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Abstract. We present results of a (sub)millimeter and far—
infrared study of the reflection/emission nebula IC 63, located
close to the B0.5p star v Cas. The source has been mapped in the
12002 - 1and3 — 2,13CO02 — 1,and CS 2 — 1 lines and
shows a small molecular cloud less than 1’ x 2/ in extent, which
coincides with the brightest optical nebulosity and IRAS 100 um
emission. IC 63 is therefore an excellent example of a nearby
(d =~ 230pc), edge—on photon—dominated region (PDR). Var-
ious other molecules have been observed at the peak position
through their rotational transitions, in order to probe the physical
parameters and to derive abundances. The measured CO, HCO,
HCN, CS and H,CO line ratios suggest that the cloud is warm,
T =~ 50K, and dense, n(H,) ~ 5 x 10*cm~3. Excitation of
molecules by electrons may play a significant role in this PDR.
On the basis of these physical conditions, column densities have
been determined from the observed line strengths. Several dif-
ferent methods are discussed to constrain the H, column density,
including the use of measured submillimeter continuum fluxes.
The resulting abundances of species such as CN and CS are sim-
ilar to those found in cold, dark clouds like TMC-1 and L134N.
However, the abundances of other simple molecules such as
HNC, HCO*, N,H* and possibly C,H are lower by factors of at
least three, probably because of the enhanced photodissociation
rates at a distance of 1.3 pc from a B star. Surprisingly, only the
abundance of the H,S molecule appears enhanced. More com-
plex, volatile molecules such as CH3;0H, CH3CN and HNCO,
and the sulfur-oxides SO and SO, have not been found in this
cloud. Limited observations of molecules in the reflection neb-
ula NGC 2023 are presented as well, and the resulting molecular
abundances are compared with those found for IC 63.
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1. Introduction

The conditions in molecular clouds can be perturbed either
through heating by ultraviolet photons or by the passage of
shock waves. The effect that these processes have on the chemi-
cal abundances is not well established observationally, but is of
great importance for the interpretation of molecular line obser-
vations not only in our own Galaxy, but also in external galaxies.
In order to gain a better understanding of the similarities and dif-
ferences between the effects of these two heating mechanisms,
we have started a detailed study of a few clouds which might
serve as templates of either nearly—pure photon—dominated re-
gions (PDRs) or nearly—pure shocks. In this paper we present
results of a study of a nearly—pure PDR: the reflection/emission
nebula IC 63.

IC 63 is areflection nebula associated with the B0.5 IVpe star
~ Cas (HD 5394), which lies at a distance of approximately 230
pe (Vakili et al. 1984). The projected distance between IC 63 and
the staris 20/, corresponding to 1.3 pc. Figure 1 is areproduction
of part of the blue Palomar Sky Survey plate of this star and the
nebula. IC 63 has a comet-like shape, with the tail pointing
away from the exciting star. The tail is clearly less bright than
the “head”. The other nebula of similar shape is IC 59. Witt et
al. (1989) have observed strong fluorescent H, emission in the
ultraviolet spectrum of IC 63, which indicates little foreground
extinction. No such emission was seen from IC 59.

Due to the proximity of the star, the cloud is exposed to
several hundred times the mean Galactic ultraviolet radiation
field. Thus, IC 63 is one of the nearest ultraviolet—irradiated
molecular clouds, and it is therefore a better and less confused
PDR to study than the usual examples such as M 17, which
is very distant and highly extinguished, and NGC 2023, which
has an unfavorable geometry for viewing the interaction zone
edge—on.

The aim of this work is first to derive the physical conditions
in the cloud, and then to use them to determine the molecular col-
umn densities. The resulting abundances will subsequently be
compared with those found in cold, dark clouds such as TMC-1
and L134N, to study the effects of the radiation field and tem-
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Fig. 1. Enlarged reproduction of the blue Palomar Sky Survey plate showing the nebula IC 63 with the nearby (heavily overexposed) star -y
Cassiopeiae. The box indicates the small, brightest part of the nebula, studied in this paper

perature. In addition, we present observations of a selected set
of molecules in the NGC 2023 nebula for comparison with IC
63. Preliminary results were presented in Jansen et al. (1992).

2. Observations

We have observed IC 63 in the millimeter and submillime-
ter range using the CSO! 10.4 meter telescope at Mauna Kea,
U.S.A., in October 1989, November 1990 and December 1991,
the NRAO? 12 meter telescope at Kitt Peak, U.S.A., in May 1990
! The Caltech Submillimeter Observatory is operated by the
California Institute of Technology under funding from the U.S.
National Science Foundation by contract AST 90-15755.

