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Abstract. We have carried out a survey of reactive ions (CBOC*, HC'®O*, SO") and cyclopropenylidene ¢El,) in three
prototypical photodissociation regions (PDRs), the reflection nebula NGC 7023, the Orion Bar and the planetary nebula (PN)
NGC 7027. The reactive ion CQnhas been detected in all the targets with fractional abundances ranging I to ~a few

10°°. Its spatial distribution in NGC 7023 and the Orion Bar show that @@ses in the innermost pamy( < 2 mag) of the

PDR. In NGC 7027, the COlines shows an expansion velocity higher than that of the CO lines. This high expansion velocity

is consistent with the COemission 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 HOCand SO have been detected in NGC 7023 and the Orion Bar. In both sources, the fractional abundance
of HOC" is enhanced by a factor efL0 towards the PDRs, with typical abundancéssc- = 0.7-3x 1071, This enhancement
produces a decrease of the [HQ@HOC*] abundance ratio towards the PDR. In fact, we have derji#2O *]/[HOC*] ~

50-120 in NGC 7023, which is the lowest ratio measured thus faHOC* and SO have not been detected in NGC 7027.
Interestingly, this is the source with the highest'CfbundanceXco+ = 5 x 107°. This lack of detection is interpreted as due

to the peculiar chemistry of C-rich PNs, in which the abundance of oxygenated molecules, in parti€uléas lldw.

We have detected cyclopropenylidenglffg) in the three target PDRs. Similarly to the reactive ions, the abundancgHgfic

NGC 7023 and the Orion Bar is a factor of-1100 higher in the PDRs than in the foreground molecular cloud with peak values
ranging from 10'° to 10°°. In NGC 7027, we measured the maximurHz abundance with a value efL078. Similarly to the

case of CO, the high expansion velocities of theld; 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;8, 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 The molecular ion CO was the first reactive ion discov-
ered in the interstellar medium (Latter et al. 1993). So far,
For the last five years we have carried out a study of the cheg®* has been detected in M17 SW, NGC 7027, the Orion Bar
istry of photon-dominated regions (PDRs). Reactive ions agad NGC 7023 (Latter et al. 1993; Jansen et al. 1996rz8t"
thought to be one of the best tracers of PDRs. These cogial. 1995; Fuente & Ma-Pintado 1997). It has been argued
pounds react on virtually every collision with H and lind  (Black 1998) that CO arises in the hot HH, transition layer
their abundances are expected to be negligible in the shield#dDRs and constitutes a potential diagnostic probe of this
parts of molecular clouds. Furthermore, they are destroygsty interesting boundary layer.
rapidly by collisions with electrons. Only in the hot layers of |n a possibly related development, the confirmation of in-
PDRs, where the FUV field is only partially attenuated angrstellar HOC by Ziurys & Apponi (1995) indicates much
maintains high densities of the parent speciésa@d S, does |ower values of the abundance ratio HGBOC' in PDRs than
the abundance of these ions become significant (Sternbergsxéected. The abundance of this metastable isomer of HCO
Dalgarno 1995). 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 HO@nd CO.
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Another chemically related ion that is expected to be NGC 7023
abundant in the HH, transition layer is SO. SO" was firstly
detected in the interstellar medium towards the supernova rem-
nant 1C443 (Turner 1992) and proposed as a tracer of disso-
ciative shocks. Later surveys of S@hat included dark clouds, 68°12'00"
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 I, transition layer of PDRs 68°11°00" |
(Sternberg & Dalgarno 1995). So far, SBas not been studied i
in these regions of high ionization rates.

In addition to the reactive ions, high abundances of hy- [
drocarbon radicals like £4 and c-GH, are observed towards 68°10'00" -
PDRs (Fuente et al. 1993; Fessf al. 2000). Fogsét al. (2000) i
compared the Aromatic Infrared Bands (AIBs) emission with 0 () T
the hydrocarbon abundances towards IC 63 and NGC 7023 and I |
found that the high abundances of hydrocarbons are coinci- ~ 68°09°00" |- 7
dent with the emission of the Aromatic Infrared Bands (AIBs).
They proposed that the destruction of Polycyclic Aromatic L, ! ! !
Hydrocarbons (PAHs) by UV radiation could produce high hy- 21"01™40° R0
drocarbon abundances in PDRs. RA. (2000)

. In this paper Welgpresent observations of the m_OIecu@irg.l.Scheme of the reflection nebula NGC 7023. Contours of the in-
ions CO', HOC', HC™O" and SO and cyclopropenylidene egrated intensity of the HCQ = 10 line are superposed on the HI
(CsHy) in the prototypical photon-dominated regions (PDR&blumn density image (gray scale) (Fuente et al. 1993; Fuente et al.
NGC 7023, the Orion Bar and NGC 7027. These sources ap®6). The HCO molecular filaments as observed with the Plateau
selected to cover a wide range of physical conditions in PDRs Bure interferometer are shown by black and white contours. These
(incident UV field,Gg, and densityn). Possible variations in high density filaments are located at the interface between the atomic
the fractional abundances of these compounds from sourcé&ig molecular gas and are spatially coincident with the PDR-peak

source can provide important information about the molecul@yhite triangle). The observed positions are indicated in the figure by
chemistry in PDRs. a star (the star position), two filled squares and a triangle (PDR-peak).

Dec (2000) |

Fuente & Marth-Pintado (1997) detected CCQowards

2. Brief descriptions of the PDRs 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-
2.1. NGC 7023 tect CO in a well-shielded clump of the adjacent molecu-

NGC 7023 is a reflection nebula illuminated by the Herbi cloud (molecular-peak in the nomenclature of Fuente &
B3Ve star HD 200775 (RA(2008) 21"01"36:9 Dec(2000)= Martin-Pintado 1997). This lack of COemission cannot
68°0948’3). HD 200775 is located in a cavity of the moleculdpe due to dierent excitation conditions but to afidirent
cloud whose sharp edges perfectly delineate the optical nedfefd” @bundance. They found that the GBCO" ratio is at
(Fuente et al. 1992, 1998; Rogers et al. 1995). Observationd&sist 100 times larger in the PDR-peak than in the molecular-
Cll and Ol by Chokshi et al. (1988) reveal that a dense PDRA§2K.

formed in the walls of this cavity with its peak located’39W )
from the star (following the nomenclature of Fuente et al. 199272' The Orion Bar

we will refer to this position as the PDR-peak). Chokshi et arhe HIl region M 42 is located on the near side of the gi-
(1988) carried out the first model for this region and estimatetit molecular cloud OMC1. Its proximityy480 pc, makes

an intensity of the UV field o5y = 2.4 x 10® in units of the this source a good target to study the interaction of HIl re-
Habing field and a density of = 10* cm™. An interferomet- gions with the molecular environment. M 42 is ionized by a
ric image of the HCO emission towards the PDR-peak showgroup of OB stars known as the Trapezium stars. Optical im-
that this PDR has a filamentary structure in molecular emizges of the nebula show a bright bar located to the southwest of
sion with high density filamentsi(> 10° cm™3) embedded in the Trapezium cluster. Observations of this so-called “Optical
a more dffuse mediumr{ ~ 10* cm3) (Fuente et al. 1996). Bar” in radiocontinuum, vibrationally excited ;H(Hayashi

