life. It is the
fifth most abundant element in living systems by mass after C,
N, O, and H (e.g., Macid 2005), and plays a major role in
replication, metabolism, and cellular structure. In addition to its
obvious biological importance, phosphorus is relevant in solar
system mineralogy. Apatite, Ca;o(PO4)s(OH,F,Cl),, is widely
distributed in planetary bodies, including moon rocks and
meteorites, as are other phosphates (e.g., Hughes & Rakovan
2015). The phosphide schreibersite, (Fe,Ni);P, is commonly
found in meteorites (Pasek 2019), and has been identified in
comets (Brownlee et al. 2012). The element also exists in the
atmospheres of Jupiter and Saturn as gas-phase PH3, phosphine
(e.g., Fletcher et al. 2009).

Outside the solar system, phosphorus has been an elusive
element. From the atomic viewpoint, the favorable transitions of
this element either occur in the near-infrared (PI) or in the far-
ultraviolet (PII). They therefore are in regions generally inacces-
sible by ground-based telescopes. Furthermore, the UV lines are
often contaminated by the stellar continuum (Roederer et al. 2014),
while those in the near-infrared are blocked by atmospheric telluric
features (Majewski et al. 2017). There is therefore limited
information on the element in the diffuse ISM and in stellar
photospheres (e.g., Hinkel et al. 2020).

Molecules containing phosphorus, on the other hand, offer an
alternative avenue by which to trace this element in the ISM. The

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

first interstellar P-bearing compound detected was PN, identified
toward Orion-KL (Ziurys 1987). PN was subsequently observed
in additional molecular clouds (e.g., Turner et al. 1990; Fontani
et al. 2016; Lefloch et al. 2016). CP was then identified in the
shell of the carbon-rich asymptotic-giant branch (AGB) star,
IRC + 10216 (Guélin et al. 1990), followed by PN, CCP, HCP,
and PHj; (e.g., Halfen et al. 2008; Milam et al. 2008; Tenenbaum
& Ziurys 2008; Agindez et al. 2007, 2008, 2014). PO and PN
were subsequently observed in the O-rich envelopes of super-
giants, VY Canis Majoris and NML Cygni (Tenenbaum et al.
2007; Milam et al. 2008; Ziurys et al. 2018), as well as in those of
more ordinary AGB stars (De Beck et al. 2013; Ziurys et al.
2018). The biologically relevant PO has more recently been
identified in a series of molecular clouds, including the star-
forming regions W51, W3(OH), L1157, G+ 0.693-0.03, and
AFGL 5142 (Lefloch et al. 2016; Rivilla et al. 2016, 2018;
Bergner et al. 2019; Rivilla et al. 2020), and in the shocked
“plateau” outflow of Orion-KL (Bernal et al. 2021). PN and PO
have also been detected toward low mass protostars (Wurmser &
Bergner 2022), and PN has been identified toward the starburst
galaxy NGC 253 (Haasler et al. 2022).

The identification of six phosphorus-containing molecules
thus far suggests that other such species might be present in
circumstellar/interstellar gas. However, new discoveries depend
on the availability of accurate rest frequencies. Here we present
the first laboratory measurement of the pure rotational spectrum
of the SiP radical (X°IL,). Multiple transitions were recorded in
the range 151-533 GHz. Based on these new data, an
astronomical search was conducted toward IRC+10216 using
the Arizona Radio Observatory (ARO) telescopes. In this Letter,
we describe our laboratory and observational results and
implications for interstellar phosphorus chemistry.
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2. Experimental

The pure rotational spectrum of the SiP radical (XZHi) was
recorded using one of the direct-absorption spectrometers of
the Ziurys group (Savage & Ziurys 2005). The radiation
sources are phase-locked Gunn oscillators, used in combination
with Schottky diode multipliers such that the frequency range
65—-850 GHz can be accessed. The radiation is quasioptically
passed through a 1 m long glass reaction cell, sealed with
focusing lenses at either end, and into a helium-cooled hot
electron bolometer detector. Two cylindrical electrodes support
a longitudinal AC discharge across the cell. Frequency
modulation of the Gunn oscillator is employed for phase-
sensitive detection. Silicon phosphide was synthesized by the
reaction of gas-phase phosphorus, produced by heating the red
form of the element, with SiH, in an AC discharge in argon.
Optimized signals were produced with ~30 mTorr of ~0.8%
SiH, in argon, with an AC discharge power of 250 W (600 2
impedance).

Transition frequencies were determined using 5 MHz wide
frequency scans, centered at a given feature. An average of six
scans, three in ascending and three in descending frequency,
were typically needed to achieve a reasonable signal-to-noise
level. The estimated experimental accuracy is £50 kHz.

3. Observations

The measurements were conducted December 2018—June
2022 using the facilities of the ARO: the 12 m at Kitt Peak and
the Submillimeter Telescope (SMT) on Mt. Graham, AZ. The
1 mm observations, conducted with the SMT, were averaged
with previous data from the spectral survey of Tenenbaum et al.
(2010). A dual-polarization receiver was used consisting of
ALMA Band 6 sideband-separating (SBS) mixers, with typical
image rejection of >15 dB. The temperature scale for the SMT
is T4", the chopper-wheel corrected scale, where T = TA" /1
and 7, is the main beam efficiency (1), = 0.72 for the SMT). A
2048-channel filterbank with 1 MHz resolution was employed
as the backend, configured in parallel mode.