2 The National Radio Astronomical Observatory is operated
by Associated Universities, Inc., under contract with the U.S.
National Science Foundation.

and December 1992, and the IRAM? 30 meter telescope at Pico
Valeta, Spain, in May 1991 and April 1992. A single spectrum
of HCO* J = 4 — 3 has been obtained using the JCMT* 15
meter telescope at Mauna Kea in July 1992. Observations of the
(sub-)millimeter continuum emission were made with this tele-
scope in May 1993 at 450, 800 and 1100 pm. Table 1 sum-
marizes the beam sizes, main-beam efficiencies (), spectral
resolution and typical system noise temperatures for the tele-
scopes at the observed frequencies. Note that the IRAM beam
at 100 GHz is comparable to the CSO beam at 230 and 345 GHz,
but that the Kitt Peak beam at 100 GHz is significantly larger.
3 Institut de Radio Astronomie Millimétrique.

4 The James Clerk Maxwell Telescope is operated by the
Royal Observatory, Edinburgh, on behalf of the UK Science
and Engineering Research Council, the Netherlands Organiza-
tion for Pure Research and the National Research Council of
Canada.
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Table 1. Telescope, receiver and backend properties

Telescope d v Beam nme Tiys Resolution
(m) (GHz) (") (K)  (MHz)

CSO 10.4 230 30 072 750 0.10r0.5

345 20 060 750 0.10r0.5
IRAM 30 9 26 0.67 350 0.1

140 17 0.64 450 0.10r0.6

230 13 0.52 930 0.6

265 11 052 950 0.1
NRAO 12 100 63 091 500 0.1

140 45 0.85 250 0.1
JCMT 15 230 22 060 90 02

345 15 0.50 850 0.2

Pointing was regularly checked on the available planets, and
should be accurate to about 5 at the CSO, IRAM and JCMT,
and 10” at Kitt Peak. However, excursions up to twice these
values were encountered during the runs.

All data were obtained in position—switching mode. The
reference position was taken to be either the direction of -y Cas,
which is known from ultraviolet absorption spectra to contain
few foreground molecules (Ferlet et al. 1980), or a position
15’ offset in azimuth. The chopper wheel method was used to
correct for atmospheric losses, giving the intensity in terms of
the antenna temperature 17 for the CSO, IRAM and JCMT
data. The main—beam temperature was calculated from this as
Tme = T /nve. The NRAO 12 m data are obtained as Ty, and
the appropriate efficiency for small sources is used to obtain
Twus. Effects of possible beam—dilution are discussed later in
the paper.

To investigate the calibration uncertainties, we have ob-
served a number of lines more than once, either with the same
telescope or with different telescopes. As can be seen from
the data presented in Table 3, the integrated intensities gen-
erally agree to better than 30%, but the values of the peak an-
tenna temperature and the line width can differ significantly.
This is mainly due to the fact that the lines are very narrow,
AV =~ 1kms™!, and thus not always resolved in frequency.
Therefore, in general the integrated intensities have been used
in the analysis.

Observations of the reflection nebula NGC 2023 were made
with the CSO in November 1990, the JCMT in January 1992,
and the IRAM telescope in April 1992, at the position 80" south
of the illuminating star HD 37903 where Gatley et al. (1987)
observed strong fluorescent H, emission. The same efficiencies
listed in Table 1 apply.

3. Results
3.1. Molecular maps

The IC 63 nebula was mapped in the 2 — 1 and 3 — 2 lines
of 12CO at the CSO. A total of 67 and 48 spectra, respectively,
were obtained with typical rms noise of 0.2 K. The spacing

" between the positions was in both cases 15", so that the 2 — 1
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Fig. 2. Map of 2CO in the region indicated by the box in Fig. 1 obtained
at the CSO. Solid contours are the J =2 — 1 integrated emission and
dashed contours the J = 3 — 2 integrated emission f TwmedV . In both
cases, contours are at 30, 50, 70 and 90% of the maximum emission of
33K kms~! and 38 K km s™!, respectively. The (0,0) of the map is at
a(1950) = 00"55™58%, §(1950) = 60°37'07". The illuminating star
~ Casis at (—16'.95, —10".33)

map is fully sampled, whereas the 3 — 2 map is only slightly
undersampled. The contour maps based on these spectra are
presented in Fig. 2. The (0,0) coordinate of the map refers to
the position where strong ultraviolet emission of H, has been
found, a(1950) = 00*55™58%, §(1950) = +60°37'07". Smaller
maps, of 9 spectra each, were obtained at IRAM in the 2 — 1
lines of 13CO and CS with 20" spacing, so these maps are also
slightly undersampled.

