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Abstract. We have carried out a survey of reactive ions (CO+, HOC+, HC18O+, SO+) and cyclopropenylidene (C3H2) in three
prototypical photodissociation regions (PDRs), the reflection nebula NGC 7023, the Orion Bar and the planetary nebula (PN)
NGC 7027. The reactive ion CO+ has been detected in all the targets with fractional abundances ranging from∼10−11 to∼a few
10−9. Its spatial distribution in NGC 7023 and the Orion Bar show that CO+ arises in the innermost part (Av < 2 mag) of the
PDR. In NGC 7027, the CO+ lines shows an expansion velocity higher than that of the CO lines. This high expansion velocity
is consistent with the CO+ emission arising in the high velocity layer of neutral gas which is being accelerated by the ionized
gas. Photochemistry determines the chemical composition of this layer.
The reactive ions HOC+ and SO+ have been detected in NGC 7023 and the Orion Bar. In both sources, the fractional abundance
of HOC+ is enhanced by a factor of∼10 towards the PDRs, with typical abundances,XHOC+ = 0.7−3×10−11. This enhancement
produces a decrease of the [HCO+]/[HOC+] abundance ratio towards the PDR. In fact, we have derived[HCO+]/[HOC+] ∼
50−120 in NGC 7023, which is the lowest ratio measured thus far.HOC+ and SO+ have not been detected in NGC 7027.
Interestingly, this is the source with the highest CO+ abundance,XCO+ = 5 × 10−9. This lack of detection is interpreted as due
to the peculiar chemistry of C-rich PNs, in which the abundance of oxygenated molecules, in particular H2O, is low.
We have detected cyclopropenylidene (C3H2) in the three target PDRs. Similarly to the reactive ions, the abundance of C3H2 in
NGC 7023 and the Orion Bar is a factor of 10−100 higher in the PDRs than in the foreground molecular cloud with peak values
ranging from 10−10 to 10−9. In NGC 7027, we measured the maximum C3H2 abundance with a value of∼10−8. Similarly to the
case of CO+, the high expansion velocities of the C3H2 lines in NGC 7027 suggests that its emission arises in the neutral gas
which is being accelerated by the ionized gas. Photodestruction of Polycyclic Aromatic Hydrocarbons (PAHs) is proposed to
explain the enhanced C3H2 abundance in these PDRs.

Key words. ISM: clouds – ISM: abundances – ISM: molecules – ISM: individual objects: NGC 7023,
the Orion Bar – planetary nebulae: individual: NGC 7027

1. Introduction

For the last five years we have carried out a study of the chem-
istry of photon-dominated regions (PDRs). Reactive ions are
thought to be one of the best tracers of PDRs. These com-
pounds react on virtually every collision with H and H2 and
their abundances are expected to be negligible in the shielded
parts of molecular clouds. Furthermore, they are destroyed
rapidly by collisions with electrons. Only in the hot layers of
PDRs, where the FUV field is only partially attenuated and
maintains high densities of the parent species C+ and S+, does
the abundance of these ions become significant (Sternberg &
Dalgarno 1995).
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The molecular ion CO+ was the first reactive ion discov-
ered in the interstellar medium (Latter et al. 1993). So far,
CO+ has been detected in M17 SW, NGC 7027, the Orion Bar
and NGC 7023 (Latter et al. 1993; Jansen et al. 1995; St¨orzer
et al. 1995; Fuente & Mart´ın-Pintado 1997). It has been argued
(Black 1998) that CO+ arises in the hot HI/H2 transition layer
of PDRs and constitutes a potential diagnostic probe of this
very interesting boundary layer.

In a possibly related development, the confirmation of in-
terstellar HOC+ by Ziurys & Apponi (1995) indicates much
lower values of the abundance ratio HCO+/HOC+ in PDRs than
expected. The abundance of this metastable isomer of HCO+

could be enhanced in PDRs resulting from high abundances of
C+ and CO+. Savage et al. (2000) proposed a correlation be-
tween the abundances of HOC+ and CO+.
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Another chemically related ion that is expected to be
abundant in the HI/H2 transition layer is SO+. SO+ was firstly
detected in the interstellar medium towards the supernova rem-
nant IC443 (Turner 1992) and proposed as a tracer of disso-
ciative shocks. Later surveys of SO+ that included dark clouds,
star forming regions and high velocity molecular outflows sug-
gest that SO+ is not associated with shock chemistry (Turner
1994; Fuente et al. unpublished data). Chemical models predict
a high SO+ abundance in the HI/H2 transition layer of PDRs
(Sternberg & Dalgarno 1995). So far, SO+ has not been studied
in these regions of high ionization rates.

In addition to the reactive ions, high abundances of hy-
drocarbon radicals like C2H and c-C3H2 are observed towards
PDRs (Fuente et al. 1993; Foss´e et al. 2000). Foss´e et al. (2000)
compared the Aromatic Infrared Bands (AIBs) emission with
the hydrocarbon abundances towards IC 63 and NGC 7023 and
found that the high abundances of hydrocarbons are coinci-
dent with the emission of the Aromatic Infrared Bands (AIBs).
They proposed that the destruction of Polycyclic Aromatic
Hydrocarbons (PAHs) by UV radiation could produce high hy-
drocarbon abundances in PDRs.

In this paper we present observations of the molecular
ions CO+, HOC+, HC18O+ and SO+ and cyclopropenylidene
(C3H2) in the prototypical photon-dominated regions (PDRs)
NGC 7023, the Orion Bar and NGC 7027. These sources are
selected to cover a wide range of physical conditions in PDRs
(incident UV field,G0, and density,n). Possible variations in
the fractional abundances of these compounds from source to
source can provide important information about the molecular
chemistry in PDRs.

2. Brief descriptions of the PDRs

2.1. NGC 7023

NGC 7023 is a reflection nebula illuminated by the Herbig
B3Ve star HD 200775 (RA(2000)= 21h01m36.s9 Dec(2000)=
68◦09′48.′′3). HD 200775 is located in a cavity of the molecular
cloud whose sharp edges perfectly delineate the optical nebula
(Fuente et al. 1992, 1998; Rogers et al. 1995). Observations of
CII and OI by Chokshi et al. (1988) reveal that a dense PDR is
formed in the walls of this cavity with its peak located 50′′ NW
from the star (following the nomenclature of Fuente et al. 1997
we will refer to this position as the PDR-peak). Chokshi et al.
(1988) carried out the first model for this region and estimated
an intensity of the UV field ofG0 = 2.4× 103 in units of the
Habing field and a density ofn = 104 cm−3. An interferomet-
ric image of the HCO+ emission towards the PDR-peak show
that this PDR has a filamentary structure in molecular emis-
sion with high density filaments (n > 105 cm−3) embedded in
a more diffuse medium (n ∼ 104 cm−3) (Fuente et al. 1996).
In Fig. 1, we show a scheme of the PDR associated with this
nebula in which the spatial distribution of the atomic gas, the
emission of the molecular gas in the HCO+ 1→0 line and the
high density HCO+ filaments are shown. Because of its edge-
on geometry and proximity (d ∼ 440 pc), this PDR turned out
to be one of the best sites to study the physical and chemical
processes taking place in a PDR.

Fig. 1.Scheme of the reflection nebula NGC 7023. Contours of the in-
tegrated intensity of the HCO+J = 1→0 line are superposed on the HI
column density image (gray scale) (Fuente et al. 1993; Fuente et al.
1996). The HCO+ molecular filaments as observed with the Plateau
de Bure interferometer are shown by black and white contours. These
high density filaments are located at the interface between the atomic
and molecular gas and are spatially coincident with the PDR-peak
(white triangle). The observed positions are indicated in the figure by
a star (the star position), two filled squares and a triangle (PDR-peak).

Fuente & Mart´ın-Pintado (1997) detected CO+ towards
the PDR-peak. It was the first, and so far only, detection of
CO+ in the vicinity of a Be star. However they did not de-
tect CO+ in a well-shielded clump of the adjacent molecu-
lar cloud (molecular-peak in the nomenclature of Fuente &
Martı́n-Pintado 1997). This lack of CO+ emission cannot
be due to different excitation conditions but to a different
CO+ abundance. They found that the CO+/HCO+ ratio is at
least 100 times larger in the PDR-peak than in the molecular-
peak.