In Fig. 1, we show a scheme of the PDR associated with thds al. 1985), and at 3.3im (Bregman et al. 1994; Giard
nebula in which the spatial distribution of the atomic gas, thet al. 1994) show that this bar is formed by the gas associ-
emission of the molecular gas in the HC@—0 line and the ated with an edge-on ionization front. The gas associated with
high density HCO filaments are shown. Because of its edgéhis ionization front has been widely studied at all wavelengths
on geometry and proximityd(~ 440 pc), this PDR turned out (Parmar et al. 1991; Rodylez-Franco et al. 1992; Omodaka
to be one of the best sites to study the physical and chemiethl. 1994; Tauber et al. 1994, 1995; Hogerheijde et al. 1995;
processes taking place in a PDR. White & Sandell 1995; Fuente et al. 1996b) and modeled by
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FT 27T TS A ' Table 1.Observing frequencies and telescope parameters.
I DL
100 ) Line Freq. (GHz) beam nus
= s HOC" 1-0 89.4874 29 0.80
g F HOC" 3—2 268.451 9.5 0.50
S w0 | HC*®0* 1-0 85.1622 29 0.80
§ - j CO" 2,52 —- 1,32 236.0625 1055 0.50
N L C0O"2,32—- 1,32 235.7896 1055 0.50
3 L SO 9/2 — 7/2 (e) 208.5900 12 0.54
Fo SO 92 - 7/2 (f) 208.9654 12 0.54
~300 |- S0, 3(2,2)- 2(1,1) 2087003 12 054
[ . CHp2(1,2)— 1(0,1) 853389 29  0.80
L U CH»3(22)— 2(1,1) 1555183 17 0.65
300 200 100

C3H; 3(3,0)— 2(2,1) 216.2787 7  0.65
C3H, 5(1,4)— 4(2,3) 217.9400 12 054
Fig. 2. Map of the integrated emission of the W = 1—-0 line to- C3H, 5(2,4)— 4(1,3) 218.160 12 0.54
wards the Orion Bar (Rodyuez-Franco et al. 1998) superposed to the C3H, 6(0,6)— 5(1,5) 217.8220 12 0.54
image of the continuum at 20 cm (Yusef-Zadeh 1990). Dots repre- C3H, 6(1,6)— 5(0,5) 217.8222 12 054
sent the positions where data have been taken. The positions of the
Molecular peak and the lonitation front (IF) are indicated.

Aa (arcseconds)

3. Observations

The observations were carried out using the IRAM 30-m tele-
Burton et al. (1990) with a density = 10° cm™ and an in- scope in Pico de Veleta (Spain) during 248#8th June 1998
cident UV fieldGg ~ 4 x 10* in units of Habing field. Jansenand 17th-24th January, 2000. The multi-receiver capability of
et al. (1995) and Fuente et al. (1996b) found the trend thhe telescope was used for these observations. The frequencies
radicals such as CN and;8 and the reactive ion COhave of the observed transitions and the telescope parameters are
larger column densities close to the ionization front while othehown in Table 1. The backends used for the observations were
molecules are more abundant in the more shielded molecwdarautocorrelator splitin several parts, a 25800 kHz and two
cloud. In Fig. 2, we show a scheme of the region in which tHgl2x 1 MHz filter-banks. Usually all the lines have been mea-
map of the CNN = 1-0 line emission reported by Radtiez- sured with two spectral resolutions, the 1 MHz spectral resolu-
Franco et al. (1998) has been superposed on the radio cortiisn provided by the 51% 1 MHz filter-banks and the higher
uum emission of the Hil region (Yusef-Zadeh 1990). Apporsipectral resolution of 78 kHz—100 kHz provided by the auto-
et al. (1999) detected HOGowards the Orion Bar and deter-correlator and the 100 kHz filter bank. In Tables 2—6 we show
mined a HCO/HOC' ratio of ~270, the lowest found thus farthe observational parameters derived from the high spectral res-
in the Galaxy. olution spectra. The HOC1—0 and HG®O" 1-0 lines were

always observed simultaneously. In this way, we obtain a more

accurate H&O*/HOC" ratio avoiding the uncertainties due to
2.3. NGC 7027 calibration and pointing errors. The;B; 6(1,5)-5(0,5) [or-

NGC 7027 is a very young C-rich PN that left the AGB OnItho] and 6(0,6)>5(1,5)[para] lines are blended. The Gaussian

10° years ago (Volk & Kwok 1997). The temperature of th its shown in the Tables are those obtained centering the spec-

. ?rum at the frequency of the para line. Since the lines are
central star is-2x 10° K (Latter etal. 2000). Ithas an extremely lended, the ar(gas argthe sum Fc))f the areas of the ortho and para
rich emission-line spectrum and is one of the most extensiv:%:jl ’

studied objects in the sky. The gas in the innéf dddius of the .|r¥es. The S@ 3(2’.2)_>2(1.’1) line at 208.7 .GHZ was detected
envelope is fully ionized and emits strong continuum emissiom.the s_pectra obtained with t_he 542 MHz filter-banks when
The ionized gas is surrounded by a molecular envelope witl? 2 c"ving the SO9/2 - 7/2 lines.
size greater than 70(Bieging et al. 1991). The PDR between

the ionized and the molecular gas is traced by the emission4ofResu|tS

the vibrationally excited K (Cox et al. 1997) and present a |

bi-conical morphology with a size 6f13”. Reactive ions and Significant diferences are found between the PDRs (see
radicals like HCO,CO*,CH*,CN, and GH (Latter et al. 1993; Tables 2 to 6). The most abundant reactive molecular iort,, CO
Cernicharo et al. 1997; Hasegawa & Kwok 2001) have bebas been detected towards all the targets. However, this is not
detected in this nebula. The observed lines of these spedhes case for the other molecular ions. HORas not been de-
show line-widths wider than those of the CO lines (Hasegauwected towards NGC 7027. As we will discuss in the following

& Kwok 2001). Furthermore, the estimated size for the emisections, the upper limit to the emission of the HQi@e is sig-

ting region was~13”, much smaller than that of the CO en+ificant and implies a dierent chemistry in this PN than in the
velope. Hasegawa & Kwok (2001) proposed that the emissiother PDRs. The molecular ion S®as been detected towards

of these molecules arise mainly in a layer of neutral gas thalN&C 7023 and the Orion Bar. These constitute the first detec-
being accelerated by the ionized gas. tions of SO in PDRs. Similarly to the case of HOCSO" has
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Table 2. Observations of HOCand HG80O* towards PDRs.

HOC* HC0o* [HCO*]/[HOCY]
Object Line Area Visr AV Trot Nhoc+ Area
(Kkms?) (kms?!) (kms?h) (K) (cm™) (Kkms™?)
NGC 7023
(0,0 1-0 <0.019 13 <4.2x 100 <0.026
3-2 <0.09
(-13,+16) 1-0 <0.016 138 <3.5x 100 <0.026
3-2 <0.03
(-25,+40) 1-0 0.02(0.01) 2.7(0.1) 1.0(0.4) -B1® 2.7-7.6x10Y <0.022 50-12C¢
3—2 0.09(0.03) 2.5(0.3) 1.8(0.6)
(-30,+84) 1-0 <0.15 15 <3.3x10* >20C¢°
Orion-Bar
(+50,-50) 1-0 <0.029 13 <6.4x 100
(+40,-40) 1-0 0.11(0.02) 9.7(0.2) 2.1(0.5) 35 2.4 x 101
(+20,-20) 1-0 0.13(0.01) 10.4(0.1) 2.7(0.2) —-80° 1.7-35x 10" | 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) -30° 1.2-34x 10" <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) 35 2.0x 10t <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.
¢ Derived from our limit to the HOE 1—0 emission and the ¥CO* data reported by Fuente & MamtPintado (1997).