The 2 mm observations were conducted with the ARO 12 m. A
dual-polarization receiver with SBS mixers, developed at ARO,
was employed for these measurements, with typical image
rejections >20 dB. The temperature scale at the 12 m is 75" as
defined, and 77, = 0.82 at 2 mm. The backend used was the ARO
Wideband Spectrometer (AROWS), configured with 2 x 4 GHz
of bandwidth for each receiver channel and 625 kHz spectral
resolution.

Observations were conducted in beam-switching mode, with a
throw of +2/, toward IRC+10216 (o = 9"47™57%4; § = 13°16¢/
44.0” (J2000.0)). Local oscillator shifts of 10-20 MHz for all
measurements were performed to check for image contamina-
tion; for the SMT, the IF frequency was also varied (~5-7 GHz).
Pointing and focus were regularly checked using close-by
planets such as Jupiter and Venus, or line pointing on CO.

4. Results and Analysis
4.1. Laboratory Spectroscopy

The initial search for SiP was based on the previous laser
induced fluorescence (LIF) study of Jakubek et al. (2002) and
focused on the lower-lying spin-orbit ladder, {2 =3/2, which
was predicted to consist of closely spaced lambda doublets.
After over 20 GHz of scanning (~2.5 B), a repeating set of
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doublets was found within~1GHz of the predictions,
separated by a few MHz. As scanning continued to lower
frequency, each doublet then further split into two lines,
creating a closely spaced quartet. As the frequency further
decreased, the features evolved into a broad doublet.

This behavior can be explained by a combination of lambda
doubling and hyperfine interactions, the latter arising from
phosphorus nuclear spin of / = 1/2. The lambda doubling for
the 2 =3/2 state increases with J, from ~0.2 MHz at 151 GHz
to ~6 MHz at 485 GHz. The hyperfine splitting does the opposite.
As a consequence, at higher frequency, only a lambda doublet is
observed, as the hyperfine splitting collapses. As the frequency
decreases, the hyperfine components from the doublets cross and
then blend together, creating another “doublet,” but with much
broader features. Along with chemical tests, which showed the
lines depended on both phosphorus and silane, this pattern securely
identified the spectra as arising from the {2 =3/2 ladder of SiP.
Lambda doublets arising from the 2 = 1/2 spin-orbit ladder were
subsequently found; their splitting was considerably larger, as
predicted, but the spectra were obviously perturbed. These data are
the subject of another paper (Burton et al. 2022).

The pattern observed for the {2 =3 /2 spin-orbit component
of SiP is illustrated in Figure 1. Here, measured spectra of the
J=30.5+29.5,J=14.5+13.5, and J = 9.5 «+ 8.5 rotational
transitions of SiP in the Q=3/2 ladder near 485 GHz,
231 GHz, and 151 GHz are shown. The lambda doublets are
labeled by e and f, and the sets of hyperfine components by F,
or I, depending on their lambda doublet, where F = J + I. The
spectrum in the upper panel (J = 30.5 < 29.5) only shows the
lambda doublets, as the hyperfine splitting is collapsed. The
quartet pattern is clearly visible in the middle panel
(J=14.5+13.5), as the hyperfine interaction increases to
lower frequency. The splitting continues to increase until two
hyperfine components of opposite lambda doublets cross and
then blend together, creating two broad features, as shown in
the lower panel (J =9.5 <+ 8.5).

Opverall, 15 rotational transitions (J + 1+ J) were measured
for SiP in the Q=3/2 ladder in the frequency range
151-533 GHz, as listed in Table 1. The data were analyzed using
a Hund’s case (c) Hamiltonian consisting of rotational, effective
lambda doubling (g, and magnetic hyperfine (%) terms. Note that
h=aA+ (b + )X =a+ 1/2 (b + c) in this case. The results of
this analysis are given in Table 2; the rms of the fit was 55 kHz.
For comparison, the rotational constant for the {2 =3/2 ladder
was estimated from the LIF study of Jakubek et al. (2002). The
derived constant, B3, ~7917 MHz, is within 50 MHz of the
measured mm-wave value, in good agreement.

4.2. Astronomical Observations

Following the laboratory measurements, a search was
conducted for the 2 and 1.2 mm transitions of SiP toward the
envelope of AGB star IRC+10216. Unfortunately, four of the
eight transitions were completely contaminated by other strong
lines. The J = 14.5 — 13.5 transition near 230 GHz was masked
by CO, while the J=9.5—8.5,/=10.5—9.5, and J=15.5 —
14.5 transitions were obscured by C4H v; =1, C13CCN, and C,H
vy =1, respectively. Only the J=85—7.5, J=13.5— 125,
J=165—155, and J=17.5—16.5 were not completely
hidden. As shown in Figure 2, the J=13.5— 125 and
J=165—155 were clean of contamination and appear as
individual lines in IRC+10216 (middle panels), although slightly
broadened by lambda doubling and phosphorus hyperfine
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SiP (X2IT) Q=372 Table 1