It is seen that the molecular emission arises from a small,
elongated part of the nebula, less than 1’ x 2’ in size. The major
axis of the cloud points towards  Cas, giving the impression of
abanner straining in the wind (and radiation) that emanates from
the star. The two maps are remarkably similar and have peak
main—beam temperatures of Tyyg = 23.3 and 23.7 K in the CO
2 — 1 and 3 — 2 lines, respectively, at the (0,0) position. The
fact that the strongest lines coincide with the brightest nebulosity
and with the H, fluorescent emission assures that the molecular
cloud is associated with IC 63 and that it is at virtually the
same distance from us as v Cas. The strongest CO emission
originates in a very small area with a FWHM size of Aa =~ 40"
and A§ =~ 20", as derived from the highest resolution 3 — 2
map, deconvolved for the 20" beam. At the distance of IC 63
(230 pc), this angular size is equivalent to 0.04 pc x 0.02 pc.

The IRAM 13CO 2 — 1 and CS 2 — 1 maps are consistent
with this source size, although they do not contain sufficient data
points for an independent determination. The CS map suggests
that the densest part of the source, where most of the molecular
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emission arises, is smaller and less elongated than the 2co
emission. We therefore adopted a source size of 30" x 20"
in order to correct the observations of molecules other than
12CO for beam dilution. The CO 2 — 1/3 — 2 peak intensity
ratio appears almost constant over the map, which suggests that
the kinetic temperature and density do not vary much over the
whole region. The decrease in antenna temperatures towards the
boundary can be explained by a decrease in column density.

The CO line profiles are narrow, AV ~ 1.5km s~ ! or less,
which indicates that there cannot be a significant shocked com-
ponent. The line emission peaks at a radial velocity Vi sr = 0.6
km s~! with respect to the local standard of rest, with a shift
towards slightly higher velocity, Vzsg ~ 1.6 km s, at the
north—east side of the cloud. The profiles also show a weak,
broader underlying component in that direction with AV =
2 —-3kms L

Some CO 2 — 1 spectra were also taken in the direction of
IC 59. At the position listed by Witt et al. (1989), the resulting
T3 = 2.2K is only about one tenth of that observed in IC 63.
Because the 12CO lines in IC 63 have optical depths 7 > 1
(see Sect. 4.2), the amount of molecular material in IC 59 is
less than one tenth of that present in IC 63. Moreover, the CO
emission occurs ata velocity Vi sg = —20.6 km s~1, and appears
extended over more than 10’. This is significantly larger than
the optical nebulosity, so that it is unlikely that this material is
associated with the nebula. We have therefore not searched for
any other molecules in IC 59. The absence of molecules in IC
59 is consistent with the fact that Witt et al. (1989) detected
neither H, fluorescence nor “extended red emission” there.

3.2. IRAS maps and submillimeter fluxes

The IC 63 nebula can also be traced by far—infrared emis-
sion from dust. In Fig. 3, the IRAS images at 100, 60, 25 and
12pm are presented, processed as described by Wesselius et
al. (1988)°. The IC 63 and IC 59 nebulae are clearly visible
in the 100 and 60um maps, whereas the star -y Cas shows up
most strongly at 12um. The feature midway between IC 63 and
IC 59 appears to be an unrelated object, with a very different
far—infrared spectrum. It also has no associated CO emission
around Vzsr ~ 0 km s~!. The shapes of IC 63 and IC 59 at
100pm are similar to those seen in the optical picture (Fig. 1),
but the angular resolution of the IRAS data is too low to allow a
detailed comparison with the CO map. Table 2 lists the measured
peak surface brightness and integrated fluxes in excess of back-
ground for IC 63, IC 59, v Cas and the unidentified object. The
visible nebulosity of IC 63 is approximately 90” in diameter, i.e.
several times larger than the molecular source. In arriving at the
tabulated fluxes for this source, we have adopted the effective

3> TheIRAS data have been processed using the GEISHA anal-
ysis system developed by the Laboratory for Space Research
at Groningen, The Netherlands. This development was partly
funded by the University of Groningen, the Space Science De-
partment of ESTeC, and the Air Force Geophysics Laboratory
(US.A).
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beam solid angles for IRAS and have assumed a source size of
20" x 30”. These fluxes at 60 and 100 ym are approximately
20-40% larger than those listed in the IRAS Point Source Cat-
alog for source 00560+6037. The fluxes derived from the maps
for IC 59 and the unidentified source make no allowance for
source extent. For IC 59 this flux at 100 pm is 40% larger than
the tabulated point—source flux of 00547+6052. The 60/100 um
flux ratio of IC 63 is somewhat higher than that of IC 59, while
that of the unidentified source is higher than for either reflection
nebula. The fluxes listed in Table 2 imply an infrared luminos-
ity of IC 63, Lz = 7.3(D/230)? L, for the wavelength range
A=8-400 wum,based upon the formula of Deutsch & Willner
(1987).

Emission at submillimeter wavelengths was detected from
IC 63 in a much smaller aperture (< 20”) using the JCMT. The
measured fluxes are : 900 &= 150 mJy/beam at 450pm (17.5”
beam), 98 + 15 mJy/beam at 800um (16.8” beam) and 15 + 8
mJy/beam at 1100um (18.5” beam). Note that the measured
intensity at 1100 pm is less than 1% of the intensity of the 2.7 K
cosmic background radiation and is thus rather uncertain.