Table 3. Observations of COtowards PDRs.

C0O"2,52—-1,32 CO"2,2—- 1,12
Object Qfset Area Visr AV Area Visr AV Nco+
(Kkms?t) (kms?) (kms?t) | (Kkms?) (kms?l) (kms?) (cm?)
NGC 7023 (0,0) <0.04 <0.04 <6.4 x 10
(-13,+16) <0.04 <0.04 <6.4 x 101
(-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) 3.4x 104
(-30,+84) <0.03 <0.03 <4.9 x 101
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) 1.0x 102
(+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) 2.4x 10
(0,0) 0.23(0.05) 10.5(0.3) 1.7(0.7) <0.17 40x 101

not been detected towards NGC 7027. Strogti{dines have spectra of these molecular ions towards the PDR-peak and
been observed towards all the sources in our sample. the molecular peak. For comparison we have also plotted the
spectrum of the HCO and H3CO" 1-0 lines taken from
Fuente & Marth-Pintado (1997). While the intensity of the
H3CO" line is two times stronger towards the molecular peak
We have observed the molecular ions, CBIOCt, HC8O* than towards the PDR-peak, the intensity of the *C&hd
and SO, and the hydrocarbon compoungHs; in four po- HOC! lines is higher towards the PDR peak. As discussed in
sitions across the PDR: the starffget (0,0)], an interme- Fuente & Marth-Pintado (1997), the hydrogen density towards
diate position between the star and the PDR-peaksgd the molecular-peakis1C®cm 3, i.e., high enough to excite the
(-13”,+16")], the PDR-peak [fiset (25”,+40")] and the CO", HOC" and SO lines. Then, the lack of detection of these
molecular-peak [fiset (-30”, +84")]. We have marked theseions towards the molecular-peak should be due to a gradient in
positions in Fig. 1. These positions constitute a strip that bieir fractional abundances.
gins at the star position, crosses the PDR (PDR peak) and enddn this well-known nebula, we can use the kinematical in-
in the molecular cloud (molecular peak), sampling regions farmation to study the structure of the PDR. The profile of
different extinction from the star and consequently, with a difCO" shown in Fig. 3 is composed of a narrow component
ferent chemistry. centered at the velocity of 2.4 kmisand a wide plateau cov-
The molecular ions CQ HOC* and SO have only ering between 0 to 6 kns. Interferometric observations by
been detected towards the PDR-peak. In Fig. 3 we show thegente et al. (1996) show that the HC®mission arises in

4.1. NGC 7023
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Table 4. Observations of SOand SQ towards PDRs.

903

SO 92-72 e SO, 3,211
Object Ofset Area Visr AV Ared Visr AV Nsor Nso,
(Kkms?t) (kms?) (kms?)|(Kkms?l) (kms?!) (kms?t)| (cm?) (cm?)
NGC 7023 (0,0) <0.0% <0.05 <5x 10" | <1.5x 10%
(-13,+16) <0.09 <0.05 <5x 10" | <1.5x 10%
(-25,+40) 0.06(0.01) 2.4(0.1) 0.8(0.3) <0.05 6x 10 | <1.5x 1012
(-30,+84) <0.08 <0.04 <5x 10" | <1.2x 10%
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) | 84x 10" | 2.0x 101
(+10,-10) 0.44(0.04) 10.3(0.1) 2.5(0.3)0.12(0.02) 10.0(0.1) 1(1) | 44x 10| 3.6x 102
(0,0) 0.12(0.02) 10.0(0.1) 1.2(0.2) <0.04 1.2x 1012 | <1.2 x 102

2 SO, has been observed with a spectral resolution of 1 MHz (1.4 R s
b 3-0 area upper limit withAv = 0.9 km s?.

PDR peak Molecular peak
\‘\\\\‘\\\\‘\\\\ \‘\\\\‘\\\\‘\\\\
HCo™ Hco™
H'%co* x 4 H'%co* x 4
0 W 7 |
< HOC™ x 100 HOC™ x 100
=
m
2 L i
= Wm M
| co*x 25 | | cotx 25 |
20

so* x 25 1 so* x 25 1
L CsHy x 10 1 L CsHy x 10 1
7\ ‘ L1 11 ‘ L1 11 ‘ L1 \T 1 ‘ L1 11 ‘ L1 11 ‘ L1 11
-5 0 5 -5 0 5
—1 -1
Visr (kms ) Visr (kms )

Fig. 3. Spectra of the HCO1-0, H*CO* 1-0, HOC' 1-0, CO
2,52—-1,32, SO 9/2—-7/2 (e) and GH, 6(1,6)-5(0,5) towards the
PDR-peak [ffset (25", 40") relative to the star position] and the
molecular-peak [fiset (-30", 84") relative to the star position] in 4.2. The Orion Bar
NGC 7023.

the only one detected in the'BCO" line with a linewidth of

0.7 km s'. This is also the case for most molecular lines (see
the CS lines in Fuente et al. 1997) which present linewidths
of <1 km s1. However, the linewidths of the CQand HOC
lines are clearly broader. Comparing the profile of the HCO
10 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 radicakld, also present
broad linewidths ¥1 kms'). Several GH, transitions with
different excitation conditions have been observed to-
wards NGC 7023. The high excitation 6(0;83(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 suggestsfiedint GH, abun-
dance towards these two positions. Moreover, the linewidth of
this line is broader than that of the #CO* line suggesting that
this species arises in the high density filaments in the interface
between the atomic and molecular phase.

The low excitation GH, 2(1,2)-1(0,1) line has also been
detected towards the star position. Low total column density,
N(H2) ~ 2 x 10** cm™2, and low hydrogen densityy ~
10° cm3, have been measured towards this position (Fuente
et al. 1998; Gerin et al. 1998). The detection gHg reveals
that this molecule is also abundant in thifdse gas.

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

We have observed a strip crossing the ionization front (IF) of
the Orion Bar in CO, HOC', HC'80*, SO and GH, lines

several high-density filaments located at the interface betwdsae Fig. 2). The number of observed positions along the strip
the atomic and molecular gas. These filaments have sligh8ydifferent for each species. The observed positions and ob-
different velocities ranging between 1 knt and 6 km s? pro-
ducing the wide wings in the single-dish spectrum. While thie Tables 2 to 5. The féset (0,0) is the position of the IF
filament at 2.4 km & is already embedded in the moleculafRA(2000)= 053521 Dec(2000)= —05°2507/0). The df-

cloud, the filaments at more positive velocities-(3.8 km s?)
are embedded in the atomic gas. The filament at 2.4 %niss et al. 1995; Fuente et al. 1996), and hereafter we will refer to

servational parameters for all the molecular lines are shown

set +20”,—20") is the maximum in K column density (Jansen
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Table 5. Observations of ¢H,.