Transition Frequencies of SiP (X*II; Q =3 /2)*

J=305«295 J—J F —F" Parity Vobs Vobs—Veale
8.5 —75" 98 f 135422.130
9«38 e 135422.532
8«7 f 135429.113
8«7 e 135429.515
9585 109 f 151351.095 0.058
109 e 151351.538 —0.001
9«38 f 151356.500 —0.007
P - 938 e 151356.912 —0.097
W /W1 /WY 13.5 — 1257 1413 f 215050.405
" 14— 13 e 215051.415
13+ 12 f 215052.832
‘ 13+ 12 e 215053.843
. — , 14.5 — 135 15— 14 f 230970.567 ~0.051
485.305 485.315 485.325 15— 14 € 230971.745 —0.036
1413 f 230972.709 0.058
J=14.5— 135 Fo=14 — 13 14— 13 e 230973.790 —0.025
7 . 155 145 16 «— 15 f 246888.654 —0.068
F,=15« 14 16 — 15 e 246890.020 —0.028
I‘ \ 15« 14 f 246890.498 0.064
Pu‘ f 15— 14 e 246891.731 —0.032
\ \ ‘I | 16.5 — 155 17+ 16 f 262804.558 —0.024
| | R 17+ 16 e 262806.060 —0.022
Fy=15+14 ‘l |\ Jl | | y Femld— 13 16 — 15 f 262806.060 0.029
I | } ‘ L". [ 16 — 15 e 262807.548 0.015
AVATRY R S
, | — e A
.,.v,.ﬂ Y ‘ ‘ 1’ 1) T T YR 1716 f 278719.288
L f W\ }"ip. / \ Y Yia e WAt 17— 16 e 278720.976
| j"' S b y { vl 20.5 < 19.5 21 <20 f 326442.748 —0.066
: , , ' 20 — 19 f 326443.630 0.063
230.969 230.972 230.975 21 20 e 326445.034 —0.078
20 « 19 e 326445.945 0.075
J=95<—85 21.5 205 22 21 f 342345.318 —0.052
21 «+ 20 f 342346.111 0.104
F,=14+13 22 21 e 342347.855 —0.037
Fy=15+<14 » 2120 e 342348.622 0.088
‘.'.I F:;=14+< 13 r" Lu"l‘ 225215 23 22 f 358244.755 —0.088
. f“‘l L N i II ' 22 21 f 358245.380 0.000
[ "all 7 =18 id r \ 23«22 e 358247.593 —0.005
/7 ly - 22 « 21 e 358248.101 —0.040
4 w A I 23.5 225 24 23 f 374141.078 -0.013
‘ . } 23«22 f 374141.578 0.038
— . B
! e AR mEm o
!‘L!U ~'”!| ' 'N WAV W | A 27.5—26.5 28 — 27 f 437691.076 0.074
) ‘1 ‘ Y 27 « 26 f 437691.106 —0.083
28 « 27 e 437695.146 0.084
151.351 151.354 151.357 27 26 e 437695.176 —0.083
i Lz 28.5 2175 29 «— 28 f 453569.080 0.082
Frequency (GHz) 28 27 f 453569.080 ~0.056
Figure 1. Laboratory spectra of SiP (XII;) in the Q = 3/2 ladder showing the 29 <28 e 453573.437 0.093
J=30.5-—29.5 J=145—13.5 and J=9.5 < 8.5 rotational transitions 28 27 e 453573.437 —0.057
near 485 GHz, 231 GHz, and 151 GHz, respectively. The lambda doublets are 29.5 < 28.5 30 «+— 29 f 469442.977 0.061
labeled by e and f, and the phosphorus hyperfine components by quantum 29 — 28 f 469442.977 —0.033
ntlllmber1 F E)I;f a(rild {;‘f tspeciﬁtct:lallt)lf). Tt;ie J = 301.15 — 39.15 ltil?e }toplﬂaglel) ({gllg/ 30 « 29 e 469447.603 0.046
ShOows lambda aoublets, as c criine 1s collapsed. In the J = WD .
transition (middle panel), the spec}g)um isa doublelt) of doublets, as the hyperfine 2928 ¢ 469447.603 —0.061
interaction is resolved. For the J = 9.5 < 8.5 line (lower panel), the hyperfine 30.5 —29.5 3130 f 485312.639 0.025
components of opposite lambda doublets blend together, creating doublets with 3029 f 485312.639 —0.030
broader linewidths. The spectrum in the top panel is a single 110 MHz wide 3130 € 485317.622 0.063
scan, truncated to 30 MHz; the middle and lower spectra are six scan averages, 3029 e 485317.622 —0.005
each 10 MHz in frequency. 31.5 <305 3231 f 501177.950 0.000
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Table 1
(Continued)
J —J" F —F' Parity Vobs Vobs—Veale
31«30 f 501177.950 —0.018
32« 31 e 501183.202 —0.003
31« 30 e 501183.202 —0.037
325+ 315 33«32 f 517038.771 —0.009
32 « 31 f 517038.771 0.005
33«32 e 517044.343 —-0.011
32 « 31 e 517044.343 —-0.014
33.5 325 34 «— 33 f 532894.938 —0.025
33«32 f 532894.938 0.019
34 «— 33 e 532900.838 —0.025
33— 32 e 532900.838 0.025
Notes.