3.3. Molecular spectra

Apart from the maps, many other molecular lines were observed
only at the (0,0) map position that corresponds to the peak CO
2 — 1 emission of IC 63. Figure 4 shows examples of the spec-
tra. Alllines could be fitted well by single Gaussians, and the pa-
rameters of these fits are presented in Table 3. The listed values
are the antenna temperature Ty corrected for beam efficiency,
the linewidth AV and the integrated intensity W = [ TypdV in
K km s~!. Since not all lines are fully resolved, the line widths
may appear significantly larger than AV =~ 1kms~!. In these
cases, which are marked by an asterisk in the table, Tyg and
AV should not be trusted, but [ TypdV will still be correct.
Table 3 shows that in general the measured intensities at the
various telescopes are consistent within 30%. A major exception
is formed by the Kitt Peak observations, which are usually much
lower than the corresponding IRAM data, as illustrated by the
HCO* 1 — 0and CS 2 — 1 lines. Since the Kitt Peak data refer
to a much larger beam of about 60", the apparent discrepancy
is mostly caused by beam dilution. As discussed in Sect. 3.1,
the size of the compact molecular source was found to be about
30" x 20". The source is therefore marginally resolved by the
CSO at 345 GHz, where the beam size is about 20", and at
IRAM, where the beam is < 25”. However, the source fills
only 23% of the Kitt Peak beam at 115 GHz, and about 50% of
the CSO beam at 230 GHz. The main—-beam temperatures were
thus corrected for the effects of beam dilution for comparison
with models. The corrected radiation temperatures are denoted
as Ty, and are related to Ty by Tk = Tms(1 +Q25/Ss), where
Qp and Qg are the solid angles subtended by the beam and
the true source size, respectively. For 120, the source size was
found to be about 1500 arcsec? from the 21 map, whereas for
the other molecules, it was taken to be 600 arcsec®. For this
source size, the CS 2—-1, HCO* 1-0, HCN 1-0 and HNC 1-0
Kitt Peak and IRAM data are in very good agreement. However,
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Table 2. IRAS fluxes

RA Dec Peak surface brightness Color corrected flux®

(1950.0)  (1950.0) (MJysr™h) dy)
12 pm 25 pym 60 pm 100 um 12 pm 25 um 60 pm 100 pm

IC 63° 0"55™58°  60°37 80 97 86 101 257 273 56 105
IC 59 0"54™40°  60°49’ 50 37 47 94 452 406 39 119
~ Cas 0"53™m40°  60°27' 348 17.0 21 33 769 183 ... ..
Unidentified object 0"55™30°  60°48’ 108 541 149 115 355 845 59 131
Background® o"55ms58°  60°12 00 00 8 23
Beam area Qp (1077 sr) 28 31 65 13.

@ These fluxes have been background—-subtracted and color—corrected. b 1C 63 fluxes assume the IRAS beam areas and a 20" x 30" source.
¢ Background measured at a position 25" south of IC 63.

61° 0
o 40
&
a
60°20’
61° 0
Fig.3. IRAS maps of the region
o 40’ around IC 63. (a) 12um: contour lev-
= els are in steps of 1 MJy st™!, start-
ing at 1MJysr~!. (b) 25um: con-
tour levels are in steps of 1 MJy sr™!,
starting at 1MJysr~!. (c) 60um:
60°20' contour levels are in steps of
5Mlysr™!, starting at 10 MJy sr™'.
25 um (d) 100um: contour levels are in
. L . I . ! . steps  of SMly st™!,  starting

ob58™0°  56™0°  54™0° 58™0° 56™0°  54™0° at 30 MJy sr~!

comparison of the H,CONRAO and IRAM data at 140 GHz and
the CSO and IRAM data at 225 GHz suggest that the emission
from this molecule is at least as extended as that of ?CO.

and stimulated radiative processes, as well as collisional exci-
tation and de—excitation, were included in the calculations of
the level populations. The radiative transfer is approximated
through a mean escape probability 5, which depends only on
the optical depth at line center 7:

4. Physical parameters .

3 1
=5 (1-32+

+ i)e-zf), (1

4.1. Method 272

In order to derive the physical parameters such as temperature
and density from the observations, statistical equilibrium excita-
tion calculations were used to fit the observations. Spontaneous

where the cloud is assumed to be spherically symmetric and
homogeneous (Osterbrock 1989, Appendix 2). For small values
of the optical depth, this formula was approximated by
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Table 3. Observations and Gaussian fit parameters : IC 63

Species Transition v Twus AV f TmusdV ~ Telescope Beam Resolution rms®
(MHz) (K) (kms™!) (Kkms™) (") (MHz) (K)