2.2. The Orion Bar

The HII region M 42 is located on the near side of the gi-
ant molecular cloud OMC1. Its proximity,∼480 pc, makes
this source a good target to study the interaction of HII re-
gions with the molecular environment. M 42 is ionized by a
group of OB stars known as the Trapezium stars. Optical im-
ages of the nebula show a bright bar located to the southwest of
the Trapezium cluster. Observations of this so-called “Optical
Bar” in radiocontinuum, vibrationally excited H2 (Hayashi
et al. 1985), and at 3.3µm (Bregman et al. 1994; Giard
et al. 1994) show that this bar is formed by the gas associ-
ated with an edge-on ionization front. The gas associated with
this ionization front has been widely studied at all wavelengths
(Parmar et al. 1991; Rodr´ıguez-Franco et al. 1992; Omodaka
et al. 1994; Tauber et al. 1994, 1995; Hogerheijde et al. 1995;
White & Sandell 1995; Fuente et al. 1996b) and modeled by
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Fig. 2. Map of the integrated emission of the CNN = 1→0 line to-
wards the Orion Bar (Rodr´ıguez-Franco et al. 1998) superposed to the
image of the continuum at 20 cm (Yusef-Zadeh 1990). Dots repre-
sent the positions where data have been taken. The positions of the
Molecular peak and the Ionitation front (IF) are indicated.

Burton et al. (1990) with a densityn = 105 cm−3 and an in-
cident UV fieldG0 ∼ 4 × 104 in units of Habing field. Jansen
et al. (1995) and Fuente et al. (1996b) found the trend that
radicals such as CN and C2H and the reactive ion CO+ have
larger column densities close to the ionization front while other
molecules are more abundant in the more shielded molecular
cloud. In Fig. 2, we show a scheme of the region in which the
map of the CNN = 1→0 line emission reported by Rodr´ıguez-
Franco et al. (1998) has been superposed on the radio contin-
uum emission of the HII region (Yusef-Zadeh 1990). Apponi
et al. (1999) detected HOC+ towards the Orion Bar and deter-
mined a HCO+/HOC+ ratio of∼270, the lowest found thus far
in the Galaxy.

2.3. NGC 7027

NGC 7027 is a very young C-rich PN that left the AGB only
103 years ago (Volk & Kwok 1997). The temperature of the
central star is∼2×105 K (Latter et al. 2000). It has an extremely
rich emission-line spectrum and is one of the most extensively
studied objects in the sky. The gas in the inner 10′′ radius of the
envelope is fully ionized and emits strong continuum emission.
The ionized gas is surrounded by a molecular envelope with a
size greater than 70′′ (Bieging et al. 1991). The PDR between
the ionized and the molecular gas is traced by the emission of
the vibrationally excited H2 (Cox et al. 1997) and present a
bi-conical morphology with a size of∼13′′. Reactive ions and
radicals like HCO+,CO+,CH+,CN, and C2H (Latter et al. 1993;
Cernicharo et al. 1997; Hasegawa & Kwok 2001) have been
detected in this nebula. The observed lines of these species
show line-widths wider than those of the CO lines (Hasegawa
& Kwok 2001). Furthermore, the estimated size for the emit-
ting region was∼13′′, much smaller than that of the CO en-
velope. Hasegawa & Kwok (2001) proposed that the emission
of these molecules arise mainly in a layer of neutral gas that is
being accelerated by the ionized gas.

Table 1.Observing frequencies and telescope parameters.

Line Freq. (GHz) beam ηMB

HOC+ 1→0 89.4874 29′′ 0.80
HOC+ 3→2 268.451 9.5′′ 0.50
HC18O+ 1→0 85.1622 29′′ 0.80
CO+ 2,5/2→ 1,3/2 236.0625 10.5′′ 0.50
CO+ 2,3/2→ 1,1/2 235.7896 10.5′′ 0.50
SO+ 9/2→ 7/2 (e) 208.5900 12′′ 0.54
SO+ 9/2→ 7/2 (f) 208.9654 12′′ 0.54
SO2 3(2,2)→ 2(1,1) 208.7003 12′′ 0.54
C3H2 2(1,2)→ 1(0,1) 85.3389 29′′ 0.80
C3H2 3(2,2)→ 2(1,1) 155.5183 17′′ 0.65
C3H2 3(3,0)→ 2(2,1) 216.2787 17′′ 0.65
C3H2 5(1,4)→ 4(2,3) 217.9400 12′′ 0.54
C3H2 5(2,4)→ 4(1,3) 218.160 12′′ 0.54
C3H2 6(0,6)→ 5(1,5) 217.8220 12′′ 0.54
C3H2 6(1,6)→ 5(0,5) 217.8222 12′′ 0.54

3. Observations

The observations were carried out using the IRAM 30-m tele-
scope in Pico de Veleta (Spain) during 24th−28th June 1998
and 17th−24th January, 2000. The multi-receiver capability of
the telescope was used for these observations. The frequencies
of the observed transitions and the telescope parameters are
shown in Table 1. The backends used for the observations were
an autocorrelator split in several parts, a 256× 100 kHz and two
512× 1 MHz filter-banks. Usually all the lines have been mea-
sured with two spectral resolutions, the 1 MHz spectral resolu-
tion provided by the 512× 1 MHz filter-banks and the higher
spectral resolution of 78 kHz–100 kHz provided by the auto-
correlator and the 100 kHz filter bank. In Tables 2–6 we show
the observational parameters derived from the high spectral res-
olution spectra. The HOC+ 1→0 and HC18O+ 1→0 lines were
always observed simultaneously. In this way, we obtain a more
accurate HC18O+/HOC+ ratio avoiding the uncertainties due to
calibration and pointing errors. The C3H2 6(1,5)→5(0,5) [or-
tho] and 6(0,6)→5(1,5)[para] lines are blended. The Gaussian
fits shown in the Tables are those obtained centering the spec-
trum at the frequency of the para line. Since the lines are
blended, the areas are the sum of the areas of the ortho and para
lines. The SO2 3(2,2)→2(1,1) line at 208.7 GHz was detected
in the spectra obtained with the 512× 1 MHz filter-banks when
observing the SO+ 9/2→ 7/2 lines.

4. Results

Significant differences are found between the PDRs (see
Tables 2 to 6). The most abundant reactive molecular ion, CO+,
has been detected towards all the targets. However, this is not
the case for the other molecular ions. HOC+ has not been de-
tected towards NGC 7027. As we will discuss in the following
sections, the upper limit to the emission of the HOC+ line is sig-
nificant and implies a different chemistry in this PN than in the
other PDRs. The molecular ion SO+ has been detected towards
NGC 7023 and the Orion Bar. These constitute the first detec-
tions of SO+ in PDRs. Similarly to the case of HOC+, SO+ has
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Table 2.Observations of HOC+ and HC18O+ towards PDRs.

HOC+ HC18O+ [HCO+]/[HOC+]
Object Line Area VLSR ∆V Trot NHOC+ Area

(K km s−1) (km s−1) (km s−1) (K) (cm−2) (K km s−1)
NGC 7023
(0,0) 1→0 <0.019 15a <4.2× 1010 <0.026

3→2 <0.09
(−13,+16) 1→0 <0.016 15a <3.5× 1010 <0.026

3→2 <0.03
(−25,+40) 1→0 0.02(0.01) 2.7(0.1) 1.0(0.4) 7−31b 2.7−7.6× 1010 <0.022 50−120c

3→2 0.09(0.03) 2.5(0.3) 1.8(0.6)
(−30,+84) 1→0 <0.15 15a <3.3× 1011 >200c

Orion-Bar
(+50,−50) 1→0 <0.029 15a <6.4× 1010

(+40,−40) 1→0 0.11(0.02) 9.7(0.2) 2.1(0.5) 15a 2.4× 1011

(+20,−20) 1→0 0.13(0.01) 10.4(0.1) 2.7(0.2) 6−20b 1.7−3.5× 1011 0.08(0.01) 400
3→2 0.37(0.04) 10.7(0.1) 2.4(0.3)

(+10,−10) 1→0 0.09(0.01) 10.3(0.1) 2.7(0.3) 7−30b 1.2−3.4× 1011 <0.030 <217
3→2 0.37(0.03) 10.0(0.1) 2.5(0.3)

(0,0) 1→0 0.09(0.02) 9.5(0.3) 2.8(0.6) 15a 2.0× 1011 <0.023 <166
3→2 <0.06

a Assumed rotation temperature.
b Lower and upper limits correspond to the rotation temperature assuming a point and extended source respectively.
c Derived from our limit to the HOC+ 1→0 emission and the H13CO+ data reported by Fuente & Mart´ın-Pintado (1997).

