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ABSTRACT

We present the first detection in space of phosphaethyne, the phosphorus analog of HCN. We have observed
with the IRAM 30 m telescope four successive rotational transitions of HCP in the AGB star envelope IRC�10
216. After PN and CP, HCP is the third phosphorus-bearing molecule identified in the interstellar medium. HCP
forms under thermochemical equilibrium in the surroundings of the stellar photosphere, from which it is expelled
into space. It locks 3% of the phosphorus present in the expanding envelope, the remaining most likely being
condensed on grains. We further discuss the chemistry of phosphorus in circumstellar envelopes in light of our
findings and speculate on other phosphorus compounds that may be detectable.

Subject headings: circumstellar matter — ISM: molecules — radio lines: ISM — stars: AGB and post-AGB —
stars: individual (IRC�10 216)

1. INTRODUCTION

Phosphorus, a second-row element belonging to the same
valence group as nitrogen, comes in the composition of a va-
riety of molecules essential for living systems (Macia´ 2005).
Its cosmic abundance, however, is much smaller than that of
nitrogen ( ), and only two P-bearing mol-�3[P]/[N] p 4 # 10
ecules, PN (Turner & Bally 1987; Ziurys 1987) and CP (Gue´lin
et al. 1990), were detected up to now in the interstellar medium
(ISM).

The only stable isotope of phosphorus,31P, is synthesized
through oxygen burning in massive stars, , andM 1 13 M∗ ,

expelled into the ISM by Type II supernovae (Wallerstein et
al. 1997; Burbidge 1999). In diffuse clouds, P is mostly in the
gas phase as P� and shows little evidence of depletion on grains
(Dufton et al. 1986; Lebouteiller et al. 2005). The situation is
different in cold dense clouds, where the low abundance of
phosphorus nitride ( ) suggests that most P is�4[PN]/[P] ! 10
condensed on dust grains (Turner et al. 1990). Phosphorus
seems also strongly depleted from the gas phase in warm star-
forming regions, where [PN]/[P] is only∼10�3 and where nei-
ther HPO nor HCP or PH3 are detected (Turner et al. 1990).
There is no observational evidence for phosphorus in proto-
planetary disks, while in the solar system it is in the form of
apatite-type minerals in rocky planets such as our own (Macia´
2005) and forming phosphine (PH3) in the atmosphere of giant
gaseous planets such as Saturn and Jupiter (Bregman et al.
1975; Ridgway et al. 1976).

The abundance of phosphorus should not be modified in the
interior of low- and medium-mass stars. Thus, in late-stage
stars this element should be present in their hot stellar atmo-
spheres. There, according to thermochemical equilibrium (TE)
calculations, it is largely locked into PS and PO (O-rich en-
velopes) or HCP (C-rich envelopes) (Tsuji 1973; Turner et al.
1990; Tejero & Cernicharo 1991). When the atmospheric gas
expands to form a cold envelope, most of the heavy elements
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condense on dust grains. The rest take part in a rich photo-
chemistry driven by interstellar UV photons (MacKay &
Charnley 2001). So far, however, observations have not been
particularly successful in finding the P-bearing products of this
chemistry. Despite sensitive searches in O-rich and C-rich en-
velopes, PS and HCP escaped detection (Ohishi et al. 1988;
Hollis et al. 1981; Gue´lin et al. 1990; Turner et al. 1990).

To further investigate phosphorus chemistry in circumstellar
envelopes (CSEs), we have continued our search for P-bearing
species in IRC�10 216. We previously reported the detection
of two lines of PN (Cernicharo et al. 2000; Gue´lin et al. 2000).
In this Letter, we present the detection of four new lines that
we assign to the through rotational transi-J p 4–3 J p 7–6
tions of HCP.

2. OBSERVATIONS

HCP is a linear closed-shell molecule whose rotational spec-
trum is well known from laboratory work (Tyler 1964; Dre´an
et al. 1996; Bizzocchi et al. 2001, 2005). Its dipole moment is
relatively small (0.39 D; Tyler 1964).