Cco 1—0 115271 10.8 1.14 13.1  NRAO 54 0.1 0.09
21 230538  23.3 1.33 33.1 CSO89 31 0.1 0.50

21 230538  16.0 1.8% 308 CSO90 31 0.1 0.23

32 345796  23.7 1.52 38.2 CSO89 21 0.1 0.35

Bco 1-—0 110201  0.39 0.82 0.34 NRAO 57 0.1 0.05
21 220399 1.64 1.14 2.08 CSO9 33 0.1 0.07

21 220399  5.97 0.74 471 IRAM92 11 0.1 0.05

C®¥0 1-0 109782  0.10 0.57 0.06 NRAO 57 0.1 0.03
21 219560 <0.6 ... IRAM92 11 1.0 0.30

CS 21 97981  0.21 1.03 0.23 NRAO 64 0.1 0.04
21 97981  0.80 0.95 0.80 IRAM 91 26 0.1 0.08

21 97981  0.72 0.69 0.53 IRAM 92 26 0.1 0.06

32 146969  0.20 2.9*% 0.60 IRAM 91 17 0.6 0.07

54 244936 <0.07 <0.36 CSO9% 29 0.1 0.04

5—4 244936 <0.40 ... IRAM91 10 0.1 0.20

CN 135 — 05 3 113491  0.54 0.73 0.42 NRAO 55 0.1 0.05
1y 3 — 035 113191  0.28 0.69 0.20 NRAO 55 0.1 0.05

251 — 135 226875 0.39 0.81 0.33 CSO91 32 0.1 0.09

25,3 — 131 226876 0.25 1.0 0.26 CSO91 32 0.1 0.09

255 — 133 226874 031 0.96 0.32 CSO91 32 0.1 0.09

HCN 1,1-0,1 88630 0.16 1.06 0.17 NRAO 70 0.1 0.03
1,2—0,1 88632 0.32 1.13 0.34 NRAO 70 0.1 0.03

1,0 0,1 88634 0.08 1.73* 0.15 NRAO 70 0.1 0.03
1,1—0,1 88630 0.62 1.02 0.68 IRAM 92 28 0.1 0.09
1,2—0,1 88632 1.24 1.03 1.37 IRAM 92 28 0.1 0.09

1,0 — 0,1 88634 0.28 1.03 0.30 IRAM 92 28 0.1 0.09

32 265886 <0.28 ... CSO9% 27 0.1 0.14

HNC 1—0 90664  0.22 1.2 0.29 NRAO 69 0.1 0.04
» 1—-0 90664  0.89 1.11 1.06 IRAM 92 28 0.1 0.04
HCOt 1—0 89189  0.44 2.0% 0.94 NRAO 70 0.1 0.08
1—0 89189 3.14 1.2 3.92 IRAM 91 28 0.1 0.07

32 267558  0.35 2.2% 0.81 CSO9 27 0.5 0.10

43 356734  0.38 0.87 0.37 JCMT92 14 0.2 0.10

H,CO 211 — 110 150498  0.14 1.6* 0.23 IRAM 91 17 0.6 0.06
212 — 11,1 140840 0.38 1.0 041 IRAM 91 18 0.1 0.07

212 — 111 140840  0.25 1.0 0.27 NRAO 45 0.1 0.03

30,3 — 202 218222 <0.08 ... ©CSsO91 33 1.0 0.04

312 — 211 225698 0.18 0.86 0.18 CSO90 32 0.1 0.08

312 — 211 225698  0.11 1.6* 0.19 IRAM92 11 0.6 0.05

321 — 220 218760 <0.24 ... IRAM91 11 0.6 0.12

322 — 221 218476 <0.24 ... IRAM91 11 0.6 0.12

322 — 221 218476 <0.08 ... ©CSO91 33 1.0 0.04

CH3;0H 2 —>1 96741 <0.14 ... IRAM91 26 0.1 0.07
C.H 120 — 010 87329  0.37 1.12 0.45 IRAM 92 29 0.1 0.08
NoHt 1,504 93174  0.09 0.65 0.13 IRAM 92 27 0.1 0.04
1, — 0g 93172 <0.07 ... IRAM 92 27 0.1 0.04

1o — 04 93176 <0.07 ... IRAM 92 27 0.1 0.04

HCsN 11— 10 100076 <0.10 ... NRAO 63 0.1 0.05
CH3CN 8x — 7x 147172 <0.12 ... IRAM91 17 0.6 0.06
HNCO 606 — 50,5 131886 <0.15 ... IRAM92 19 0.1 0.07
H.S 110 — 1oa, 168763  0.72 0.58 044 IRAM 92 15 0.1 0.09
SO 2 — 13 86094 <0.06 ... IRAM 92 29 0.1 0.03
3, — 2 99300 <0.12 ... NRAO 63 0.1 0.06