Object Qfset Line Area Visr AV Tex Ne;H,
(Kkms?) (kms?!) (kms?) (K) (102cm?)
NGC 7023 (0,0) 2(1,2»1(0,1) 0.05(0.02) 1.2(0.5) 3.2(0.9) a5 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)55(1,5)  <0.04

(-13,+16) 5(1,4)4(2,3)  <0.02 15 <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  1.22.1
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)55(1,5) 0.42(0.02) 2.1(0.1) 1.2(0.1)

(-30,+80) 6(0,6)5(1,5)  <0.10 15 <0.8
Orion-Bar  (+50,-50) 6(0,6)>5(1,5) 0.28(0.07) 9.8(0.2) 1.6(0.6) 45 1.6
(+40,-40)  5(1,4)>4(2,3)  0.40(0.10) 3.9(1.2) 15 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) 15 8.3
6(0,6)>5(1,5) 1.06(0.05) 10.6(0.1) 2.2(0.1)
(+20,-20) 2(1,21(0,1)  2.2(0.1)  10.9(0.0) 2.6(0.1) 13 14

3(2,22(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)  11.000.1) 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(1,2y>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(2,4y-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 towacdsnparison between them is straightforward. The H@@d

the IF, the molecular peak and an intermediate positidi [oHC'®O* lines have been observed with a larger beam2#”.

set -10,~10)] are shown in Fig. 4. For an easier comparison, o o
we also show in Fig. 5 the integrated intensities of the HOC ~ There are significant ferences between the spatial distri-
1-0, CO' 2,521,322, SO 9/2—7/2 e, GH, 6(1,6)-5(0,5) bution of the diferent species (see Fig. 5). The HO* and

and HG80* 1-0 lines normalized to 1. The COSO" and SO: lines have only been detected towards the molecular peak.
the GH, 6(1,6)-5(0,5) lines have similar frequencies andiowever, the CO and all the GH; lines peak closer to the

have been observed with a beam~df2” (see Table 1). The |F. 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 V. vgxp Ny
(Kkms?t) (kms?1) (kms?)

CO 251 High Vel. 96.05(1.3) 26.1(0.4) 21.8(0.4) 25¢ 106 cm 2

Low Vel. 385.7(1.9) 26.5(0.4) 14.4(0.4) 12 1047 e
CO' 2,52-1,32  HighVel. 2.0(0.08) 24.0(0.7) 30.0(0.9) 23< 102 cm 2
CsH, 6(1,6)55(0,5) HighVel. 1.43(0.07) 25.2(0.4) 21.3(0.4) 0% 1012 cnr2
HOC* 1-0 <0.011 K kmstb <24x 100 cm2kmts®
HOC' 3—2 <0.040 K km st P <55x10° cm 2 kmts¢
HC!®0* 1-0 <0.015K km stb <2.4x 100 cm? kmts¢
SO 9272 e <0.035 K km stP <6.0x 100 cm2 kmts®

& Lines have been fitted with a typical shell profile. The fitted parameters are: Area, Podiliamg full width at zero level (X Veyp).
b 3-sigma upper limit to the integrated intensity in a velocity interval of 1 ki s
¢ 3-sigma upper limit folN/Av assuming a source size of“18nd an expansion velocity of 20 km'gAv ~ 40 km s1).

Fuente et al. 1996b). This spatial distribution strongly suggesisnsities. In some cases we have detected only one transition of
that the fractional abundances of C@nd GH, are enhanced the studied species and we need to assume a rotation tempera-
close to the IF. The molecularions HO@nd SO represent an ture to derive the molecular column density. This is always the
intermediate case. Although the abundances of both molecutase for the CO, SO and SQ lines. In these cases we have as-
also seem to increase toward the IF (note in Fig. 5 that themed a rotation temperature based on previous observations of
HOC/HC'0O* and SO/HC!O* ratio increase towards thelines with similar excitation conditions. The excitation calcula-
IF), their emission peaks at the molecular peak. tions carried out for the §H, and HOC lines in NGC 7023

and the Orion Bar (this paper) and for thé*80" lines in

NGC 7023 (Fuente & Manti-Pintado 1997) give rotation tem-
4.3. NGC 7027 peratures between 6 K and 20 K in these PDRs. Thus, we
Intense emission has been detected in thé & GH, lines. have adopted a rotation temperature of 10 K for the"CO
This is in contrast with the non-detection of HO@nd SO. SO and SQ lines in these sources which should be accurate
In Fig. 4 we show the spectra of theld, 6(1,6)-5(0,5), CO  Within a factor of 2. Hasegawa & Kwok (2001) derived excita-
2,52-1,3/2, and*2CO 2-1 lines. The linewidths of the CO tion temperatures20 K for the HCO, HCN and CN lines in
2,52—1,32 and the GH, 6(1,6)->5(0,5) lines are broader NGC 7027. A lower rotation temperature-ef1 K was derived
than that of the CO line suggesting that the emission arised®i the CO' lines. We have adoptefi = 20 K for the HOC

a high-velocity layer of the envelope. Fitting thek spec- and GHz lines andT, = 10 K for the CO and SO lines in

tra with a shell model we measure an expansion velocity &is PN, which should also be accurate within a factor of 2.
ve ~ 215 km s? for this layer. An even higher expansionSince the assumed rotation temperatures are accurate within a

velocity of ve ~ 30 km s is obtained from the COspec- factor of 2, the uncertainties in the derived column densities be-
trum. The spectrum of thECO line reveals the existence ofcause of the unknown excitation conditions are also of a factor

two components, a low velocity component with an expansio- Opacity éfects are not important in the emission of these
velocity of ~14.4 km s from which arises the bulk of the low abundance species. Therefore, in our discussion we will

12CO emission and a higher velocity shell with an expansig@nsider that variations of the molecular abundance ratios and
velocity of ~21.5 km s* which emits very weakly in CO. The fractional abundances by more than a factor4fare signifi-

CO" and GH, emission arise mainly in the high velocity shelFant.

(see Table 6). The intense emission of Cahd GH; in this

high velocity shell is consistent with this gas being the inner-

most layer of the neutral envelope which is being accelerated- NGC 7023

by the ionized gas (Hasegawa & Kwok 2001). In this layer, t
chemistry of the gas is expected to be stondfgcted by the
stellar UV radiation.

hﬁ1e 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 80 K. With this rotation
5. Column density and fractional abundance temperature, the column density of HOG ~8 x 10" cm 2.
estimates In order to estimate the uncertainty due to the beam fill-
ing factor, we have calculated the rotation temperature as-
The method used to estimate column densities and the assusyning an extended source and obtained a lower limit to
tions we have made are explained in Appendix A. The derivéte rotation temperature and column density of 7 K and of
column densities are shown in Tables 2 to 6. Fractional abusB8 x 10'° cm respectively. Assuming a total,Hlensity of
dances are shown in Table 7. When possible we have cardetl x 10?2 cm? (Fuente & Marth-Pintado 1997) we derive
out excitation calculations in order to obtain accurate colunam HOC fractional abundance of4 x 10712-7 x 10712
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Fig. 4. Spectra of the observed molecular lines towards the positioh, 20”), (10’,-10") and (0, 0) of the Orion Bar. Thefiget (0, 0)
corresponds to the position of the IF. Thigset (20, —20”) corresponds to the maximum of molecular hydrogen column density.

depending on the assumed source size. We have not detebteBuente & Manth-Pintado (1997), we obtain an HO®ac-
HC'80* towards the PDR-peak, thus we use our previotisnal abundance?2 x 1072 and an [HCO]/[HOC"] ratio >
HCO" and H3CO" data to calculate the [HCQY[HOC*] ra- 200 towards this position, i.e., at least a factor of 2 larger than
tio. Fuente & Marth-Pintado (1997) estimated an HC®@ol- towards the PDR-peak.

umn density of 4.510'2 cm2 towards the PDR-peak, which .
implies an [HCO]/[HOC*] ratio of 50-120, which is the The molecular ion COhas only been detected towards the

lowest ratio found thus far. We have not detected HQG PDR-peak. Observations of C@h NGC 7023 were previously
wards the molecular peak. Assuming a rotation temperature®ported by Fuente & Mari-Pintado (1997). Our new data are
15 K, we derive a 3= upper limit to the HOC column den- in total agreement with previous ones. We have estimated a

sity of <4 x 10t cm2. Taking into account the data reporteO" column density of 31x 10! cm™? towards the PDR-peak.
The fractional abundance of GQs 3 x 1011, an order of
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Table 7. Fractional abundances in PDRs.