% All values in MHz.
b Predicted transition based on case (c) fit.

Table 2
Spectroscopic Constants for SiP XL Q=3 /2)

Parameter This work * LIF Study®)
B 7967.0589(13) 7917

D 0.00595192(78)

Qeff 0.001869(85)

defiD —59(5.4) x 10°®

hs 359(11)

h;/,D 0.355(43)

rms 0.055

Notes.

% All values in MHz; uncertainties are 3.
© Jakubek et al. (2002).

structure. The J=85—75 line is a ‘“shoulder” on the
J=485—475 transition of CgH (top panel), while the
J=17.5 — 16.5 transition appears as a “trough” between features
of Si">CC and SiC, v3=1 (bottom panel); emission is clearly
present at the respective frequencies. There are no other molecules
that can account for the SiP features. Integration times are 113,
112, 103, and 61 hr at 278, 262, 215, and 135 GHz, respectively.

The line parameters T4"(K), Vi sg and AV, for SiP were
derived from the line profiles and are listed in Table 3. As
shown in the table, the lines are quite weak with T,"(K) < 1.2
mK, and appear at the expected velocity, Vi gg = —26kms ™.
The nominal linewidths (~36-39 kms~ ") are slightly broader
than those typically found for this object (AV; /, ~ 30 km s7h
because of hyperfine splitting.

The abundances for SiP were derived using the non-LTE
radiative transfer code developed in the Ziurys group,
ESCAPADE (Adande et al. 2013). The code, based on the
Sobolev approximation, employs the escape probability
formalism. Levels are populated by collisions and radiation
from dust, and spectra are predicted as a function of r, the
distance from the star. A density profile was assumed based on
a mass-loss rate of ~107> M., yr ' (Anderson & Ziurys 2014),
and the temperature law Tg(r) =200 K (1015 cm/ r)O'73 was
employed (Crosas & Menten 1997). Here 10'°cm is the
distance from the star where the gas kinetic temperature is
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Tx =200 K. The dust was modeled as a blackbody at a
temperature of 400 K (Crosas & Menten 1997). A stellar radius
of Ry ~3.5 x 10" cm and an average expansion velocity of
Vexp = 14.5km s~ were assumed. The calculation was started
at r ~ 7.0 x 10" cm (“Fipne,”), the edge of the dust formation
zone (~20 R,) where the envelope reaches its terminal velocity
(Men’shchikov et al. 2001).

The line profiles for SiP were modeled with a shell distribution
following the equation f(r) = f exp f(w)z (Adande

Touter

et al. 2013; Anderson & Ziurys 2014), with variables peak
abundance fp, rg,e, and 7, The radius rg,; is the distance from
the star where the abundance reaches a maximum, and the radius
¥ outer 18 When the abundance drops by a factor of 1/e from its peak
value, defining the width of the shell with maximum radius
Vimax = Tshell + Vouter- The ﬁtting parameters ﬁ)’ Tshell> and r, outer
were varied over a grid of values. The ranges were 10~'° 10",
200-800 R,, and 20 R,—500 Ry, for fo, rgenw, and Fouer
respectively. The best fit was determined by a reduced chi-squared
analysis, along with visual inspection. Initially, the unblended
J=135—125 and J=16.5—15.5 lines, along with the
shoulder feature of the J=28.5 — 7.5 transition, were fit. Then
the blended J=17.5 — 16.5 transition was modeled with the
same parameters, and the predicted line profile was consistent
with the observed spectra. Neighboring lines were not fit in the
analysis. A purely spherical distribution was also attempted (here
raen = 0), but with poorer results, based on the above criteria.

The collision cross-sections were scaled from those of SiS
(Schoier et al. 2005); infrared excitation was considered for the
v =1 level of SiP, which lies ~615 cm ™! above the v = 0 state
(Jakubek et al. 2002). The dipole moment derivative for SiP is
not known and was estimated from that of SiS. Only a
theoretical dipole exists for SiP: 0.9 D (Ornellas et al. 2000).
Uncertainty in the modeling results is estimated at ~30%. It
should be noted that the A’X" excited state of SiP
lies ~427 cm™ " in energy above the ground state, lower than
the v=1 level. However, Frank-Condon factors favor the
v=1 level.

For abundance comparisons, CP and PN spectra were also
modeled, based on three, relatively contaminant-free transitions
at 1, 2 and 3 mm, measured at ARO (see Table 3). PN is a well-
characterized molecule, with a known transition rates and
cross-sections (see EXOMOL, LAMBDA, BASECOL). These
data do not exist for CP, except for a theoretically derived
dipole moment (0.86 D; Rohlfing & Almof 1988). These
quantities were therefore scaled from those of CS (Schdéier et al.
2005). The same model parameters were used as for SiP, and,
again, a shell distribution gave a better fit. Modeled abundances
are listed in Table 3. Uncertainties are estimated at ~20%.