Table 3.Observations of CO+ towards PDRs.

CO+ 2,5/2→ 1,3/2 CO+ 2,1/2→ 1,1/2
Object Offset Area VLSR ∆V Area VLSR ∆V NCO+

(K km s−1) (km s−1) (km s−1) (K km s−1) (km s−1) (km s−1) (cm−2)
NGC 7023 (0,0) <0.04 <0.04 <6.4× 1010

(−13,+16) <0.04 <0.04 <6.4× 1010

(−25,+40) 0.21(0.02) 2.1(0.1) 2.1(0.2) 0.17(0.03) 2.8(0.2) 2.3(0.6) 3.4× 1011

(−30,+84) <0.03 <0.03 <4.9× 1010

Orion−Bar (+20,−20) 0.63(0.04) 11.0(0.1) 2.5(0.2) 0.32(0.03) 11.1(0.1) 2.1(0.1) 1.0× 1012

(+10,−10) 1.45(0.05) 10.8(0.1) 3.1(0.1) 0.82(0.03) 10.8(0.1) 2.8(0.3) 2.4× 1012

(0,0) 0.23(0.05) 10.5(0.3) 1.7(0.7) <0.17 4.0× 1011

not been detected towards NGC 7027. Strong C3H2 lines have
been observed towards all the sources in our sample.

4.1. NGC 7023

We have observed the molecular ions, CO+, HOC+, HC18O+

and SO+, and the hydrocarbon compound C3H2 in four po-
sitions across the PDR: the star [offset (0,0)], an interme-
diate position between the star and the PDR-peak [offset
(−13′′,+16′′)], the PDR-peak [offset (−25′′,+40′′)] and the
molecular-peak [offset (−30′′,+84′′)]. We have marked these
positions in Fig. 1. These positions constitute a strip that be-
gins at the star position, crosses the PDR (PDR peak) and ends
in the molecular cloud (molecular peak), sampling regions at
different extinction from the star and consequently, with a dif-
ferent chemistry.

The molecular ions CO+, HOC+ and SO+ have only
been detected towards the PDR-peak. In Fig. 3 we show the

spectra of these molecular ions towards the PDR-peak and
the molecular peak. For comparison we have also plotted the
spectrum of the HCO+ and H13CO+ 1→0 lines taken from
Fuente & Mart´ın-Pintado (1997). While the intensity of the
H13CO+ line is two times stronger towards the molecular peak
than towards the PDR-peak, the intensity of the CO+ and
HOC+ lines is higher towards the PDR peak. As discussed in
Fuente & Mart´ın-Pintado (1997), the hydrogen density towards
the molecular-peak is∼105 cm−3, i.e., high enough to excite the
CO+, HOC+ and SO+ lines. Then, the lack of detection of these
ions towards the molecular-peak should be due to a gradient in
their fractional abundances.

In this well-known nebula, we can use the kinematical in-
formation to study the structure of the PDR. The profile of
HCO+ shown in Fig. 3 is composed of a narrow component
centered at the velocity of 2.4 kms−1 and a wide plateau cov-
ering between 0 to 6 km s−1. Interferometric observations by
Fuente et al. (1996) show that the HCO+ emission arises in
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Table 4.Observations of SO+ and SO2 towards PDRs.

SO+ 9/2→7/2 e SO2 32,2→21,1

Object Offset Area VLSR ∆V Areaa VLSR ∆V NSO+ NSO2

(K km s−1) (km s−1) (km s−1) (K km s−1) (km s−1) (km s−1) (cm−2) (cm−2)
NGC 7023 (0,0) <0.05b <0.05 <5× 1011 <1.5× 1012

(−13,+16) <0.05b <0.05 <5× 1011 <1.5× 1012

(−25,+40) 0.06(0.01) 2.4(0.1) 0.8(0.2) <0.05 6× 1011 <1.5× 1012

(−30,+84) <0.05b <0.04 <5× 1011 <1.2× 1012

Orion−Bar (+20,−20) 0.84(0.03) 10.5(0.1) 2.3(0.1)0.67(0.02) 9.8(0.1) 2(1) 8.4× 1012 2.0× 1013

(+10,−10) 0.44(0.04) 10.3(0.1) 2.5(0.3)0.12(0.02) 10.0(0.1) 1(1) 4.4× 1012 3.6× 1012

(0,0) 0.12(0.02) 10.0(0.1) 1.2(0.2) <0.04 1.2× 1012 <1.2× 1012

a SO2 has been observed with a spectral resolution of 1 MHz (1.4 km s−1).
b 3-σ area upper limit with∆v = 0.9 km s−1.

Fig. 3. Spectra of the HCO+ 1→0, H13CO+ 1→0, HOC+ 1→0, CO+

2,5/2→1,3/2, SO+ 9/2→7/2 (e) and C3H2 6(1,6)→5(0,5) towards the
PDR-peak [offset (−25′′, 40′′) relative to the star position] and the
molecular-peak [offset (−30′′, 84′′) relative to the star position] in
NGC 7023.

several high-density filaments located at the interface between
the atomic and molecular gas. These filaments have slightly
different velocities ranging between 1 km s−1 and 6 km s−1 pro-
ducing the wide wings in the single-dish spectrum. While the
filament at 2.4 km s−1 is already embedded in the molecular
cloud, the filaments at more positive velocities (v > 3.8 km s−1)
are embedded in the atomic gas. The filament at 2.4 km s−1 is

the only one detected in the H13CO+ line with a linewidth of
0.7 km s−1. This is also the case for most molecular lines (see
the CS lines in Fuente et al. 1997) which present linewidths
of <1 km s−1. However, the linewidths of the CO+ and HOC+

lines are clearly broader. Comparing the profile of the HCO+

1→0 line with those of CO+ and HOC+, it seems clear that the
emission of these reactive ions arise mainly in the high density
filaments immersed in the atomic phase.

The lines of the hydrocarbon radical C3H2 also present
broad linewidths (>1 km s−1). Several C3H2 transitions with
different excitation conditions have been observed to-
wards NGC 7023. The high excitation 6(0,6)→5(1,5) and
6(1,6)→5(0,5) lines have only been detected towards the PDR-
peak. The comparison between the spectra towards the PDR-
peak and the molecular-peak suggests a different C3H2 abun-
dance towards these two positions. Moreover, the linewidth of
this line is broader than that of the H13CO+ line suggesting that
this species arises in the high density filaments in the interface
between the atomic and molecular phase.

The low excitation C3H2 2(1,2)→1(0,1) line has also been
detected towards the star position. Low total column density,
N(H2) ∼ 2 × 1021 cm−2, and low hydrogen density,n ∼
103 cm−3, have been measured towards this position (Fuente
et al. 1998; Gerin et al. 1998). The detection of C3H2 reveals
that this molecule is also abundant in this diffuse gas.

Finally, the case of SO+ is slightly different. Similarly to
CO+ and HOC+, SO+ has only been detected towards the PDR-
peak. However, the SO+ lines are very narrow with a linewidth
similar to those of the H13CO+ and CS lines.

4.2. The Orion Bar

We have observed a strip crossing the ionization front (IF) of
the Orion Bar in CO+, HOC+, HC18O+, SO+ and C3H2 lines
(see Fig. 2). The number of observed positions along the strip
is different for each species. The observed positions and ob-
servational parameters for all the molecular lines are shown
in Tables 2 to 5. The offset (0,0) is the position of the IF
(RA(2000)= 05h35m20.s1 Dec(2000)= −05◦25′07.′′0). The off-
set (+20′′,−20′′) is the maximum in H2 column density (Jansen
et al. 1995; Fuente et al. 1996), and hereafter we will refer to
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Table 5.Observations of C3H2.