HOC* CcOo* SO* CsH; HCO"/HOC* SOf/SG,
NGC 7023 PDR-peak %1012 3x 101 5x 101! 2x 1010 50-120 >0.4
(=25", +40")
Mol-peak <2x 102 <3x10%¥ <3x101? <3x107%? >200
(=307, +84")
OrionBar IF 3x 101 6x101! 1x10'0 2x10° <166 <1
(0,0)
Mol-peak 5102  1x10 1x101° 2x10%° 400 0.4
(+207, 20"
NGC 7027 5% 10°° 1x108 >450

Hoc* to arise only in the filament at 2.4 knt'swhich is the one
co* immersed in the molecular cloud, and is absent in those im-
mersed in the atomic gas ¢ 3.8 km s1). This suggests that
the SO emission comes from a more shielded region than that
of CO".
Finally, GH, has been detected towards the star position
1 and the PDR-peak. We have estimated the rotation tempera-
1 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 0f8 K (assuming a point source) ard5 K (as-
oo w0 2o o o suming extended emission) (see Fig. A.1). With these values
Offset in right ascension from the IF (arcseconds) we estimate a §H, column density 0~1.2-2.1 x 10'2 cm2
and a fractional abundance e1-2 x 101° depending on the
Fig.5. Normalized integrated intensity of the HOCl—-0, CO" assumed source size. We have not detectgdh @owards the
2,92-1,32, SO 92-7/2 (), GH, 6(1,6)-5(0,5) and HC®*O*  molecular peak. Assuming an excitation temperature of 15 K,
1-0 lines as a function of thefiset in right ascension relative to theye find an upper limit of<5 x 10'* cm2 for the GH> col-
posisition of the IF for the strip observed towards the Orion Bar. umn density and 0£3 x 10712 for the GH, abundance in the
molecular-peak, i.e., at least a factor of 100 lower than towards
the PDR-peak.
magnitude larger than that of HOCWe have not detected  Only the lowest rotational transition of;8 has been de-
CO* towards the molecular peak with a fractional abundancetatted towards the star position. Assuming a rotation tempera-
least 100 times lower than towards the molecular peak (Fuefige of 15 K (which is consistent with the upper limits obtained
& Martin-Pintado 1997). for the integrated intensity of the higher excitation lines), we
Similarly to CO", SO has only been detected towards theerive a GH, column density of 8 x 10'* cm™ and a frac-
PDR-peak. We have estimated a‘Sabundance of 8x 107!  tional abundance 0f2 x 1071°.
towards this position. This abundance is similar to those found Summarizing, the reactive ions CCHOC' and SO have
by Turner (1994) towards a sample of star forming regionsnly been detected towards the PDR peak in NGC 7023. The
The fractional abundance of S@ecreases inside the molecueomparison between the estimated fractional abundances in the
lar cloud. Our upper limit for the SOabundance towards thePDR peak and the upper limits towards the molecular peak,
molecular peak is<3 x 10712, i.e., a factor of 10 lower than show that the abundances of these molecular ions are enhanced
towards the PDR-peak. at least by a factor 0£10 in the PDR. Observations o§8; in
As discussed in Sect. 4.1, the profile of the*Slibes is these same positions reveals that the abundance of this carbon
very narrow in contrast with those of the other reactive ionshain is a factor o£100 larger in the PDR than in the molecular
Comparing the profiles of the S@Gnd CO lines, SO seems cloud.
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NGC 7027 This increase of the HOCabundance is accompanied by
a decrease of the [HCQ[HOC*] ratio. As explained by
Woods et al. (1983), in the limit of subthermal excitation the
N « Tgr and the [HCO]/[HOC"] ratio can be calculated as
the ratio of the intensities of the H&* 1-0 and HOC

1-0 lines corrected by th&%0/*80 isotopic ratio. We have
assumed a value of 650 for tH80O/*80 ratio and obtained
the values shown in Table 2. The [HCIJHOC"] ratio in-
creases from~400 in the molecular peak te166 towards

| the IF. Apponi et al. (1999) estimated a [HCJJHOC*] ~

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 COcolumn density peaks towards
the dfset ¢107,-10") instead of towards the maximum in
H, column density [ffset 207, —-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 totalHolumn density as before, we esti-
mate a CO fractional abundance 1.5 x 107! towards the
molecular peak ang6.1 x 107! towards the IF.

Tua(K)
0.05

0.06

0.04

0.02

The molecular ion SOhas also been detected towards the
three observed positions of the Orion-Bar. The*Sflumn
density peaks towards the molecular peak and the derived frac-
tional abundance is1.3 x 1071°. We estimated a SOabun-
dance towards the IF 6f1.8x 1071°. Thus, the S® abundance

Vi, (kms™) seems to be quite uniform across the Orion Bar. Simultaneously
with SO*, we have observed SOLike most molecules (see
Fig. 6. Spectra of the gH, 6(1,6)>5(0.,5), CO 2,52—1,32 and the HC®0 data in this paper and the molecular observations
12C0O 251 line towards NGC 7027. Note the larger linewidth of théeported by Fuente et al. 1996b), the S@Ilumn density is
CO* and GH; lines compared with that 3£CO. maximum towards the molecular peak and decrease rapidly to-
wards the IF.

N
@]
L B e B s B

) Finally, several lines of the radicakB, have been detected
5.2. The Orion Bar towards all the positions of the strip. Since the emission seems

Intense HOC emission has been detected towards the Orig%tended we have assumed a beam filling factor of 1 in our cal-

Bar. Rotation temperatures have been derived towards %Jéatlons of the rotation temperature. The derived rotation tem-

molecular peak and thefset (+10,—10). The main uncertainty peratures are quite S|m!lar in all th_e Qbservgd posm_ons with
. . values~13-15 K (see Fig. A.1). This is consistent with pre-
in the derived temperatures comes from the unknown beam fjll- : . o I

. . . vlous assumption of uniform excitation conditions across the
ing factor. We have calculated the rotation temperature in the.

o : - tfip for CO" and SO. However, the gH, abundance does
two limiting cases, the point source and extended emission. The

: ) increase towards the IF. In fact, the fractional abundance of
derived rotation temperatures range from 6 to 30 K, and SeM, s almost an order of magnitude laraer towards the |F
to increase towards the IF. Close to the IFget (-10,—10)], o2 2 9 9 :

o 9
the derived rotation temperature is similar to that found &z ~ 14 x 107, than towards the molecular peake,,

wards the PDR-peak in NGC 7023. HO@olumn densities 20 107 (see Table 7).