5. Discussion
5.1. Abundance and Distribution of SiP in IRC+10216

The modeling suggests that the abundance of SiP is
fo~2 X% 1077 at its peak value, relative to H,, located in a
shell centered at~300 R,, extending out to~550 R, (1/e
point). Moving the shell maximum further from the star
resulted in less accurate fits. However, the SiP lines are very
weak and the modeling only provides a very rough estimate,
given the assumptions and the lack of collisional and radiative
parameters for this molecule.
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Figure 2. Spectra of SiP (X*II;) measured toward IRC+10216 using the ARO telescopes. The temperature scale is 7, *(K). The positions of the four phosphorus
hyperfine components are given in red (or gray scale) underneath each spectrum. In the top panel, the / = 8.5 — 7.5 transition is shown near 135 GHz, which appears
as a shoulder on the J =48.5 — 47.5 transition of C¢H. The two middle panels display the J = 13.5 — 12.5 and J = 16.5 — 15.5 lines near 215 and 263 GHz,
respectively, which are uncontaminated and display a broadened linewidth due to hyperfine structure. The bottom panel shows the J = 17.5 — 16.5 transition near
279 GHz, which appears in between two stronger features arising from Si'3CC and SiC, (v3 = 1). The ESCAPADE fits are shown over the line profiles in the inset in
each panel. The spectra at 1 mm were measured with the ARO SMT (2 MHz resolution), while the 2 mm line was observed with the ARO 12 m (1.25 MHz
resolution). Integration times are 103, 112, 113, and 61 hr for 215 GHz, 262 GHz, 278 GHz, and 135 GHz.

The PN and CP spectra, in comparison, had better signal-to-
noise ratios as they are ~3 times stronger. Two of the four lines
analyzed for both molecules were uncontaminated, while the
third feature was partially blended. The peak abundance
determined for PN in IRC+10216 was fy~9 x 107'°, and

the molecule was found in a shell at ~550 R,, extending out
to ~700 R,. The line profiles could not be reproduced with a
spherical model, which had previously been used by Milam
et al. (2008). These authors, however, derived a similar
abundance of f ~ 3 x 10_10, with an outer radius of ~600 R,
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Table 3
Observations of SiP (X?II;) and Related Molecules Toward IRC+10216
Molecule Transition® TA*(mK) Visg (kms™h AV jokm s s TpeatRY) Tan(RY)
SiP J=85—-175" ~1 ~—26 ~30 ~2%x107° ~300 ~550
J=135—125 1.04+0.5 —26.6+35 374446
1=165—155 12+05 —26.1+35 39.1 £4.6
1=175-165 ~1 ~—26 ~30
CP N=2-1J=25—15" 40 +0.6 —26.0 + 4.0 28.0 £4.0 7 %1077 650 900
N=3-52J=25—-15" ~4 ~—26 ~30
N=5—-4]J=45—-35 6.1+18 —26.7+26 28.0£2.6
PN J=2-1° 33406 —26.1 +4.0 29.0 +£4.0 9x 10710 550 700
J=3-2° ~6 ~—26 ~30
J=5-4 56+12 —26.5+2.6 276 +2.6
Notes.

# Measured with the ARO SMT unless indicated otherwise.
® Measured with the ARO 12 m.
¢ Peak abundance in a shell model; see text.

based on the same line measured here but with less sensitivity.
For CP, the modeling resulted in fy~7 x 10™° for a shell
at~650 R,, extending out to ~9OO R,. Milam et al.
determined an abundance of f, ~ 10~® for this radical, in close
agreement, determined from a single transition. In this case, a
shell distribution was assumed, with the shell maximum
at ~460 R,, extending out to ~770 R,.

Using the derived abundances, ESCAPADE was used to
predict the intensities of the 3 mm transitions (J=4.5 — 3.5,
55—45 and 6.5—5.5 at 71.7, 87.6 and 103.5GHz,
respectively) in IRC+10216 at the ARO 12 m telescope.
Values obtained were Tpo* < 0.3 mK—consistent with the
upper limits of 1-2 mK derived from 12 m observations of this
source at 3 mm.

SiP is generated in a shell that is closer into the star than
either CP or PN atr ~ 300 R, SiP formation may be linked to
the liberation of both phosphorus and silicon from dust grains.
Once formed, SiP is then channeled into other P-bearing
molecules, such as PN and CP, which have shells near
550-650 R,.

5.2. Implications for Circumstellar Phosphorus Chemistry

Thermodynamic calculations predict that phosphorus should
be condensed into the dust grains as the mineral schreibersite,
(Fe,Ni)3P, in circumstellar material (e.g., Lodders & Fegley
1999; Lodders 2003). The condensatlon temperature of
schreibersite is 7~ 1200 K at 10~* atm Lodders 2003).
Schreibersite is commonly found in meteorites, including
primitive carbonaceous chondrites (Pasek 2019). It is therefore
possible that at least some phosphorus condenses into
schreibersite in the circumstellar dust formation zone. How-
ever, some phosphorus may be liberated from the solid state by
shocks in the inner envelope. The phosphorus may also remain
in the gas phase and avoid condensation, which may not be an
equilibrium process (Hofner & Olofsson 2018).

Unlike the other observed P-bearing species in IRC+10216,
SiP also contains the refractory element silicon. There are a
wide range of Si-containing molecules in IRC+10216, so gas-
phase silicon is readily available, perhaps arising from the
shock processing of SiC grains (e.g., Bernal et al. 2019). If
such shocks also disrupt schreibersite, then SiP could form in
the heated material. This scenario could explain its relatively
confined spatial distribution.