The astronomical observations were carried out in 2007 January
with the IRAM 30 m telescope located at Pico Veleta (Spain).
Four SIS receivers operating at 3, 2, 1.3, and 1 mm were used in
single-sideband mode, with image rejections∼10 dB at 1 mm and
120 dB at 3 mm. We observed the , 4–3, 5–4, 6–5,J p 2–1
and 7–6 rotational transitions of HCP, the transition, atJ p 3–2
119.9 GHz, lying close to the atmospheric 11–10 O2 line and outside
the tuning range of the receivers. The back ends consisted of two
filter banks and two autocorrelators, providing a spectral resolution
of 1 and 1.25 MHz, respectively. Local oscillator shifts were done
to identify the lines from the image sideband. The secondarymirror
was wobbled by�90� at a rate of 0.5 Hz. The pointing and focus
of the telescope were checked every 2–3 hr on Saturn and on the
nearby quasar OJ 287. The intensity scale was calibrated using
two absorbers at different temperatures and the atmospheric trans-
mission model ATM (Cernicharo 1985). We express intensities in
the scale, i.e., in antenna temperatures corrected foratmospheric∗TA

absorption and for antenna ohmic and spillover losses.
Previously, two of us had unsuccessfully searched with the

IRAM 30 m telescope for the and 6–5 transitions ofJ p 4–3
HCP toward IRC�10 216 (Gue´lin et al. 1990; Turner et al.
1990). New receivers installed in 1998 and the good observing
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Fig. 1.—The , 4–3, 5–4, 6–5, and 7–6 transitions of HCP observedJ p 2–1
toward IRC�10 216 with the IRAM 30 m telescope. Thick gray lines show
the line profiles predicted from a radiative transfer model and the HCP abun-
dance profile of Fig. 3.

TABLE 1
Observed HCP Line Parameters

J ′ r J ′′
Frequency

(MHz)
HPBW
(arcsec)

vLSR

(km s�1)
vexp

(km s�1)

∗T dv∫ A

(K km s�1)

2–1 . . . . . . 79903.3 31 … … !0.20
4–3 . . . . . . 159802.6 15 �26.5(9) 14.8(9) 0.42(3)
5–4 . . . . . . 199749.4 12 �26.2(7) 14.2(7) 0.88(3)
6–5 . . . . . . 239693.7 10 �26.5(5) 14.0(5) 1.17(3)
7–6 . . . . . . 279635.0 9 �26.8(7) 13.9(7) 1.09(5)

Note.—Numbers in parentheses are 1j uncertainties in units of the last
digits.

conditions during the 2007 observing period (zenith sky opacity
at 225 GHz!0.1) greatly improved the telescope sensitivity
and allowed us to detect all the transitions searched for with
a high signal-to-noise ratio, except for the transition.J p 2–1

3. RESULTS

The five observed HCP transitions are shown in Figure 1,
and the corresponding line parameters are given in Table 1.
Whereas the weak line is only marginally detected atJ p 2–1
a 2 j level, the through 7–6 transitions are clearlyJ p 4–3
detected and appear free of contamination by other lines. Their
measured line widths and velocities agree fully with the ex-
pansion velocity (14.5 km s�1) and systemic velocity (v ∼LSR

km s�1) derived from other molecular lines (Cernicharo�26.5
et al. 2000).

Molecules in IRC�10 216 are either concentrated around

the star RW Leo (as, e.g., HCN) or distributed in a hollow
shell of radius 10�–20� (as, e.g., CN,l-C3H, C4H; Dayal &
Bieging 1995; Gue´lin et al. 1993, 1998). The lines of HCP
show slightly cusped profiles, like those of CN,l-C3H, and
C4H, but with much smaller horn-to-center ratios. The shal-
lower line shapes imply that the HCP source is not fully re-
solved even with a beam of 9� (the 30 m telescope half-power
beam width [HPBW] at the frequency of the transi-J p 7–6
tion). In fact, radiative transfer calculations, similar to those
reported by Agu´ndez & Cernicharo (2006), show that the HCP
line profiles can only be reproduced if HCP is confined inside
a sphere with an external radius between 6� and 15�.

Assuming for HCP a uniformly bright source of radius 6�,
a rotational temperature diagram constructed with the four HCP
detected lines yields an “effective” rotational temperature of
61 K and a column density of cm�2. It should be143 # 10
noted that the effective rotational temperature has little meaning
for molecules such as HCP that are distributed over a wide
range of radii in the inner envelope, where the kinetic tem-
perature gradient is large ( ). A more realistic value�0.6T ∝ rk

of the column density is derived in § 4.2 from a statistical
equilibrium model.