range from 2 to 4 10 cm2 in the detected positions. Based Summarizing, the fractional abundances of ‘*C®IOC

on the results of Hogerheijde et al. (1995), we assume a &md GH; increases by a factor 6f5-20 towards the IF (see

tal H, column density of & x 10?2 cm2 towards the molec- Table 7). The SOfractional abundance is quite uniform along
ular peak and of & x 10?* cm™ towards the IF. With these the strip suggesting that the S@mission arises in a more
values, the HOC fractional abundance is3-5 x 10712 to- shielded region than that of CQHOC" and GH,. These re-
wards the molecular peak (depending on the assumed sowsaks are in agreement with those obtained towards NGC 7023
size) and~3 x 107! towards the IF. Thus, the fractional abunand confirm the reactive ions C@nd HOC and the carbon
dance of HOC increases towards the IF by a factor-af0. chain GH; as good tracers of PDRs.
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5.3. NGC 7027 An intense GH> line has been detected towards this PN.
The linewidth of this line is similar to that of COand much
As expected, the chemistry of NGC 7027 iffdient from that larger than that of the CO line. As in the case of the*CiDe,
of the other two studied PDRs. First of all, the molecular iornge assume that all the emissions arise in the high-velocity shell
HOC" and SO have not been detected. and derive a gH, fractional abundance¥c,s, ~ 1 x 1078,
We have not detected the FD* J = 150 line towards This high GH, abundance is consistent with the enhanced

NGC 7027. Thus, we will use previous HC@bservations CsH, abundances observed in the other PDRs.

for our estimates of the [HCQ/[HOC*] abundance ratio. The q Summanfzmg,detnhan(cj:edN(éCgr;%ZQ%Hg fractional ?bu.rt}; th
high excitationJ = 4—3 andJ = 3—2 HCO' lines have re- ances are tound towards In agreement wi €

cently been observed by Hasegawa & Kwok (2001). They d&sults found towards NGC 7023 and the O_rior_1 B_ar. Howev_er,
rivedya NHCO*/A?} ~V2 5 31012 Cgm_vg km—lvg a(size nglS"y OC" and SO have not been detected which indicates a dif-

for the emitting region and expansion velocitie®0 km s? ferent PDR chemistry in the PN.
for both lines. We have derived a @3-upper limit to the
HOC* column densityNyoc:/Av < 2.4 x 10 cm? km™t s
using our upper limit to the HOC1—0 line emission and as-

suming the source size and the expansion velocity derived frginTable 7, we give a summary of the fractional abundances
the HCO' lines (see Table 6). Since the size of the PDR i@nd abundance ratios observed towards the studied PDRs. The
NGC 7027 is much smaller than the beam at the frequengpRs in the Orion Bar and NGC 7023 share the same chem-
of the HOC J = 1-0 line (beam= 29”), it is more conve- stry. The fractional abundances of the reactive ions HOC
nient to use the limit on the HOCJ = 3—2 line to derive the CO* and SO are enhanced towards the PDRs of these regions.
[HCO']/[HOC"] ratio. Using the HOC 3—2 data and with The variations of the [HCE)/[HOC*] ratio across the PDRs

the same assumptions as before we obtiBc: /Av < 55X prove that these ratios can be used as tracers of the gas exposed
10° cm 2 km* s. This implies that the [HCQ/[HOC"] abun- {0 intense UV radiation. Comparing the €@nd SO resullts,
dance ratio is-450. This ratio is a factor of 4 larger than thaghe |atter seems to arise in a more shielded region of the PDR.
measured in the other PDRs. The beam of the telescope attpe chemistry in NGC 7027 is clearlyftérent. The high-

268 GHz (beam= 9.3”) is smaller than the emitting region,est c and GH, fractional abundances are measured toward
then the [HCO]/[HOC"] ratio could be somewhat overestiyhis pPN. However, the fractional abundances of the reactive
mated if the HOC emission arise mainly in the outer part ofons HOC and SO are at least an order of magnitude lower
the PDR. But this would be a very odd HOGpatial distri- than jn NGC 7023 and the Orion Bar. Although detailed chem-
bution with [HCO/HOC"] ratio decreasing towards the morgcq| modeling is beyond the scope of this paper, in the follow-
shielded regions of the nebula instead of towards the PDR,i,I,@ we discuss our results in NGC 7023, the Orion Bar and

contradiction with our results in NGC 7023 and the Orion BaGc 7027 in terms of the existing models. Finally we discuss
As discussed in Sect. 6, we consider that the lack of HBC e peculiar chemistry of the PN.

more likely due to the peculiar chemistry of this C-rich PN. The

non-detection of SOand SQ towards this source also argues
in favor of this interpretation. 6.1. HCO*/HOC*/CO*

6. Discussion: PDR chemistry

In Fig. 4 we show the CO2,52— 1,32 and the CO 21 The molecular ion CO was the first reactive ion discovered
spectra. Both lines have been observed with similar beams. Tin¢he interstellar medium (Latter et al. 1993). This ion reacts
CO" emission seems to arise in the high velocity layer of then virtually every collision with H and does not survive in
envelope which is adjacent to the ionized gas, while the butkolecular clouds. However, its abundance becomes significant
of the CO emission arise in the lower velocity and more eia the hot layers of PDRs (Sternberg & Dalgarno 1995). Within
tended envelope. In order to determine the abundance 6f Cée PDR, CO is formed mainly by
we have fitted the profile of th€CO line with a two shell-
model. The derived CO column densities &eo = 52 x C*+OH— CO" +H (1)
10'® cm2 in the high velocity shell andlco = 2.1x 10" cm™
in the low-velocity one. Thus, assuming that all the'G&nis- and destroyed by reactions with kb form HCO" (and HOC),
sion arise in the high velocity shell, we estimate a [{fLO] and by dissociative recombination. In regions of high ioniza-
~ 6 x 1075, Using a standard value for the fractional CO abution rate, CO can also be produced by a charge transfer re-
dance Xco = 8 x 107%, we derive a CO fractional abundance action between CO and CHandor even by direct ionization
of ~5x 107°. This value is a factor of 4 larger than that foundf CO. Sternberg & Dalgarno (1995) predicted a C&bun-
by Hasegawa & Kwok (2001) with an LVG excitation modeldancez107%° in the A, < 1 mag region of the PDR. We have
We do not consider this fference significative taking into ac-detected CO in all the target PDRs. The estimated fractional
count the large uncertainties in these calculations. The colibundances in NGC 7023 and the Orion Bar-at611. These
sional excitation of CO is poorly understood and should beabundances have been calculated assuming that thee@{3-
treated simultaneously with its chemistry (Black 1998). On tlson comes from the total Hcolumn density. If the emission
other hand, the separation between the high-velocity and lcavises mainly in a layer of, ~ 1 mag, we obtain COfrac-
velocity shells in the CO line involves some uncertainty. tional abundances ranging from>31071° to 10 in these
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sources. These values are close to the highest @laun- In both sources, NGC 7023 and the Orion Bar,"S®@ems
dances predicted by Sternberg & Dalgarno (1995) and to tlwearise in a more shielded region of the cloud thar CEID' is
CO* abundance measured in NGC 70X¢q- ~ 5x 1079, not as rapidly destroyed by reactions with & CO'. For this

A chemically related ion is HOC There are two pathwaysreason, SO is detected in dark clouds while the emission of
to form dficiently HOC', COt is restricted to the HH; transition layer of PDRs. Within
C* + HoO — HOC" + H @) :ir:]ect?olquR, SO is expected to survive in regions with large ex-
CO" + H, - HOC'/HCO" + H. (3) SO' has not been detected in NGC 7027 with an upper

L . , _ ) limit to the [SO']/[CO*] abundance ratio 0k0.1. Values of
Its destruction is mainly by reactions W|th_2I-(Sm|th et al. the [SO/[CO*] > 1 are observed in NGC 7023 and the Orion
2002). The large abundances of @nd CO in PDRs could pga "aq giscussed in Sect. 6.4, thistdrence can be explained

result in an enhanced Hqcabundance. Within this schemeby the diferent elemental abundances and high electron densi-
one expects some correlation between low [HHOC ] ra- o< in the PN.