Object Offset Line Area VLSR ∆V Tex NC3H2

(K km s−1) (km s−1) (km s−1) (K) (1012 cm−2)
NGC 7023 (0, 0) 2(1,2)→1(0,1) 0.05(0.02) 1.2(0.5) 3.2(0.9) 15a 0.42

3(2,2)→2(1,1) <0.03
5(1,4)→4(2,3) <0.04
5(2,4)→4(1,3) <0.04
6(0,6)→5(1,5) <0.04

(−13,+16) 5(1,4)→4(2,3) <0.02 15a <0.2
5(2,4)→4(1,3) <0.10
6(0,6)→5(1,5) <0.14

(−25,+40) 2(1,2)→1(0,1) 0.25(0.01) 2.6(0.1) 1.1(0.1) 8−15 1.2−2.1
5(1,4)→4(2,3) 0.15(0.01) 2.2(0.1) 0.9(0.1)
5(2,4)→4(1,3) 0.06(0.01) 2.2(0.1) 1.0(0.3)
6(0,6)→5(1,5) 0.42(0.02) 2.1(0.1) 1.2(0.1)

(−30,+80) 6(0,6)→5(1,5) <0.10 15a <0.8
Orion−Bar (+50,−50) 6(0,6)→5(1,5) 0.28(0.07) 9.8(0.2) 1.6(0.6) 15a 1.6

(+40,−40) 5(1,4)→4(2,3) 0.40(0.10) 3.9(1.2) 15a 3.0
6(0,6)→5(1,5) 0.51(0.1) 10.1(0.3) 2.7(0.7)

(+30,−30) 5(1,4)→4(2,3) 0.62(0.12) 2.7(0.6) 15a 8.3
6(0,6)→5(1,5) 1.06(0.05) 10.6(0.1) 2.2(0.1)

(+20,−20) 2(1,2)→1(0,1) 2.2(0.1) 10.9(0.0) 2.6(0.1) 13 14
3(2,2)→2(1,1) 0.50(0.02) 10.1(0.1) 2.2(0.1)
5(1,4)→4(2,3) 1.4(0.1) 11.2(0.1) 2.5(0.2)
5(2,4)→4(1,3) 0.4(0.5) 2(3)
6(0,6)→5(1,5) 1.73(0.08) 10.6(0.0) 2.7(0.1)

(+10,−10) 2(1,2)→1(0,1) 1.7(0.1) 11.0(0.1) 2.5(0.1) 15 13
3(2,2)→2(1,1) 0.7(0.1) 10.0(0.1) 2.5(0.3)
3(3,0)→2(2,1) 0.9(0.1) 11.2(0.1) 1.9(0.2)
5(1,4)→4(2,3) 1.3(0.2) 3.1(0.9)
5(2,4)→4(1,3) 0.4(0.1) 10.6(0.3) 2.9(0.6)
6(0,6)→5(1,5) 2.35(0.04) 10.7(0.1) 2.3(0.1)

(0,0) 2(1,2)→1(0,1) 1.20(0.03) 10.7(0.1) 2.6(0.1) 13 9
3(2,2)→2(1,1) 0.40(0.02) 9.8(0.1) 3.3(0.1)
5(1,4)→4(2,3) 0.89(0.06) 10.5(0.1) 3.2(0.3)
5(2,4)→4(1,3) 0.19(0.02) 10.4(0.1) 1.9(0.3)
6(0,6)→5(1,5) 1.12(0.03) 10.1(0.1) 2.5(0.1)

(−10,+10) 2(1,2)→1(0,1) 1.04(0.03) 10.4(0.1) 3.1(0.1) 12 7
5(1,4)→4(2,3) 0.73(0.04) 10.3(0.1) 5.6(0.4)
5(2,4)→4(1,3) 0.09(0.03) 9.1(0.3) 1.9(0.8)
6(0,6)→5(1,5) 0.96(0.06) 3.6(0.2)

(−20,+20) 2(1,2)→1(0,1) 1.09(0.03) 10.1(0.1) 3.2(0.1) 12 8
5(1,4)→4(2,3) 0.6(0.1) 8.7(0.1) 3.4(0.3)
5(2,4)→4(1,3) 0.2(0.1) 2(1)
6(0,6)→5(1,5) 0.9(0.1) 8.8(0.1) 3.0(0.3)

a Assumed rotation temperature.

it as the molecular-peak. Spectra of the observed lines towards
the IF, the molecular peak and an intermediate position [off-
set (+10,−10)] are shown in Fig. 4. For an easier comparison,
we also show in Fig. 5 the integrated intensities of the HOC+

1→0, CO+ 2,5/2→1,3/2, SO+ 9/2→7/2 e, C3H2 6(1,6)→5(0,5)
and HC18O+ 1→0 lines normalized to 1. The CO+, SO+ and
the C3H2 6(1,6)→5(0,5) lines have similar frequencies and
have been observed with a beam of∼12′′ (see Table 1). The

comparison between them is straightforward. The HOC+ and
HC18O+ lines have been observed with a larger beam of∼29′′.

There are significant differences between the spatial distri-
bution of the different species (see Fig. 5). The HC18O+ and
SO2 lines have only been detected towards the molecular peak.
However, the CO+ and all the C3H2 lines peak closer to the
IF, at the position (+10′′,−10′′). The excitation conditions are
quite uniform across the Orion Bar (Hogerheijde et al. 1995;
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Table 6.Observational results in NGC 7027.

Area Vc Va
exp NX

(K km s−1) (km s−1) (km s−1)
CO 2→1 High Vel. 96.05(1.3) 26.1(0.4) 21.8(0.4) 5.2× 1016 cm−2

Low Vel. 385.7(1.9) 26.5(0.4) 14.4(0.4) 2.1× 1017 cm−2

CO+ 2,5/2→1,3/2 High Vel. 2.0(0.08) 24.0(0.7) 30.0(0.9) 3.2× 1012 cm−2

C3H2 6(1,6)→5(0,5) High Vel. 1.43(0.07) 25.2(0.4) 21.3(0.4) 7.0× 1012 cm−2

HOC+ 1→0 <0.011 K km s−1 b <2.4× 1010 cm−2 km−1 s c

HOC+ 3→2 <0.040 K km s−1 b <5.5× 109 cm−2 km−1 s c

HC18O+ 1→0 <0.015 K km s−1 b <2.4× 1010 cm−2 km−1 s c

SO+ 9/2→7/2 e <0.035 K km s−1 b <6.0× 1010 cm−2 km−1 s c

a Lines have been fitted with a typical shell profile. The fitted parameters are: Area, Position (Vc) and full width at zero level (2× Vexp).
b 3-sigma upper limit to the integrated intensity in a velocity interval of 1 km s−1.
c 3-sigma upper limit forN/∆v assuming a source size of 13′′ and an expansion velocity of 20 km s−1 (∆v ∼ 40 km s−1).

Fuente et al. 1996b). This spatial distribution strongly suggests
that the fractional abundances of CO+ and C3H2 are enhanced
close to the IF. The molecular ions HOC+ and SO+ represent an
intermediate case. Although the abundances of both molecules
also seem to increase toward the IF (note in Fig. 5 that the
HOC+/HC18O+ and SO+/HC18O+ ratio increase towards the
IF), their emission peaks at the molecular peak.

4.3. NGC 7027

Intense emission has been detected in the CO+ and C3H2 lines.
This is in contrast with the non-detection of HOC+ and SO+.
In Fig. 4 we show the spectra of the C3H2 6(1,6)→5(0,5), CO+

2,5/2→1,3/2, and12CO 2→1 lines. The linewidths of the CO+

2,5/2→1,3/2 and the C3H2 6(1,6)→5(0,5) lines are broader
than that of the CO line suggesting that the emission arises in
a high-velocity layer of the envelope. Fitting the C3H2 spec-
tra with a shell model we measure an expansion velocity of
ve ∼ 21.5 km s−1 for this layer. An even higher expansion
velocity of ve ∼ 30 km s−1 is obtained from the CO+ spec-
trum. The spectrum of the12CO line reveals the existence of
two components, a low velocity component with an expansion
velocity of ∼14.4 km s−1 from which arises the bulk of the
12CO emission and a higher velocity shell with an expansion
velocity of∼21.5 km s−1 which emits very weakly in CO. The
CO+ and C3H2 emission arise mainly in the high velocity shell
(see Table 6). The intense emission of CO+ and C3H2 in this
high velocity shell is consistent with this gas being the inner-
most layer of the neutral envelope which is being accelerated
by the ionized gas (Hasegawa & Kwok 2001). In this layer, the
chemistry of the gas is expected to be stongly affected by the
stellar UV radiation.