4. DISCUSSION

4.1. Thermochemical Equilibrium in the Inner Envelope

The atmospheres of cool stars, such as IRC�10 216, are
among the few astrophysical environments, together with the
atmospheres of brown dwarfs and giant planets, where the gas
chemical composition is at TE. We have performed TE models
of the innermost region of a CSE, focusing on phosphorus
compounds. The used code is described in Tejero & Cernicharo
(1991). The temperature and density radial profiles are taken
from Agúndez & Cernicharo (2006) adopting their high-density
scenario (model MH). We consider 24 elements with solar
abundances (Asplund et al. 2005) in the O-rich case; in the C-
rich case, the carbon abundance has been enhanced so that

. We include 259 molecules, the thermochemical prop-C/O p 2
erties of which have been taken from the JANAF thermo-
chemical tables (Chase 1998) with revised values for some
phosphorus compounds from Lodders (1999, 2004).

The results, shown in Figure 2, indicate that in the TE region
of a C-rich CSE (up to ; Agu´ndez & Cernicharo 2006),2R –3R∗ ∗
nearly all phosphorus is into HCP; the abundance of HCP relative
to H2 is then . The pairs HCN/CN and�7x(HCP)p 4.6# 10
HCP/CP behave in a similar way, the closed-shell species locking
up most of the N and P and the radicals having low abundances,
except near the photosphere. The other P-bearing compounds,
including PN, have abundances below 10�10. For O-rich enve-
lopes, the major P reservoirs are PO, PS, and P2 in the vicinity
of the star (as predicted by Tsuji 1973) and P4O6 at larger radii.
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Fig. 2.—Thermochemical equilibrium abundances in the innermost region
of a CSE (C-rich:upper panel; O-rich: lower panel) as a function of radius
from the star.

Fig. 3.—Abundances of phosphorus compounds in the outer envelope of
IRC �10 216. Angular distance is given in the top axis for an assumed distance
to the star of 150 pc.

TABLE 2
Column Densities of Phosphorus Compounds

in IRC �10 216

Molecule
Nobs

(cm�2)
Ncal

(cm�2)

HCP . . . . . . . . . . . . 1.3(15) 1.3(15)
CP . . . . . . . . . . . . . . 8.0(13)a 4.7(12)
P . . . . . . . . . . . . . . . . … 4.0(12)
PN . . . . . . . . . . . . . . 1.6(12)b 1.5(12)
HC2P . . . . . . . . . . . !2(13)c 1.7(9)
HC3P . . . . . . . . . . . !3(12)c 3.2(12)
C3P . . . . . . . . . . . . . … 6.5(11)
PH3 . . . . . . . . . . . . . !3(13)c 0

Note.—The valuea(b) refers to ;Ncal isba # 10
twice the radial column density from .20R∗

a From Guélin et al. (1990).
b From observations of the (Gue´lin et al.J p 2–1

2000) and (unpublished data) transitions.J p 5–4
c From unpublished IRAM 30 m data.

4.2. Nonequilibrium Chemistry in the Outer Envelope

A large fraction of the nearly 60 molecules detected in IRC
�10 216 are formed in the outer envelope by photoprocessing
of the material flowing out from the star. In regard to P-bearing
species, they result from the chain of successive photoreactions:

, from which the reactive species CP and�HCPr CPr P r P
P are liberated. To investigate this, we have performed a chem-
ical model of the CSE. The physical details and molecular
abundances at the initial radius are taken from Agu´ndez &
Cernicharo (2006) except for the HCP abundance chosen as

(see below). The chemical reaction network is�81.4# 10
mostly based on the UMIST database (Woodall et al. 2007).
The rate constants of some reactions involving P compounds
result from laboratory measurements, e.g., those of ions�PHn

(Thorne et al. 1984; Adams et al. 1990); for others, they are
merely educated guesses (Millar et al. 1987; Millar 1991;
MacKay & Charnley 2001). In addition, we have included a
couple of reactions producing PN: andN � CPr PN� C

, both with a rate constant equal to that ofP� CN r PN� C
the nitrogen analogous reaction ( cm3 s�1; Baulch et�103 # 10
al. 1992). The reaction , which hasCP� C H r HC P� H2 2 3

been theoretically studied by Yu et al. (2006), was also included
with a rate constant equal to that measured for byCN � C H2 2

Sims et al. (1993). Finally, the photodissociation and photoion-
ization rates were calculated from the expressionG p

s�1, where the unshielded reaction ratesb exp (�1.7A ) b0 0v

were assumed as in MacKay & Charnley (2001). Figure 3
shows the results of the chemical model, and Table 2 gives the
calculated ( ) and observed ( ) column densities.N Ncal obs

HCP abundance distribution.—To properly constrain the
HCP abundance distribution, we have modeled the observed
HCP lines with a Monte Carlo radiative transfer code (described
in González-Alfonso & Cernicharo 1993), suitable for an ex-
panding spherical CSE. The rate coefficients for collisional
excitation of HCP with H2 were assumed equal to those esti-
mated by Green & Thaddeus (1974) for HCN-H2 from cal-

culations on the HCN-He system. The rate coefficients adopted
are nevertheless not critical, since most of the observed HCP
emission comes from regions where the rotational levels are
thermalized. The temperature and density radial profiles were
taken from Agu´ndez & Cernicharo (2006).