Recently, Golubev et al. (2013) conducted a theoretical
study of the interstellar formation of SiP. Based on a previous
work by Andreazza et al. (2006), these authors examined the
formation of the radical by radiative association of sﬂlcon and
phosphorus atoms. They suggest that the reaction Si(’P) +
P(*S) creates SiP in its excited state A’Y", which, for
stabilization, decays to the nearby ground state, releasing a
photon:

Si(P) + P(*S) — SiP(A2X*) — SiP(X2ID) + hv. (1)

This reaction is feasible because both the X and A states share
the same dissociation limit and are separated in energy by only
427 cm™! (Jakubek et al. 2002). Golubev et al. (2013)
calculated the rate of this reaction to be ~10"2°cm? s~! for
10-1000 K.

There are no reactions for the formation or destruction of SiP
listed in the KIDA and UMIST databases (Wakelam et al.
2012; McElroy et al. 2013). However, in analog to SiN, there
are two possible alternative gas-phase synthesis processes:

P+ SiC — SiP+C )
P+ SiH — SiP + H. 3)

Based on the nitrogen analogs, these reactions are likely to be
exothermic. The first reaction can also lead to CP + Si, with an
unknown branching ratio. Assuming an equal product
distribution, this reaction has a projected rate of k,~2 x
107" cm® s, based on SiN. The second pathway is estimated
to have k3 ~2 x 10" "cm’ s7', also extrapolated from SiN.
Both processes may be sufficiently fast to be the major gas-
phase pathways to SiP. Measurements and/or theoretical
estimates of these reaction rates are certainly needed.

This research is supported by NSF Grant AST-1907910 and
NASA grant SONSSC18K0584 (Emerging Worlds).

ORCID iDs

L. A. Koelemay @ https: //orcid.org/0000-0001-9334-3149
M. A. Burton ® https: //orcid.org/0000-0001-7788-739X
A. P. Singh © https: //orcid.org/0000-0002-5419-183X

P. M. Sheridan ® https: //orcid.org/0000-0001-6426-8928


https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-9334-3149
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0001-7788-739X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0002-5419-183X
https://orcid.org/0000-0001-6426-8928
https://orcid.org/0000-0001-6426-8928
https://orcid.org/0000-0001-6426-8928
https://orcid.org/0000-0001-6426-8928
https://orcid.org/0000-0001-6426-8928
https://orcid.org/0000-0001-6426-8928
https://orcid.org/0000-0001-6426-8928
https://orcid.org/0000-0001-6426-8928

THE ASTROPHYSICAL JOURNAL LETTERS, 940:L11 (7pp), 2022 November 20

https: //orcid.org /0000-0001-6176-0773
https: //orcid.org/0000-0002-1805-3886

J. J. Bernal
L. M. Ziurys

References

Adande, G. R., Edwards, J. L., & Ziurys, L. M. 2013, ApJ, 778, 22

Agindez, M., Cernicharo, J., Decin, L., Encrenaz, P., & Teyssier, D. 2014,
ApJL, 790, L27

Agtindez, M., Cernicharo, J., & Guelin, M. J. 2007, ApJL, 662, L91

Agindez, M., Cernicharo, J., Pardo, J. R., Guelin, M., & Phillips, T. G. 2008,
A&A, 485, L33

Anderson, J. K., & Ziurys, L. M. 2014, ApJL, 795, L1

Andreazza, C. M., Marinho, E. P., & Singh, P. D. 2006, MNRAS, 372, 1653

Bergner, J. B., Oberg, K. L., Salma, W., et al. 2019, ApJL, 884, L36

Bernal, J. J., Haenecour, P., Howe, J., et al. 2019, ApJL, 883, L43

Bernal, J. J., Koelemay, L. A., & Ziurys, L. M. 2021, ApJ, 906, 55

Brownlee, D., Joswiak, D., & Matrajt, G. 2012, M&PS, 47, 453

Burton, M. A., Sheridan, P. M., & Ziurys, L. M. 2022, JChPh, 157, 184307

Crosas, M., & Menten, K. M. 1997, AplJ, 483, 913

De Beck, E., Kamifiski, T., Patel, N. A., et al. 2013, A&A, 558, A132

Fletcher, L. N., Orton, G. S., Teanby, N. A., & Irwin, P. G. J. 2009, Icar,
202, 543

Fontani, F., Rivilla, V. M., Caselli, P., Vasyunin, A., & Palau, A. 2016, ApJL,
822, L30

Golubev, N. V., Bezrukov, D. S., Gustafsson, M., Nyman, G., &
Antipov, S. V. 2013, JChA, 117, 8184

Guélin, M., Cernicharo, J., Paubert, G., & Turner, B. E. 1990, A&A, 230, L9

Haasler, D., Rivilla, V. M., Martin, S., et al. 2022, A&A, 659, A158

Halfen, D. T., Clouthier, D. J., & Ziurys, L. M. 2008, ApJL, 677, L101

Hinkel, N. R., Hartnett, H. E., & Young, P. A. 2020, ApJL, 900, L38

Hofner, S., & Olofsson, H. 2018, A&AR, 26, 92

Hughes, J. M., & Rakovan, J. F. 2015, Eleme, 11, 165

Jakubek, Z. J., Nakhate, S. G., & Simard, B. 2002, JChPh, 116, 6513

Koelemay et al.