5. Column density and fractional abundance
estimates

The method used to estimate column densities and the assump-
tions we have made are explained in Appendix A. The derived
column densities are shown in Tables 2 to 6. Fractional abun-
dances are shown in Table 7. When possible we have carried
out excitation calculations in order to obtain accurate column

densities. In some cases we have detected only one transition of
the studied species and we need to assume a rotation tempera-
ture to derive the molecular column density. This is always the
case for the CO+, SO+ and SO2 lines. In these cases we have as-
sumed a rotation temperature based on previous observations of
lines with similar excitation conditions. The excitation calcula-
tions carried out for the C3H2 and HOC+ lines in NGC 7023
and the Orion Bar (this paper) and for the H13CO+ lines in
NGC 7023 (Fuente & Mart´ın-Pintado 1997) give rotation tem-
peratures between 6 K and 20 K in these PDRs. Thus, we
have adopted a rotation temperature of 10 K for the CO+,
SO+ and SO2 lines in these sources which should be accurate
within a factor of 2. Hasegawa & Kwok (2001) derived excita-
tion temperatures∼20 K for the HCO+, HCN and CN lines in
NGC 7027. A lower rotation temperature of∼11 K was derived
for the CO+ lines. We have adoptedTr = 20 K for the HOC+

and C3H2 lines andTr = 10 K for the CO+ and SO+ lines in
this PN, which should also be accurate within a factor of 2.
Since the assumed rotation temperatures are accurate within a
factor of 2, the uncertainties in the derived column densities be-
cause of the unknown excitation conditions are also of a factor
∼2. Opacity effects are not important in the emission of these
low abundance species. Therefore, in our discussion we will
consider that variations of the molecular abundance ratios and
fractional abundances by more than a factor of∼4 are signifi-
cant.

5.1. NGC 7023

The molecular ion HOC+ has only been detected towards the
PDR-peak. For this position we have assumed that the size
of the source matches that of the beam at 268 GHz and es-
timated a rotation temperature of≈30 K. With this rotation
temperature, the column density of HOC+ is ∼8 × 1010 cm−2.
In order to estimate the uncertainty due to the beam fill-
ing factor, we have calculated the rotation temperature as-
suming an extended source and obtained a lower limit to
the rotation temperature and column density of 7 K and of
∼3 × 1010 cm−2 respectively. Assuming a total H2 density of
1.1 × 1022 cm−2 (Fuente & Mart´ın-Pintado 1997) we derive
an HOC+ fractional abundance of∼4 × 10−12−7 × 10−12
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Fig. 4. Spectra of the observed molecular lines towards the position (20′′,−20′′), (10′′,−10′′) and (0, 0) of the Orion Bar. The offset (0, 0)
corresponds to the position of the IF. The offset (20′′,−20′′) corresponds to the maximum of molecular hydrogen column density.

depending on the assumed source size. We have not detected
HC18O+ towards the PDR-peak, thus we use our previous
HCO+ and H13CO+ data to calculate the [HCO+]/[HOC+] ra-
tio. Fuente & Mart´ın-Pintado (1997) estimated an HCO+ col-
umn density of 4.5×1012 cm−2 towards the PDR-peak, which
implies an [HCO+]/[HOC+] ratio of 50−120, which is the
lowest ratio found thus far. We have not detected HOC+ to-
wards the molecular peak. Assuming a rotation temperature of
15 K, we derive a 3-σ upper limit to the HOC+ column den-
sity of <4 × 1011 cm−2. Taking into account the data reported

by Fuente & Mart´ın-Pintado (1997), we obtain an HOC+ frac-
tional abundance<2 × 10−12 and an [HCO+]/[HOC+] ratio >
200 towards this position, i.e., at least a factor of 2 larger than
towards the PDR-peak.

The molecular ion CO+ has only been detected towards the
PDR-peak. Observations of CO+ in NGC 7023 were previously
reported by Fuente & Mart´ın-Pintado (1997). Our new data are
in total agreement with previous ones. We have estimated a
CO+ column density of 3.4×1011 cm−2 towards the PDR-peak.
The fractional abundance of CO+ is 3 × 10−11, an order of
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Table 7.Fractional abundances in PDRs.

HOC+ CO+ SO+ C3H2 HCO+/HOC+ SO+/SO2

NGC 7023 PDR-peak 7× 10−12 3× 10−11 5× 10−11 2× 10−10 50−120 >0.4

(−25′′,+40′′)

Mol-peak <2× 10−12 <3× 10−13 <3× 10−12 <3× 10−12 >200

(−30′′,+84′′)

Orion Bar IF 3× 10−11 6× 10−11 1× 10−10 2× 10−9 <166 <1

(0,0)

Mol-peak 5× 10−12 1× 10−11 1× 10−10 2× 10−10 400 0.4

(+20′′,−20′′)

NGC 7027 5× 10−9 1× 10−8 >450

Fig. 5. Normalized integrated intensity of the HOC+ 1→0, CO+

2,5/2→1,3/2, SO+ 9/2→7/2 (e), C3H2 6(1,6)→5(0,5) and HC18O+

1→0 lines as a function of the offset in right ascension relative to the
posisition of the IF for the strip observed towards the Orion Bar.

magnitude larger than that of HOC+. We have not detected
CO+ towards the molecular peak with a fractional abundance at
least 100 times lower than towards the molecular peak (Fuente
& Martı́n-Pintado 1997).

Similarly to CO+, SO+ has only been detected towards the
PDR-peak. We have estimated a SO+ abundance of 5.4× 10−11

towards this position. This abundance is similar to those found
by Turner (1994) towards a sample of star forming regions.
The fractional abundance of SO+ decreases inside the molecu-
lar cloud. Our upper limit for the SO+ abundance towards the
molecular peak is<3 × 10−12, i.e., a factor of 10 lower than
towards the PDR-peak.

As discussed in Sect. 4.1, the profile of the SO+ lines is
very narrow in contrast with those of the other reactive ions.
Comparing the profiles of the SO+ and CO+ lines, SO+ seems

to arise only in the filament at 2.4 km s−1 which is the one
immersed in the molecular cloud, and is absent in those im-
mersed in the atomic gas (v > 3.8 km s−1). This suggests that
the SO+ emission comes from a more shielded region than that
of CO+.

Finally, C3H2 has been detected towards the star position
and the PDR-peak. We have estimated the rotation tempera-
ture towards the PDR-peak using the technique of rotational
diagrams. Since the size of the emitting region is unknown,
we have calculated the rotation temperature in the two limiting
cases of a point source and an extended source (beam filling
factor = 1). The obtained rotational temperature towards the
PDR-peak is of∼8 K (assuming a point source) and∼15 K (as-
suming extended emission) (see Fig. A.1). With these values
we estimate a C3H2 column density of∼1.2−2.1 × 1012 cm−2

and a fractional abundance of∼1−2× 10−10 depending on the
assumed source size. We have not detected C3H2 towards the
molecular peak. Assuming an excitation temperature of 15 K,
we find an upper limit of<5 × 1011 cm−2 for the C3H2 col-
umn density and of<3× 10−12 for the C3H2 abundance in the
molecular-peak, i.e., at least a factor of 100 lower than towards
the PDR-peak.

Only the lowest rotational transition of C3H2 has been de-
tected towards the star position. Assuming a rotation tempera-
ture of 15 K (which is consistent with the upper limits obtained
for the integrated intensity of the higher excitation lines), we
derive a C3H2 column density of 4.3 × 1011 cm−2 and a frac-
tional abundance of∼2× 10−10.

Summarizing, the reactive ions CO+, HOC+ and SO+ have
only been detected towards the PDR peak in NGC 7023. The
comparison between the estimated fractional abundances in the
PDR peak and the upper limits towards the molecular peak,
show that the abundances of these molecular ions are enhanced
at least by a factor of∼10 in the PDR. Observations of C3H2 in
these same positions reveals that the abundance of this carbon
chain is a factor of∼100 larger in the PDR than in the molecular
cloud.
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Fig. 6. Spectra of the C3H2 6(1,6)→5(0,5), CO+ 2,5/2→1,3/2 and
12CO 2→1 line towards NGC 7027. Note the larger linewidth of the
CO+ and C3H2 lines compared with that of12CO.