SO, 524 — 413 241616 <0.20 ... IRAM91 10 0.1 0.10
SiO 32 130268 <0.10 ... IRAM 92 19 0.1 0.05

All upper limits are 20; An asterisk marks the observations where the line is unresolved and the
profile is thus dominated by instrumental broadening. * rms noise per resolution element
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Fig. 4. Examples of spectra of IC 63 taken at the various telescopes, converted to Typ—scale. The 20 21, 3—2, BCO 2—1, HCO* 3—2
and H,CO 31, — 241 spectra were taken at the CSO, the remaining spectra at the IRAM 30m. Note that the HCO" 3—2 spectrum was taken

with the low-resolution (0.5 MHz) backend

3 2 1 2
ﬁ=1—z7'+ 572—6T3+§T4+@(7—5)’ (2)
which is the fourth order series—expansion of Eq. 1. The optical
depth of transition u — [ is related to the level populations
through
- xu] )

where A,; is the spontaneous transition probability in s~!,
= v/c the transition frequency in cm™!, N the total column
density of the molecule in cm 2, z; the fractional population of
level i, and g; the corresponding statistical weight. The line is
presumed to have a Gaussian profile with FWHM AV incms ™ L
Because the cloud is warm (see below), most lines have small
optical depths, the major exception being '2CO. Note however
that even when the lines are optically thick, our excitation anal-
ysis includes the optical depth effects explicitly.

Collisional (de)excitation can occur with molecular hydro-
gen and with free electrons. Collisions with atomic hydrogen
and helium are not taken into account explicitly. However, the

R B G

T 3 1.065AV [Tt g

electrons are quite important in exciting polar molecules (elec-
tric dipole moments g > 1 D) when the electron fraction be-
comes larger than 1 x 1073 (cf. Drdla et al. 1989), which might
well be the case in a PDR like IC 63. Rates for collisions with
electrons were computed according to the approximation of
Dickinson & Flower (1981) and Dickinson et al. (1977). Table
4 lists the references to the adopted neutral collision rates. In the
case of HCN, scaled helium cross sections were used, since para-
H, in its lowest rotational state (J = 0) is a “‘structureless” parti-
cle, like the helium atom. The same collision rates were adopted
for HNC, whose dipole moment is nearly equal to that of HCN.
No collision rates are available for C;H, so that again the HCN
rates were used, scaled by the difference in reduced mass. Pre-
liminary calculations of SO excitation simply assume a collision
rate of 2 x 10~ cm? s~ for the (J, N) = (1,0) — (0, 1) tran-
sition and adopt rates that scale with radiative line strengths for
all other dipole-allowed transitions. The spontaneous emission
probabilities were computed using the dipole moments listed in
Table 5. The ambient radiation field was taken to be the cosmic
background field represented by a blackbody with Tgg = 2.73
K. Other radiation fields were found to be unimportant for the
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Table 4. Collisional cross sections

Species Collision  Reference
partner
Cco H, Schinke et al. (1985)
CS H, Green (priv. comm., cf Turner et al. 1992)
CN H, from CS rates (Green & Chapman 1978;
see Black & van Dishoeck 1991)
HCO* H, Green (1975), Monteiro (1985)
HCN He Green & Thaddeus (1974)
(hfs) Monteiro & Stutzki (1986)
H,CO H; Green (1991)
NH* H, Green (1975)
HNCO He S. Green, unpublished results
CH3;CN H, Green (1986)
Sio H, Green (priv. comm., cf Turner et al. 1992)

Table 5. Dipole moments

Species  p (Debye)
CO 0.112

CS 1.96

CN 1.45

HCN 2.98

HNC 2.7

HCO* 391
H,CO 2.331
CH;0H  0.885 (1q)
CH 0.8

N,H* 34

HC3N 3.6
CH:CN 392
HNCO  1.575 ()
H,S 0.97

SO 1.52

SO, 1.635

SiO 3.1

species considered here, since small heavy molecules like CO
have their lowest transitions near the peak of the cosmic back-
ground radiation. A model of the thermal dust emission was
constructed to fit the IRAS fluxes at 60 and 100m and the sub-
millimeter continuum measurements. Even if the far—infrared
source is as compact as the 20” x 30" molecular core, the in-
ternal continuum radiation temperature (including the cosmic
background) is less than 3.25 K at v < 400 GHz.

The other input parameters to the excitation calculation are
the kinetic temperature of the gas, the density of the collision
partner(s), the total column density of the molecule and the
line width. These physical input parameters were varied until
agreement between the computed Rayleigh—Jeans equivalent ra-
diation temperatures and the observed values were found. The
procedure was as follows. First, the temperature and density
were determined independently of the abundances: the relative
strengths of the lines depend only on these parameters but not
on column density, as long as the lines are optically thin. Sec-

D.J. Jansen et al.: Physical and chemical structure of the IC 63 nebula. I

ond, given these physical parameters, the column densities were
adjusted to fit the absolute intensities.