Our calculations indicate that if HCP enters into the outer
envelope with its TE abundance, , the resulting HCP�74.6# 10
lines are 30 times stronger than observed. This implies that
HCP is already depleted at a few stellar radii from the pho-
tosphere, either because it condenses on grains in the dust
formation region (at ) or because it is destroyed by5R –10R∗ ∗
gas-phase reactions, such as polymerization (Ho¨ltzl et al. 2006).
To match the observed line intensities, we have therefore
adopted an abundance profile of HCP of the type shown in
Figure 3. It is assumed that the HCP abundance decreases
steeply between , where , and�75R x(HCP)p 4.6# 10∗

, where . A second decrease in�820R x(HCP)p 1.4# 10∗
abundance occurs farther out, at∼ cm, due to photo-163 # 10
dissociation.

The abundance distribution of Figure 3 reproduces very well
the observed line intensities and shapes (see Fig. 1). The HCP
radial column density from outward is20R N(HCP) p1∗ r 20R∗

cm�2, and the line-of-sight column density is twice146.5# 10
that value. The new value ofN(HCP) is larger by a factor of 4
than that derived in § 3 using an effective rotational temperature
and assuming a uniformly bright source. The discrepancy largely
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stems from the fact that the innermost part of the envelope con-
tributes much to the column density, due to the high gas densities
prevailing there, but little to the power detected, since it is
strongly diluted in the 30 m telescope beam.

Other P-bearing molecules.—The abundances of CP and PN
predicted at TE in the inner CSE are too low to explain the
column densities derived from observations. Both species are
more efficiently formed in the outer envelope ( cm),16r 1 3 # 10
CP from the photodissociation of HCP and PN through neutral-
neutral reactions (see Fig. 3).

The calculated column density of CP, however, is 1 order of
magnitude lower than observed (see Table 2). This possibly re-
sults from an underestimation of the HCP photodissociation rate
and/or an overestimation of that of CP. Anyway, the flat-topped
shape of the CP lines (Gue´lin et al. 1990) make it unlikely that
this radical extends up to a radius as large as 18�, as given by
our model. The column density predicted for PN agrees well
with the observed value, which supports a formation through

and/or . HC3P is predicted with an abundanceCP� N P� CN
roughly equal to the upper limit derived from observations and
might be detectable. PH3 is unabundant in our model. However,
like NH3, it could be formed through other processes such as
grain surface reactions. Were the [PH3]/[HCP] abundance ratio
in IRC �10 216 similar to the [NH3]/[HCN] ratio (∼1/50; Has-
egawa et al. 2006; Fonfrı´a et al. 2007), the PH3 column density
would be close to the upper limit derived observationally.

5. CONCLUSIONS AND PERSPECTIVES

After PN and CP, our detection of HCP in IRC�10 216
raises to three the number of P-bearing molecules detected in

interstellar or circumstellar sources. The HCP line profiles in-
dicate that this species is confined to the inner envelope and
that it probably forms near the stellar photosphere at thermo-
dynamic equilibrium. The low HCP line intensities suggest that
97% of P condenses onto grains at a few stellar radii.

Our observations sustain the prediction that most of the phos-
phorus present in the gas of C-rich envelopes is in the form
of HCP. However, some issues concerning the CP radical re-
main to be solved. The observed column density of CP is
considerably larger than that predicted by the chemical model
and, according to the line shapes (Gue´lin et al. 1990), its peak
abundance seems to occur at a much smaller radius than pre-
dicted. Interferometric observations would help derive the true
radial distribution of both HCP and CP.

Other P-bearing molecules most likely to be detected, ac-
cording to the chemical models, are HC3P, in C-rich envelopes,
and PS, PO, and P4O6, in O-rich envelopes. Sensitive searches
for these molecules in those and other sources would help us
trace the course of phosphorus, from its synthesis in massive
stars until its incorporation in planetary systems.
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