5.2. The Orion Bar

Intense HOC+ emission has been detected towards the Orion
Bar. Rotation temperatures have been derived towards the
molecular peak and the offset (+10,−10). The main uncertainty
in the derived temperatures comes from the unknown beam fill-
ing factor. We have calculated the rotation temperature in the
two limiting cases, the point source and extended emission. The
derived rotation temperatures range from 6 to 30 K, and seem
to increase towards the IF. Close to the IF [offset (+10,−10)],
the derived rotation temperature is similar to that found to-
wards the PDR-peak in NGC 7023. HOC+ column densities
range from 2 to 4× 1011 cm−2 in the detected positions. Based
on the results of Hogerheijde et al. (1995), we assume a to-
tal H2 column density of 6.5 × 1022 cm−2 towards the molec-
ular peak and of 6.5 × 1021 cm−2 towards the IF. With these
values, the HOC+ fractional abundance is∼3−5 × 10−12 to-
wards the molecular peak (depending on the assumed source
size) and∼3× 10−11 towards the IF. Thus, the fractional abun-
dance of HOC+ increases towards the IF by a factor of∼10.

This increase of the HOC+ abundance is accompanied by
a decrease of the [HCO+]/[HOC+] ratio. As explained by
Woods et al. (1983), in the limit of subthermal excitation the
N ∝ TR and the [HCO+]/[HOC+] ratio can be calculated as
the ratio of the intensities of the HC18O+ 1→0 and HOC+

1→0 lines corrected by the16O/18O isotopic ratio. We have
assumed a value of 650 for the16O/18O ratio and obtained
the values shown in Table 2. The [HCO+]/[HOC+] ratio in-
creases from∼400 in the molecular peak to<166 towards
the IF. Apponi et al. (1999) estimated a [HCO+]/[HOC+] ∼
270 towards the Orion Bar and interpreted it as a consequence
of the unique chemistry of PDR regions. The higher angular
resolution of our observations allow us to detect a gradient
in the [HCO+]/[HOC+] ratio with the lowest values towards
the IF. This gradient support the interpretation of an enhanced
HOC+ abundance in the PDR.

The reactive ion CO+ has been detected towards the three
positions of the strip. The CO+ column density peaks towards
the offset (+10′′,−10′′) instead of towards the maximum in
H2 column density [offset (+20′′,−20′′)]. Since the excitation
conditions are quite uniform across the Orion Bar, this implies
that the CO+ abundance is enhanced close to the IF. Taking the
same values for the total H2 column density as before, we esti-
mate a CO+ fractional abundance of∼1.5× 10−11 towards the
molecular peak and∼6.1× 10−11 towards the IF.

The molecular ion SO+ has also been detected towards the
three observed positions of the Orion-Bar. The SO+ column
density peaks towards the molecular peak and the derived frac-
tional abundance is∼1.3 × 10−10. We estimated a SO+ abun-
dance towards the IF of∼1.8×10−10. Thus, the SO+ abundance
seems to be quite uniform across the Orion Bar. Simultaneously
with SO+, we have observed SO2. Like most molecules (see
the HC18O data in this paper and the molecular observations
reported by Fuente et al. 1996b), the SO2 column density is
maximum towards the molecular peak and decrease rapidly to-
wards the IF.

Finally, several lines of the radical C3H2 have been detected
towards all the positions of the strip. Since the emission seems
extended we have assumed a beam filling factor of 1 in our cal-
culations of the rotation temperature. The derived rotation tem-
peratures are quite similar in all the observed positions with
values∼13−15 K (see Fig. A.1). This is consistent with pre-
vious assumption of uniform excitation conditions across the
strip for CO+ and SO+. However, the C3H2 abundance does
increase towards the IF. In fact, the fractional abundance of
C3H2 is almost an order of magnitude larger towards the IF,
XC3H2 ∼ 1.4 × 10−9, than towards the molecular peak,XC3H2

∼ 2.0× 10−10 (see Table 7).

Summarizing, the fractional abundances of CO+, HOC+

and C3H2 increases by a factor of∼5−20 towards the IF (see
Table 7). The SO+ fractional abundance is quite uniform along
the strip suggesting that the SO+ emission arises in a more
shielded region than that of CO+, HOC+ and C3H2. These re-
sults are in agreement with those obtained towards NGC 7023
and confirm the reactive ions CO+ and HOC+ and the carbon
chain C3H2 as good tracers of PDRs.
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5.3. NGC 7027

As expected, the chemistry of NGC 7027 is different from that
of the other two studied PDRs. First of all, the molecular ions
HOC+ and SO+ have not been detected.

We have not detected the HC18O+ J = 1→0 line towards
NGC 7027. Thus, we will use previous HCO+ observations
for our estimates of the [HCO+]/[HOC+] abundance ratio. The
high excitationJ = 4→3 andJ = 3→2 HCO+ lines have re-
cently been observed by Hasegawa & Kwok (2001). They de-
rived a NHCO+ /∆v ∼ 2.5 × 1012 cm−2 km−1 s, a size of∼13′′
for the emitting region and expansion velocities∼20 km s−1

for both lines. We have derived a 3-σ upper limit to the
HOC+ column density,NHOC+ /∆v < 2.4 × 1010 cm−2 km−1 s
using our upper limit to the HOC+ 1→0 line emission and as-
suming the source size and the expansion velocity derived from
the HCO+ lines (see Table 6). Since the size of the PDR in
NGC 7027 is much smaller than the beam at the frequency
of the HOC+ J = 1→0 line (beam= 29′′), it is more conve-
nient to use the limit on the HOC+ J = 3→2 line to derive the
[HCO+]/[HOC+] ratio. Using the HOC+ 3→2 data and with
the same assumptions as before we obtainNHOC+/∆v < 5.5×
109 cm−2 km−1 s. This implies that the [HCO+]/[HOC+] abun-
dance ratio is>450. This ratio is a factor of 4 larger than that
measured in the other PDRs. The beam of the telescope at
268 GHz (beam= 9.5′′) is smaller than the emitting region,
then the [HCO+]/[HOC+] ratio could be somewhat overesti-
mated if the HOC+ emission arise mainly in the outer part of
the PDR. But this would be a very odd HOC+ spatial distri-
bution with [HCO+/HOC+] ratio decreasing towards the more
shielded regions of the nebula instead of towards the PDR, in
contradiction with our results in NGC 7023 and the Orion Bar.
As discussed in Sect. 6, we consider that the lack of HOC+ is
more likely due to the peculiar chemistry of this C-rich PN. The
non-detection of SO+ and SO2 towards this source also argues
in favor of this interpretation.

In Fig. 4 we show the CO+ 2,5/2→ 1,3/2 and the CO 2→1
spectra. Both lines have been observed with similar beams. The
CO+ emission seems to arise in the high velocity layer of the
envelope which is adjacent to the ionized gas, while the bulk
of the CO emission arise in the lower velocity and more ex-
tended envelope. In order to determine the abundance of CO+,
we have fitted the profile of the12CO line with a two shell-
model. The derived CO column densities areNCO = 5.2 ×
1016 cm−2 in the high velocity shell andNCO = 2.1×1017 cm−2

in the low-velocity one. Thus, assuming that all the CO+ emis-
sion arise in the high velocity shell, we estimate a [CO+]/[CO]
∼ 6× 10−5. Using a standard value for the fractional CO abun-
dance,XCO = 8× 10−5, we derive a CO+ fractional abundance
of ∼5× 10−9. This value is a factor of 4 larger than that found
by Hasegawa & Kwok (2001) with an LVG excitation model.
We do not consider this difference significative taking into ac-
count the large uncertainties in these calculations. The colli-
sional excitation of CO+ is poorly understood and should be
treated simultaneously with its chemistry (Black 1998). On the
other hand, the separation between the high-velocity and low-
velocity shells in the CO line involves some uncertainty.

An intense C3H2 line has been detected towards this PN.
The linewidth of this line is similar to that of CO+ and much
larger than that of the CO line. As in the case of the CO+ line,
we assume that all the emissions arise in the high-velocity shell
and derive a C3H2 fractional abundance,XC3H2 ∼ 1 × 10−8.
This high C3H2 abundance is consistent with the enhanced
C3H2 abundances observed in the other PDRs.

Summarizing, enhanced CO+ and C3H2 fractional abun-
dances are found towards NGC 7027 in agreement with the
results found towards NGC 7023 and the Orion Bar. However,
HOC+ and SO+ have not been detected which indicates a dif-
ferent PDR chemistry in the PN.

6. Discussion: PDR chemistry

In Table 7, we give a summary of the fractional abundances
and abundance ratios observed towards the studied PDRs. The
PDRs in the Orion Bar and NGC 7023 share the same chem-
istry. The fractional abundances of the reactive ions HOC+,
CO+ and SO+ are enhanced towards the PDRs of these regions.
The variations of the [HCO+]/[HOC+] ratio across the PDRs
prove that these ratios can be used as tracers of the gas exposed
to intense UV radiation. Comparing the CO+ and SO+ results,
the latter seems to arise in a more shielded region of the PDR.