4.2. Determination of temperature and density

The primary temperature diagnostic in our IC 63 data is the
12C10 molecule. The 2 — 1 radiation temperature is T =
35 K, corrected for beam dilution of a source of solid angle
Qs = 1500 arcsec?. This radiation temperature is related to the
excitation temperature T by

26T = (Bu(Tex) - Bu(TBG)) (1-e7) @)

where B, (T) is the Planck function and k is Boltzmann’s con-
stant. For 7(2 — 1) >> 1, Tex = 40.5 K. This provides a lower
limit on the kinetic temperature. Detailed excitation calculations
provide a good representation of the three observed '>CO lines
with a somewhat higher kinetic temperature, ' =~ 50 K, and
7(2 — 1) = 4. That analysis is sensitive to the 2 — 1/1 — 0
intensity ratio, which in turn is sensitive to the correction for
beam dilution, especially for the 1 — 0 line. Within the vari-
ous uncertainties, the mean kinetic temperature is constrained
within approximately 20%; therefore, we adopt 7" = 50 + 10 K.
This temperature refers to the region from which the optically
thick '2CO emission arises, and is therefore not necessarily the
temperature representative of all the molecular material. The
effects of a possible temperature gradient will be discussed in
Sect. 5.4.

The density can be inferred from ratios of lines of molecules
with larger dipole moments. The best examples are provided by
HCO*, CS, HCN and H,CO, for which several lines have been
observed, and for which collisional cross sections are available
so that an excitation analysis can be performed. Figure 5 shows
the relevant line ratios as functions of temperature and molec-
ular hydrogen density. The column densities used in this figure
are close to those which will be inferred in Sect. 5, about 10!3
cm™2. For such column densities, most lines are optically thin,
except at the lowest frequencies for low temperatures 7' < 40 K.
Since IC 63 is a PDR, the density of free electrons is expected
to be higher than in dark molecular clouds. Models suggest
that the electron fraction z(e) = n(e)/n(H,) may be as high as
1073 — 1074, in which case electron excitation competes ef-
fectively with the neutral excitation (Drdla et al. 1989). Since
the electron collisions obey different selection rules from neu-
tral impact (AJ = =1 transitions are generally favored), the
line ratios may be altered. Figure 5 refers to an electron frac-
tion of 10~*. For comparison, Fig. 6 shows these line ratios for
x(e)=107>. It is seen that in general a high electron fraction
favors the excitation of the higher J levels.

Since the narrow spectral lines are not always resolved, we
have used the integrated radiation temperature W[ K kms™!]
for comparison with the modeling. In case of upper limits, we
assumed a linewidth of 1kms™! in order to convert them to
limits on the integrated intensity. The resulting observed line
ratios corrected for beam dilution are: HCO* 1 — 0/3 —
2~51+15HCN1 — 0/3 - 2 > 8, H,CO 2y, — 111/
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x(e) = 107*
CcS 2-1/3-2 HoCO 245-141/2117 110
100 T Q100 P\ T T T T Fig. 5. Calculated line ratios of (a)
r r HCO* 1 — 0/3 — 2, (b) HCN
80 | 80 - 107 1-0/3—2,)CS2—1/3—
< L C 1 2,(d)CS2— 1/5— 4, (e) H,CO
F 0F sor 1 25— 1n/2u — 1y and () H,CO
& 10 wh 1.4 R 211 — 110/312 — 211 as functions
- 1 of temperature and density. The con-
20 20l oA Four levels range from: (a)‘l - 10
10t 10° 10° in steps of 1; (b) 1 — 15 in steps
of 1; () 1 — 3 in steps of 0.5 ; (d)
HCN 1-0/3-2 H,CO 2,,21y0/312°2y, 25525, in steps of 2.5; (e) 1.0~
100 T T 100 F 100 [@ LRV AL AT A 1.4 in steps of 0.2; (f) 1 — 6 in steps
" 5 ; of 1. All curves refer to an elec-
. 80 80 tron fraction z(e) = n(e)/n(H,) =
> . 10™*. The adopted column density
‘é - 60 60 - is 1 x 10'* cm™2 for each molecule,
& and the line width AV=1 km s™".
. 40 40 The long-dashed lines indicate the
. ratios found from observations. The
] =0 . s . =0 — "\5 bl short-dashed line in the lower right
10 10" 4 10 10 107 4 10 10 10° 4 10 panel is the value obtained using the
ny, (ecm™) ny, (em™) ny, (em™)