tios and high CO abundances (Savage et al. 2000). Bot

quantities seem correlated in NGC 7023 and the Orignz c;H,

Bar. In both regions, the COabundance is maximum and

the [HCO'/[HOC'] is minimum towards the PDR-peak.Intense GH; lines have been detected towards all the target
Moreover, the spatial distribution of HOCand CO is quite sources. The spatial distribution of the emission in NGC 7023
similar across the Orion Bar. and the Orion Bar shows enhancegHz abundances towards

NGC 7027 is the exception to this rule. We have measuréite PDR. In fact, the §H, abundance is larger by almost a
the maximum value of the COabundance towards this PN factor of 100 towards the PDR peak than towards the molecular

However the [HCO]/[HOC*] ratio is not as low as observedPeak in NGC 7023. In the Orion Bar, theld; abundance is a

in NGC 7023 and the Orion Bar. Thisftirence can be un-factor of 10 larger towards the IF than towards the maximum
derstood in terms of the peculiar chemistry of this PN and tfig molecular column density. Thus, we can conclude that most
HOC* and CO formation paths. Recent observations with th@f the GH emission arises in the PDR of these sources.
Infrared Space Observatory (ISO) reveal that the light radicals We have estimated 4, abundances ranging from
OH,CH* and CH are quite abundant in this PN (Liu et al. 1996;107'°-10"8 in our sample. These abundances are similar to
1997; Cernicharo et al. 1997). However, a very low abundarié@se found in dense dark clouds (Cox et al. 1989). Taking into
of H,0, Xp,0 < 1078, is observed. The low 40 abundance accountthe large photodissociation rate gifig(van Dishoeck
precludes the production of HO@ia reaction (2). The lack of 1988), a rapid formation is necessary to explain the large
correlation between the abundances of HGM@d CJ in this CsHz abundances found in PDRs. Enhanced abundances of
source suggests that reaction (2) is the dominant H@@na- the CH,,CH," are produced in PDRs via reactions of the car-

tion path which is inhibited in this C-rich PN. bon ion C and H (Sternberg & Dalgarno 1995; Hasegawa
et al. 2000). The formation of more complex hydrocarbons like
6.2. SO* CsH are ruled by reactions of the atomic carbon iohwith

SO has been detected in warm and cold clouds Wifabcetylenes to form carbon cations (Bettens et al. 1997). Thus,

abundances ranging from10-°-10-1, These fractional It requires an acetylene supply. Allain et al. (199@) proposed
trE%' acetylene can be the result of the destruction of small

abundances can be explained by gas phase |on—mole%1 s by intense UV fileds. Fos%t al. (2000) compared the

g?im(l)sﬁri (gginfL aigﬁgiﬁoig dlTaypdrilgns?)rc;liétif/%r?;igmvk;?nae‘romaﬂc Infrared Bands (AIBs) emission with the high hydro-
tion in S+ O. The neutral atomS will then follow a series of carbon abundances towards IC 63 and NGC 7023 and found

reactions to give SO and SOIn regions exposed to high UVenhanced carbon chains abundances coincident with the AlBs

. ; S > .~ emission. A similar work has been carried out by Teyssier et al.
fields, the sulfur is mainly in the form ofSand SO, while in . )
the well shielded cloud it is in the form of SO and SThus, (2002) in the Horsehead Nebula. They proposed that the high

. : ' _hydrocarbon abundances in PDRs might be explained by the
gradients in the [SQ/[SO] and [SO]/[SO;] abundance ratios high abundance of the atomic carbon ioh&hd the release of
are expected across PDRs.

We have detected SQowards the PDRs in NGC 7023 anaacetylene from polycyclic aromatic hydrocarbons (PAHS).

the Orion Bar. The SOabundance is at least an order of mags 4 NG 7027 The chemistry of a PN

nitude larger towards the PDR peak than towards the molecular

cloud in NGC 7023. The SCabundance towards the PDR peakhe chemistry in a PN is fferent from that of a PDR in a in-

is in agreement with that predicted by Sternberg & Dalgarterstellar cloud. First of all, element abundances afemint to
(1995) in the layers withh, < 2 mag of a high density PDR. the solar values. Secondly, the temperature of the illuminating
In this case, an enhanced S@bundance is the result of thestar 2 x 10° K in the case of NGC 7027) is much higher
large abundance of'Sand OH in the PDR. The SGabundance than the typical temperatures of young OB stars. Finally,
towards the Orion Bar remains quite uniform along the olttme-dependentfects might be important in these rapid evolv-
served strip. However, we detect a gradient in the'[[S0;]  ing objects (Tielens 1993).

abundance ratio (see Table 7) due very likely to the rapid de- NGC 7027 is a C-rich object with a/O ratio~1.46 (Salas
struction of SQ by the UV radiation. et al. 2001). Oxygenated molecules are not expected to be
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abundant in this object. In particular, the low abundance &. The lack of correlation between HOCand CO in
H>0 could explain the lack of HOCin this PN. The element NGC 7027 suggests that the reaction of € H,O —
abundance o8 is a factor of 2 lower than in the interstellar HOC* + H is the dominant path to form HOGn PDRs.
medium (Salas et al. 2001). The low element abundances 3f Differences between the chemistry in the star-forming re-
S and O could explain the low SCabundance, with an up-  gions NGC 7023 and the Orion Bar and NGC 7027 are
per limit to the [SO]/[CO*] abundance ratio of 0.1 . CGs very likely due to the peculiar elemental abundances in this
destroyed rapidly by reactions with,Hbut SO is destroyed C-rich object which dter from solar values and the high
mainly by recombination . Therefore, the high electron den- electron densities of the PN.

sities could also favor the low [SQ[CO*] abundance ra- 4. The high abundances o8, cannot be explained by gas-
tio. Our results are in agreement with the chemical model of phase chemistry. Release of acetylene from PAHSs is pro-
NGC 7027 carried out by Hasegawa et al. (2000) which pre- posed as the cause of the enhanced productionidf @
dicts a [SO]/[CO*]~ 0.04. This is a steady state model which PDRs.

uses the standard PDR gas-phase chemistry with the physical

conditions and elemental abundances derived for NGC 702gknowledgementsThis paper has been partially funded by the
Time-dependentfiects are not required to explain our obser2Panish MCyT under projects DGE&YA2000-927, ESP2001-4519-
vations although they could be surely important for a finer-tuffé= @nd ESP2002-01693, and European FEDER funds.

of the chemistry.

Appendix A: Column density estimates
7. Summary and conclusions A.1. HOCH

We have 1§aﬂ”ed out a survey of reactive ions (COThe HOC column density have been calculated assuming op-
HOC", HC™O", SO') towards the three prototypical PDRstjca|ly thin emission and a unique rotation temperature for all

have observed cyclopropenylidengk) towards the selected
PDRs. Our results can be summarized as following: N = 1.94x 10%*WQT,) expEu/KTr)/(guA)) (A.1)

1. The reactive ion COhas been detected towards all the tawherev is the line frequency in GHa\ is the integrated inten-
gets. Its spatial distribution and kinematics are consistéiity Of theJ = 1-0 line in K kms™, A;j the Einstein sponta-
with the CO" emission arising in the innermost part of thé€0us emission cdiécient ins™ (A = 2.18x 10° s™!), and
PDR,A, < 2 mag. Q(T,) is the partition function of HOCat the temperaturé.