Lefloch, B., Vastel, C., Viti, S., et al. 2016, MNRAS, 462, 3937

Lodders, K. 2003, ApJ, 591, 1220

Lodders, K., & Fegley, B., Jr. 1999, in IAU Symp. 191, Asymptotic Giant
Branch Stars, ed. T. Le. Bertre, A. Lébre, & C. Waelkens (San Francisco,
CA: ASP),279

Macid, E. 2005, Chem. Soc. Rev., 34, 691

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2017, AJ, 154, 94

McElroy, D., Walsh, C., Markwick, A. J., et al. 2013, A&A, 550, A36

Men’shchikov, A. B., Balega, Y., Blocker, T., Osterbart, R., & Weigelt, G.
2001, A&A, 368, 497

Milam, S. N., Halfen, D. T., Tenenbaum, E. D., et al. 2008, ApJ, 684, 618

Ornellas, F. R., Andreazza, C. M., & de Almeida, A. A. 2000, ApJ, 538,
675

Pasek, M. A. 2019, Icar, 317, 59

Rivilla, V. M., Drozdovskaya, M. N., Altwegg, K., et al. 2020, MNRAS,
492, 1180

Rivilla, V. M., Fontani, F., Beltrdan, M. T., et al. 2016, ApJ, 826, 161

Rivilla, V. M., Jiménez-Serra, 1., Zeng, S., et al. 2018, MNRAS, 475, L30

Roederer, 1. U., Jacobson, H. R., Thanathibodee, T., Frebel, A., & Toller, E.
2014, Apl, 797, 69

Rohlfing, C. M., & Almof, J. 1988, CPL, 147, 258

Savage, C., & Ziurys, L. M. 2005, RScI, 76, 043106

Schoier, F. L., van der Tak, F. F. S., van Dishoeck, E. F., & Black, J. H. 2005,
A&A, 432, 369

Tenenbaum, E. D., Dodd, J. L., Milam, S. N., Woolf, N. J., & Ziurys, L. M.
2010, ApJS, 190, 348

Tenenbaum, E. D., Woolf, N. J., & Ziurys, L. M. 2007, ApJL, 666, L29

Tenenbaum, E. D., & Ziurys, L. M. 2008, ApJ, 680, L121

Turner, B. E., Tsuji, T., Bally, J., Guelin, M., & Cernicharo, J. 1990, ApJ,
365, 569