The chemistry in NGC 7027 is clearly different. The high-
est CO+ and C3H2 fractional abundances are measured toward
this PN. However, the fractional abundances of the reactive
ions HOC+ and SO+ are at least an order of magnitude lower
than in NGC 7023 and the Orion Bar. Although detailed chem-
ical modeling is beyond the scope of this paper, in the follow-
ing we discuss our results in NGC 7023, the Orion Bar and
NGC 7027 in terms of the existing models. Finally we discuss
the peculiar chemistry of the PN.

6.1. HCO+/HOC+/CO+

The molecular ion CO+ was the first reactive ion discovered
in the interstellar medium (Latter et al. 1993). This ion reacts
on virtually every collision with H2 and does not survive in
molecular clouds. However, its abundance becomes significant
in the hot layers of PDRs (Sternberg & Dalgarno 1995). Within
the PDR, CO+ is formed mainly by

C+ +OH→ CO+ + H (1)

and destroyed by reactions with H2 to form HCO+ (and HOC+),
and by dissociative recombination. In regions of high ioniza-
tion rate, CO+ can also be produced by a charge transfer re-
action between CO and CH+, and/or even by direct ionization
of CO. Sternberg & Dalgarno (1995) predicted a CO+ abun-
dance>∼10−10 in the Av < 1 mag region of the PDR. We have
detected CO+ in all the target PDRs. The estimated fractional
abundances in NGC 7023 and the Orion Bar are∼10−11. These
abundances have been calculated assuming that the CO+ emis-
sion comes from the total H2 column density. If the emission
arises mainly in a layer ofAv ∼ 1 mag, we obtain CO+ frac-
tional abundances ranging from 3× 10−10 to 10−9 in these
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sources. These values are close to the highest CO+ abun-
dances predicted by Sternberg & Dalgarno (1995) and to the
CO+ abundance measured in NGC 7027,XCO+ ≈ 5× 10−9.

A chemically related ion is HOC+. There are two pathways
to form efficiently HOC+,

C+ + H2O→ HOC+ + H (2)

CO+ + H2→ HOC+/HCO+ + H. (3)

Its destruction is mainly by reactions with H2 (Smith et al.
2002). The large abundances of C+ and CO+ in PDRs could
result in an enhanced HOC+ abundance. Within this scheme,
one expects some correlation between low [HCO+]/[HOC+] ra-
tios and high CO+ abundances (Savage et al. 2000). Both
quantities seem correlated in NGC 7023 and the Orion
Bar. In both regions, the CO+ abundance is maximum and
the [HCO+]/[HOC+] is minimum towards the PDR-peak.
Moreover, the spatial distribution of HOC+ and CO+ is quite
similar across the Orion Bar.

NGC 7027 is the exception to this rule. We have measured
the maximum value of the CO+ abundance towards this PN.
However the [HCO+]/[HOC+] ratio is not as low as observed
in NGC 7023 and the Orion Bar. This difference can be un-
derstood in terms of the peculiar chemistry of this PN and the
HOC+ and CO+ formation paths. Recent observations with the
Infrared Space Observatory (ISO) reveal that the light radicals
OH,CH+ and CH are quite abundant in this PN (Liu et al. 1996,
1997; Cernicharo et al. 1997). However, a very low abundance
of H2O, XH2O < 10−8, is observed. The low H2O abundance
precludes the production of HOC+ via reaction (2). The lack of
correlation between the abundances of HOC+ and CO+ in this
source suggests that reaction (2) is the dominant HOC+ forma-
tion path which is inhibited in this C-rich PN.

6.2. SO+

SO+ has been detected in warm and cold clouds with
abundances ranging from∼10−9−10−11. These fractional
abundances can be explained by gas phase ion-molecule
chemistry (Turner 1994). SO+ is primarily formed via
S+ +OH→ SO+ + H and removed by dissociative recombina-
tion in S+O. The neutral atomsS will then follow a series of
reactions to give SO and SO2. In regions exposed to high UV
fields, the sulfur is mainly in the form of S+ and SO+, while in
the well shielded cloud it is in the form of SO and SO2. Thus,
gradients in the [SO+]/[SO] and [SO+]/[SO2] abundance ratios
are expected across PDRs.

We have detected SO+ towards the PDRs in NGC 7023 and
the Orion Bar. The SO+ abundance is at least an order of mag-
nitude larger towards the PDR peak than towards the molecular
cloud in NGC 7023. The SO+ abundance towards the PDR peak
is in agreement with that predicted by Sternberg & Dalgarno
(1995) in the layers withAv < 2 mag of a high density PDR.
In this case, an enhanced SO+ abundance is the result of the
large abundance of S+ and OH in the PDR. The SO+ abundance
towards the Orion Bar remains quite uniform along the ob-
served strip. However, we detect a gradient in the [SO+]/[SO2]
abundance ratio (see Table 7) due very likely to the rapid de-
struction of SO2 by the UV radiation.

In both sources, NGC 7023 and the Orion Bar, SO+ seems
to arise in a more shielded region of the cloud than CO+. SO+ is
not as rapidly destroyed by reactions with H2 as CO+. For this
reason, SO+ is detected in dark clouds while the emission of
CO+ is restricted to the HI/H2 transition layer of PDRs. Within
the PDR, SO+ is expected to survive in regions with large ex-
tinction.

SO+ has not been detected in NGC 7027 with an upper
limit to the [SO+]/[CO+] abundance ratio of<0.1. Values of
the [SO+]/[CO+] � 1 are observed in NGC 7023 and the Orion
Bar. As discussed in Sect. 6.4, this difference can be explained
by the different elemental abundances and high electron densi-
ties in the PN.

6.3. C3H2

Intense C3H2 lines have been detected towards all the target
sources. The spatial distribution of the emission in NGC 7023
and the Orion Bar shows enhanced C3H2 abundances towards
the PDR. In fact, the C3H2 abundance is larger by almost a
factor of 100 towards the PDR peak than towards the molecular
peak in NGC 7023. In the Orion Bar, the C3H2 abundance is a
factor of 10 larger towards the IF than towards the maximum
in molecular column density. Thus, we can conclude that most
of the C3H2 emission arises in the PDR of these sources.

We have estimated C3H2 abundances ranging from
∼10−10−10−8 in our sample. These abundances are similar to
those found in dense dark clouds (Cox et al. 1989). Taking into
account the large photodissociation rate of C3H2 (van Dishoeck
1988), a rapid formation is necessary to explain the large
C3H2 abundances found in PDRs. Enhanced abundances of
the CHn,CHn

+ are produced in PDRs via reactions of the car-
bon ion C+ and H2 (Sternberg & Dalgarno 1995; Hasegawa
et al. 2000). The formation of more complex hydrocarbons like
C3H2 are ruled by reactions of the atomic carbon ion C+ with
acetylenes to form carbon cations (Bettens et al. 1997). Thus,
it requires an acetylene supply. Allain et al. (1996) proposed
that acetylene can be the result of the destruction of small
PAHs by intense UV fileds. Foss´e et al. (2000) compared the
Aromatic Infrared Bands (AIBs) emission with the high hydro-
carbon abundances towards IC 63 and NGC 7023 and found
enhanced carbon chains abundances coincident with the AIBs
emission. A similar work has been carried out by Teyssier et al.
(2002) in the Horsehead Nebula. They proposed that the high
hydrocarbon abundances in PDRs might be explained by the
high abundance of the atomic carbon ion C+ and the release of
acetylene from polycyclic aromatic hydrocarbons (PAHs).

6.4. NGC 7027: The chemistry of a PN

The chemistry in a PN is different from that of a PDR in a in-
terstellar cloud. First of all, element abundances are different to
the solar values. Secondly, the temperature of the illuminating
star (∼2 × 105 K in the case of NGC 7027) is much higher
than the typical temperatures of young OB stars. Finally,
time-dependent effects might be important in these rapid evolv-
ing objects (Tielens 1993).