2. The reactive ion HOC also presents enhanced abun- When two rotational transitionsJ( = 1-0 and 3-2)
dances in PDRs. The [HCQ[HOC*] abundance ratio de- have been detected, we have estimated the rotation tempera-
creases towards the PDRs in NGC 7023 and the Oriiffe using the technique of rotational diagrams. In Orion and
Bar respectively. We have derived towards NGC 702B/GC 7023, we obtain typically rotation temperatures-8fK
[HCO*]/[HOC*] ~ 50-120, which is the lowest value of (assuming a point source) 80 K (assuming extended emis-
the [HCO']/[HOC*] ratio measured so far. sion) towards all positions (see Table 2). Column densities have

3. We have not detected HOCtowards NGC 7027. been calculated for these two limiting cases. For the positions
Interestingly, this is the source with the highest'Cabun- in which only one transition has been detected, we have es-
dance. This result suggests that the chemistry in NGC 70¥ated the column density assuming a rotation temperature
is different from that in NGC 7023 and the Orion Bar.  ©f 15 K, which is expected to be accurate in a factor of 2. In

4. The abundance of the sulfuratted ion*S® enhanced in NGC 7027 we have assumed a rotation temperature26fk

PDRs. Comparing its spatial distribution and kinematidtased on the results of Hasegawa & Kwok (2001).
with those of CO, we conclude that SQarises in a more
shielded layer than CO . A2 CO*
. We have not detected S@nd SQ in NGC 7027.
. The abundance of 8l increase by a factor 2100 to- CO" has &% ground state in which each rotational level is split
wards the PDRs in NGC 7023 and the Orion Bar. This cdpto two fine-structure levels with= N+1/2. TheN =1 — 0
bon chain is also detected with a high abundanck0(®) rotational line is heavily obscured by the Gne at 118 GHz
in NGC 7027. Our observations show that the productid@nd cannot be observed from ground-based telescopes. The
of this carbon chain is highly enhanced in UV exposed r&0st intense transitions of tH¢ = 2 — 1 rotational spec-
gions. trumareN =2 — 1,J=5/2 — 3/2 at 236062.553 MHz and
N=2->1J=3/2 > 1/2 at 235789.641 MHz. Column
We have compared our observational results with PDiensities of CO have been calculated using the expression
chemical models. Our conclusions can be summarized (As1) with the observational parameters of the CQ) 52 —

following: 1,32 line. We have assumed a rotation temperature of 10 K

based on the results of Fuente & MarPintado (1997). The

1. The abundances of COHOC' and SO can be explained partition function of CO at 10 K is 7.77 and Einstein sponta-
by standard reactions of gas-phase chemistry in a PDR. neous emission cdigcient of this transitiomj = 4.7 x 1074,

o Ol
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Fig. A.1. Rotational diagrams and fitted values of the rotation temperatures towards the positions where gdydirsé<have been observed.

A.3. SO* 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.

SO' is a reactive radical with %nl/z ground state, whose spin-

doubled rotational transitions are split bytype doubling. We

have observed thE-type doublet of thel = 9/2 — 7/2 ro- A.4. SO

tational transition at the frequencies of 208590.021 MHz a is an asymmetric top rotor with constants =

208965.425 MHz. We have used the observational paral’%@7785511 MHz, B = 1031796567 MHz andC =

ters of the 208590.021 MHz for our estimates. Column deg79980750 MHz. Column densities have been derived from
sities have been calculated using the expression (A.1). The expression (A.1) with\; = 6.71 x 10°5. Since this is a
Einstein spontaneous emission fiment of the transition at ,51ecule with large dipole Jmomeryt € 1.63 D), we have as-

T — 4 gj . o .
208590.021 MHz ig;j = 2.48 x 10", Since SO and CO g me( a rotation temperature of 10 K. The partition function
have similar dipole momentg (= 2.77 D for CO, u =2.3D 55 peen calculated using the expression

for SO"), we assume the same rotation temperature for &0

for CO*, T; = 10 K. The partition function has been calculated
using the expression of the energy levels éfg, molecule in Q(Ty) = (
a Hund’s coupling case (a). TRes, ladder has been ignored

5.34x 10° T3 )0‘5 A2)

2 ABC
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A.5. C3H>» Fuente, A., Rodguez-Franco, A., & Marti-Pintado, J. 1996b, A&A,

. . 312,599
The spectrum of cyclopropenylidene is that of an oblate asyfjente. A. & Marth-Pintado. J. 1997 ApJ, 477, 107L

metric top ¢ = +0.69) with b-type transitions and orthoyente, A., Manti-Pintado, J., Rodguez-Franco, A., & Moriarty-

para symmetry species with relative statistical weights of 3:1.schieven, G. D. 1998, A&A, 339, 575

Towards the positions where the emission was intense, seveaiin, M., Phillips, T. G., Keene, J., Betz, A. L., & Boreiko, R. T.

rotational lines were observed in order to be able to estimatel998, ApJ, 500, 329

the rotation temperature. Giard, M., Bernard, J. P., Lacombe, F., Normand, P., & Rouan, D.
In Fig. A.1, we present the rotational diagrams @Hg in 1994, A&A, 291, 239

NGC 7023 and the Orion Bar, with IoN(/(gug1)) given by Hayashi, M., Hasegawa, T., Gatley, |., Garden, R., & Kaifu, N. 1985,
MNRAS, 215, 31P

N, 3kW Hasegawa, T., Volk, K., & Kwok, S. 2000, ApJ, 532, 994
|09( )= lo ( ) (A.3) Hasegawa, T. 1., & Kwok, S. 2001, ApJ, 562, 824
gugn Hogerheijde, M. R., Jansen, D. J., & van Dishoeck, E. F. 1995, A&A,

whereg, is 3/4 and ¥4 for the ortho- and para- levels respec- 204, 792 ) _
tively, W is the integrated intensity of the ling, is the fre- 9ansen. D. J., Spaans, M., Hogerheijde, M. R., & van Dishoeck, E. F.
guency,S is the line strength and the dipole moment. Fitting 1995, A&A, 303, 541

; . . . . . Latter, W. B., Walker, C. K., & Maloney, P. R. 1993, ApJ, 419, L97
a straight line to the rotational diagrams, we obteyn rotanq_gtter’ W. B., Dayal, A., Bieging, J. H., et al. 2000, ApJ, 539, 783
temperatures from-10 K to ~15 K. Once the rotation tem- Liu, X.-W., Barlow, M. J., Nguyen-Q-Rieu, et al. 1996, A&A, 315,
perature is known, we derive thesld, column density from | og57
Ncgh, = Nu/(g9ugi)Q(Tr) expEu/KT), whereQ(T,) is the parti- Lju, X.-w, Barlow, M. J., Dalgarno, A., et al. 1997, MNRAS, 290,
tion function with the definition of, used here. In NGC 7023 L71
and the Orion Bar, we have assumed a rotation temperatur®ofodaka, T., Hayashi, M., Hasegawa, T., & Hayashi, S. S. 1994, ApJ,
15 K in the positions in which only one line has been detected.430, 256
In NGC 7027 we have assumed a rotation temperatu.pé@K Parmar, P. S., Lacy, J. H., & Achtermann, J. M. 1991, ApJ, 372, L25.

based on the results of Hasegawa & Kwok (2001). Rodnguez-Franco, A., Mat-Pintado, J., @Mmez-Gonalez, J., &
Planesas, P. 1992, A&A, 264, 592.

Rodnguez-Franco, A., Manti-Pintado, J., & Fuente, A. 1998, A&A,
329, 1097.
Rogers, C., Heyer, M. H., & Dewdney, P. E. 1995, ApJ, 442, 694

8m3vSg, u?
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