Wakelam, V., Herbst, E., Loison, J.-C., et al. 2012, ApJS, 199, 21

Wurmser, S., & Bergner, J. B. 2022, ApJ, 934, 153

Ziurys, L. M. 1987, ApJ, 321, L81

Ziurys, L. M., Schmidt, D. R., & Bernal, J. J. 2018, AplJ, 856, 169


https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0001-6176-0773
https://orcid.org/0000-0002-1805-3886
https://orcid.org/0000-0002-1805-3886
https://orcid.org/0000-0002-1805-3886
https://orcid.org/0000-0002-1805-3886
https://orcid.org/0000-0002-1805-3886
https://orcid.org/0000-0002-1805-3886
https://orcid.org/0000-0002-1805-3886
https://orcid.org/0000-0002-1805-3886
https://doi.org/10.1088/0004-637X/778/1/22
https://ui.adsabs.harvard.edu/abs/2013ApJ...778...22A/abstract
https://doi.org/10.1088/2041-8205/790/2/L27
https://ui.adsabs.harvard.edu/abs/2014ApJ...790L..27A/abstract
https://doi.org/10.1086/519561
https://ui.adsabs.harvard.edu/abs/2007ApJ...662L..91A/abstract
https://doi.org/10.1051/0004-6361:200810193
https://ui.adsabs.harvard.edu/abs/2008A&A...485L..33A/abstract
https://doi.org/10.1088/2041-8205/795/1/L1
https://ui.adsabs.harvard.edu/abs/2014ApJ...795L...1A/abstract
https://doi.org/10.1111/j.1365-2966.2006.10964.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372.1653A/abstract
https://doi.org/10.3847/2041-8213/ab48f9
https://ui.adsabs.harvard.edu/abs/2019ApJ...884L..36B/abstract
https://doi.org/10.3847/2041-8213/ab4206
https://ui.adsabs.harvard.edu/abs/2019ApJ...883L..43B/abstract
https://doi.org/10.3847/1538-4357/abc87b
https://ui.adsabs.harvard.edu/abs/2021ApJ...906...55B/abstract
https://doi.org/10.1111/j.1945-5100.2012.01339.x
https://ui.adsabs.harvard.edu/abs/2012M&PS...47..453B/abstract
https://doi.org/10.1063/5.0118939
https://doi.org/10.1086/304256
https://ui.adsabs.harvard.edu/abs/1997ApJ...483..913C/abstract
https://doi.org/10.1051/0004-6361/201321349
https://ui.adsabs.harvard.edu/abs/2013A&A...558A.132D/abstract
https://doi.org/10.1016/j.icarus.2009.03.023
https://ui.adsabs.harvard.edu/abs/2009Icar..202..543F/abstract
https://ui.adsabs.harvard.edu/abs/2009Icar..202..543F/abstract
https://doi.org/10.3847/2041-8205/822/2/L30
https://ui.adsabs.harvard.edu/abs/2016ApJ...822L..30F/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...822L..30F/abstract
https://doi.org/10.1021/jp403174u
https://ui.adsabs.harvard.edu/abs/2013JPCA..117.8184G/abstract
https://ui.adsabs.harvard.edu/abs/1990A&A...230L...9G/abstract
https://doi.org/10.1051/0004-6361/202142032
https://ui.adsabs.harvard.edu/abs/2022A&A...659A.158H/abstract
https://doi.org/10.1086/588024
https://ui.adsabs.harvard.edu/abs/2008ApJ...677L.101H/abstract
https://doi.org/10.3847/2041-8213/abb3cb
https://ui.adsabs.harvard.edu/abs/2020ApJ...900L..38H/abstract
https://doi.org/10.1007/s00159-017-0106-5
https://ui.adsabs.harvard.edu/abs/2018A&ARv..26....1H/abstract
https://doi.org/10.2113/gselements.11.3.165
https://doi.org/10.1063/1.1462582
https://ui.adsabs.harvard.edu/abs/2002JChPh.116.6513J/abstract
https://doi.org/10.1093/mnras/stw1918
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462.3937L/abstract
https://doi.org/10.1086/375492
https://ui.adsabs.harvard.edu/abs/2003ApJ...591.1220L/abstract
https://ui.adsabs.harvard.edu/abs/1999IAUS..191..279L/abstract
https://doi.org/10.1039/b416855k
https://doi.org/10.3847/1538-3881/aa784d
https://ui.adsabs.harvard.edu/abs/2017AJ....154...94M/abstract
https://doi.org/10.1051/0004-6361/201220465
https://ui.adsabs.harvard.edu/abs/2013A&A...550A..36M/abstract
https://doi.org/10.1051/0004-6361:20000554
https://ui.adsabs.harvard.edu/abs/2001A&A...368..497M/abstract
https://doi.org/10.1086/589135
https://ui.adsabs.harvard.edu/abs/2008ApJ...684..618M/abstract
https://doi.org/10.1086/309178
https://ui.adsabs.harvard.edu/abs/2000ApJ...538..675O/abstract
https://ui.adsabs.harvard.edu/abs/2000ApJ...538..675O/abstract
https://doi.org/10.1016/j.icarus.2018.07.011
https://ui.adsabs.harvard.edu/abs/2019Icar..317...59P/abstract
https://doi.org/10.1093/mnras/stz3336
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.1180R/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.1180R/abstract
https://doi.org/10.3847/0004-637X/826/2/161
https://ui.adsabs.harvard.edu/abs/2016ApJ...826..161R/abstract
https://doi.org/10.1093/mnrasl/slx208
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475L..30R/abstract
https://doi.org/10.1088/0004-637X/797/1/69
https://ui.adsabs.harvard.edu/abs/2014ApJ...797...69R/abstract
https://doi.org/10.1016/0009-2614(88)85095-4
https://ui.adsabs.harvard.edu/abs/1988CPL...147..258R/abstract
https://doi.org/10.1063/1.1879372
https://ui.adsabs.harvard.edu/abs/2005RScI...76d3106S/abstract
https://doi.org/10.1051/0004-6361:20041729
https://ui.adsabs.harvard.edu/abs/2005A&A...432..369S/abstract
https://doi.org/10.1088/0067-0049/190/2/348
https://ui.adsabs.harvard.edu/abs/2010ApJS..190..348T/abstract
https://doi.org/10.1086/521361
https://ui.adsabs.harvard.edu/abs/2007ApJ...666L..29T/abstract
https://doi.org/10.1086/589973
https://ui.adsabs.harvard.edu/abs/2008ApJ...680L.121T/abstract
https://doi.org/10.1086/169511
https://ui.adsabs.harvard.edu/abs/1990ApJ...365..569T/abstract
https://ui.adsabs.harvard.edu/abs/1990ApJ...365..569T/abstract
https://doi.org/10.1088/0067-0049/199/1/21
https://ui.adsabs.harvard.edu/abs/2012ApJS..199...21W/abstract
https://doi.org/10.3847/1538-4357/ac7c0e
https://ui.adsabs.harvard.edu/abs/2022ApJ...934..153W/abstract
https://doi.org/10.1086/185010
https://ui.adsabs.harvard.edu/abs/1987ApJ...321L..81Z/abstract
https://doi.org/10.3847/1538-4357/aaafc6
https://ui.adsabs.harvard.edu/abs/2018ApJ...856..169Z/abstract

	1. Introduction
	2. Experimental
	3. Observations
	4. Results and Analysis
	4.1. Laboratory Spectroscopy
	4.2. Astronomical Observations

	5. Discussion
	5.1. Abundance and Distribution of SiP in IRC+10216
	5.2. Implications for Circumstellar Phosphorus Chemistry

	References