NGC 7027 is a C-rich object with a C/O ratio∼1.46 (Salas
et al. 2001). Oxygenated molecules are not expected to be
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abundant in this object. In particular, the low abundance of
H2O could explain the lack of HOC+ in this PN. The element
abundance ofS is a factor of 2 lower than in the interstellar
medium (Salas et al. 2001). The low element abundances of
S and O could explain the low SO+ abundance, with an up-
per limit to the [SO+]/[CO+] abundance ratio of 0.1 . CO+ is
destroyed rapidly by reactions with H2, but SO+ is destroyed
mainly by recombination . Therefore, the high electron den-
sities could also favor the low [SO+]/[CO+] abundance ra-
tio. Our results are in agreement with the chemical model of
NGC 7027 carried out by Hasegawa et al. (2000) which pre-
dicts a [SO+]/[CO+]∼ 0.04. This is a steady state model which
uses the standard PDR gas-phase chemistry with the physical
conditions and elemental abundances derived for NGC 7027.
Time-dependent effects are not required to explain our obser-
vations although they could be surely important for a finer-tune
of the chemistry.

7. Summary and conclusions

We have carried out a survey of reactive ions (CO+,
HOC+, HC18O+, SO+) towards the three prototypical PDRs,
NGC 7023, the Orion Bar and NGC 7027. In addition, we
have observed cyclopropenylidene (C3H2) towards the selected
PDRs. Our results can be summarized as following:

1. The reactive ion CO+ has been detected towards all the tar-
gets. Its spatial distribution and kinematics are consistent
with the CO+ emission arising in the innermost part of the
PDR,Av < 2 mag.

2. The reactive ion HOC+ also presents enhanced abun-
dances in PDRs. The [HCO+]/[HOC+] abundance ratio de-
creases towards the PDRs in NGC 7023 and the Orion
Bar respectively. We have derived towards NGC 7023,
[HCO+]/[HOC+] ∼ 50−120, which is the lowest value of
the [HCO+]/[HOC+] ratio measured so far.

3. We have not detected HOC+ towards NGC 7027.
Interestingly, this is the source with the highest CO+ abun-
dance. This result suggests that the chemistry in NGC 7027
is different from that in NGC 7023 and the Orion Bar.

4. The abundance of the sulfuratted ion SO+ is enhanced in
PDRs. Comparing its spatial distribution and kinematics
with those of CO+, we conclude that SO+ arises in a more
shielded layer than CO+.

5. We have not detected SO+ and SO2 in NGC 7027.
6. The abundance of C3H2 increase by a factor 10−100 to-

wards the PDRs in NGC 7023 and the Orion Bar. This car-
bon chain is also detected with a high abundance (∼10−8)
in NGC 7027. Our observations show that the production
of this carbon chain is highly enhanced in UV exposed re-
gions.

We have compared our observational results with PDR
chemical models. Our conclusions can be summarized as
following:

1. The abundances of CO+, HOC+ and SO+ can be explained
by standard reactions of gas-phase chemistry in a PDR.

2. The lack of correlation between HOC+ and CO+ in
NGC 7027 suggests that the reaction of C+ + H2O →
HOC+ + H is the dominant path to form HOC+ in PDRs.

3. Differences between the chemistry in the star-forming re-
gions NGC 7023 and the Orion Bar and NGC 7027 are
very likely due to the peculiar elemental abundances in this
C-rich object which differ from solar values and the high
electron densities of the PN.

4. The high abundances of C3H2 cannot be explained by gas-
phase chemistry. Release of acetylene from PAHs is pro-
posed as the cause of the enhanced production of C3H2 in
PDRs.
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Appendix A: Column density estimates

A.1. HOC+

The HOC+ column density have been calculated assuming op-
tically thin emission and a unique rotation temperature for all
energy levels using the following expression

N = 1.94× 103ν2WQ(Tr) exp(Eu/KTr)/(guAi j ) (A.1)

whereν is the line frequency in GHz,W is the integrated inten-
sity of theJ = 1→0 line in K kms−1, Ai j the Einstein sponta-
neous emission coefficient in s−1 (Ai j = 2.18× 10−5 s−1), and
Q(Tr) is the partition function of HOC+ at the temperatureTr.

When two rotational transitions (J = 1→0 and 3→2)
have been detected, we have estimated the rotation tempera-
ture using the technique of rotational diagrams. In Orion and
NGC 7023, we obtain typically rotation temperatures of∼8 K
(assuming a point source) to∼30 K (assuming extended emis-
sion) towards all positions (see Table 2). Column densities have
been calculated for these two limiting cases. For the positions
in which only one transition has been detected, we have es-
timated the column density assuming a rotation temperature
of 15 K, which is expected to be accurate in a factor of 2. In
NGC 7027 we have assumed a rotation temperature of∼20 K
based on the results of Hasegawa & Kwok (2001).

A.2. CO+

CO+ has a2Σ ground state in which each rotational level is split
into two fine-structure levels withJ = N±1/2. TheN = 1→ 0
rotational line is heavily obscured by the O2 line at 118 GHz
and cannot be observed from ground-based telescopes. The
most intense transitions of theN = 2 → 1 rotational spec-
trum areN = 2→ 1, J = 5/2→ 3/2 at 236062.553 MHz and
N = 2 → 1 J = 3/2 → 1/2 at 235789.641 MHz. Column
densities of CO+ have been calculated using the expression
(A.1) with the observational parameters of the CO+ 2, 5/2→
1, 3/2 line. We have assumed a rotation temperature of 10 K
based on the results of Fuente & Mart´ın-Pintado (1997). The
partition function of CO+ at 10 K is 7.77 and Einstein sponta-
neous emission coefficient of this transitionAi j = 4.7× 10−4.
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Fig. A.1. Rotational diagrams and fitted values of the rotation temperatures towards the positions where several C3H2 lines have been observed.

A.3. SO+

SO+ is a reactive radical with a2π1/2 ground state, whose spin-
doubled rotational transitions are split byΓ-type doubling. We
have observed theΓ-type doublet of theJ = 9/2 → 7/2 ro-
tational transition at the frequencies of 208590.021 MHz and
208965.425 MHz. We have used the observational parame-
ters of the 208590.021 MHz for our estimates. Column den-
sities have been calculated using the expression (A.1). The
Einstein spontaneous emission coefficient of the transition at
208590.021 MHz isAi j = 2.48 × 10−4. Since SO+ and CO+

have similar dipole moments (µ = 2.77 D for CO+, µ = 2.3 D
for SO+), we assume the same rotation temperature for SO+ as
for CO+, Tr = 10 K. The partition function has been calculated
using the expression of the energy levels of a2π1/2 molecule in
a Hund’s coupling case (a). The2π3/2 ladder has been ignored

in the calculation of the partition function since its lowest level
lies 525 K above ground. The partition function at 10 K is 18.7.

A.4. SO2

SO2 is an asymmetric top rotor with constantsA =

60778.5511 MHz, B = 10317.96567 MHz andC =

8799.80750 MHz. Column densities have been derived from
the expression (A.1) withAi j = 6.71× 10−5. Since this is a
molecule with large dipole moment (µ = 1.63 D), we have as-
sumed a rotation temperature of 10 K. The partition function
has been calculated using the expression

Q(Tr) =

(
5.34× 106

2
T3

r

ABC

)0.5

· (A.2)
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A.5. C3H2

The spectrum of cyclopropenylidene is that of an oblate asym-
metric top (κ = +0.69) with b-type transitions and ortho-
para symmetry species with relative statistical weights of 3:1.
Towards the positions where the emission was intense, several
rotational lines were observed in order to be able to estimate
the rotation temperature.

In Fig. A.1, we present the rotational diagrams of C3H2 in
NGC 7023 and the Orion Bar, with log(Nu/(gugI )) given by

log

(
Nu

gugI

)
= log

(
3kW

8π3νSgIµ2

)
(A.3)

wheregI is 3/4 and 1/4 for the ortho- and para- levels respec-
tively, W is the integrated intensity of the line,ν is the fre-
quency,S is the line strength andµ the dipole moment. Fitting
a straight line to the rotational diagrams, we obtain rotation
temperatures from∼10 K to ∼15 K. Once the rotation tem-
perature is known, we derive the C3H2 column density from
NC3H2 = Nu/(gugi)Q(Tr) exp(Eu/kT), whereQ(Tr) is the parti-
tion function with the definition ofgI used here. In NGC 7023
and the Orion Bar, we have assumed a rotation temperature of
15 K in the positions in which only one line has been detected.
In NGC 7027 we have assumed a rotation temperature of∼20 K
based on the results of Hasegawa & Kwok (2001).
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