32 =211 ~225+1,CS2 - 1/3 52~ 1.6+05and CS
2—-1 /5 — 4 > 8. Inthe case of the HCN 1 — 0 transition, the
sum of the three hyperfine structure components was used for
comparison with the 3 — 2 data, since these components are not
separately observable in the latter case. The observed line ratios
are indicated by dashed lines in Figs. 5 and 6. It is seen that for
T ~40-60 K, the ratios are consistent with n(Hy) = (542)x 10*
cm™3. This estimate of the density is not altered much if part
of the gas is at somewhat lower temperatures, 7' ~ 2040 K.
The analysis of the 12CO lines yields a best-fitting H, density in
harmony with this value. The H,CO 215 — 131 /312 — 243 ratio
is also in agreement with this density if the IRAM measurement
of the 31, — 24; line is used (long-dashed line in Figs. 5 and
6). The CSO observation (short-dashed line) seems to indicate a
higher density, but this is only a 20 measurement. A high elec-
tron fraction favors the lower end of the inferred density range.
Our marginal 3¢ detection of the HCO* 4 — 3 line at the JCMT
would fit better with the high end.

In summary, the excitation analysis shows that the average
temperature and density in the cloud are :

T=50+10K, n(Hy)=(G+2)x10*cm™>.

At the adopted density, the volume of the CO—emitting region
in IC 63, (0.035 x 0.035 x 0.053) pc* at D = 230 pc, contains a
total mass of 0.2 M. This estimate assumes a fully molecular
cloud and an interstellar mass per H, molecule of 4.34 x 10~24
g, including He and heavier elements. The inferred density is
significantly higher than n(H;)=0.15 cm™2 derived by Witt et
al. (1989) from the H, ultraviolet fluorescence. However, as will
be shown in a subsequent paper (see also Black & van Dishoeck
1987; Sternberg 1989; Sosin et al. 1990), the H, fluorescence
data are better explained with a higher density (n(Hy) > 1 x
10*cm™3) at T =~ 50K.

CSO observation at 225 GHz
4.3. The infrared emission and radiative balance

As described in Sect. 3.2 and Table 2, the spectral energy distri-
bution of IC 63 peaks in the far—infrared and indicates a lumi-
nosity Lg = 7.3(D/230)? L, where D is the distance to IC 63
in pe. It is of interest to compare this luminosity with the radiant
energy received by the nebula from «y Cas. For this purpose we
use the ultraviolet spectrophotometry of Code & Meade (1979)
over the wavelength range A = 1200 — 3580 A, the broad—band
flux of Troy et al. (1975) at A = 950 A, and the following mag-
nitudes: U = 1.24, B = 2.32, and V = 2.47. Gamma Cas is
a peculiar Be star of type B0.5 IVpe, which is known to be
variable. It was one of the first early-type stars found to have
an infrared excess (Woolf et al. 1970), and is a variable X-ray
source (e.g. White et al. 1982; Murakami et al. 1986). Owing to
its peculiar colors, the extinction to « Cas is difficult to deter-
mine, although a value of the color excess Eg_y = 0.03 mag
seems to be consistent with all the data. Ignoring these com-
plications, we estimate an extinction—corrected flux at Earth of
7.4 x 10710 photons s~! cm~2 Hz~! at A\ = 1000 A. This im-
plies a far-ultraviolet flux incident on the boundary of IC 63 of
2.2 x 1075 photons s~! cm~2 Hz~! at A\ = 1000 A. This flux
is 650 times that of the mean stellar background in the solar
neighborhood at this wavelength as estimated by Draine (1978)
and 900 times the background flux estimated by Mathis et al.
(1983). If we assume that all of the ionizing photons are ex-
cluded from the neutral cloud associated with IC 63, then the
integrated flux from the visible region to the Lyman limit of H
incident upon the nebula is F' = 0.62 ergs s~! cm~2. The corre-
sponding power crossing an area that subtends the same angular
diameter as the molecular cloud (600 arcsec?) is 1.2(D/230)?
L. Thus the non—jonizing starlight is insufficient to account
for the far—infrared emission of IC 63, unless the extent of the
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infrared emission is several times larger than that of the central
molecular cloud.

If we assume that the far-infrared and submillimeter emis-
sion is thermal radiation from a single population of dust par-
ticles at temperature Ty, then the spectrum can be represented
by

fv= BV(Td)(l - e—TV)QS- (5)
We use an opacity law of the form
7, x VP 6)

at long wavelengths (A > 40pm) that joins smoothly with the
average interstellar extinction law of Becklin et al. (1978) at
shorter wavelengths.

Equation (5) fits the submillimeter surface brightnesses for
Ty = 45K, 7800 = 1.2 X 10~* and B = 2, which is the steepest
opacity function possible under normal circumstances. A lower
value of 3 would require unrealistically high dust temperatures.
If we assume that the dust emission arises mostly within the
compact molecular core of size 20" x 30”, then the parameters
Ty = 30.5K, 7g00 = 2.8 x 1074, and 3 = 2 reproduce the 800 and
450 pm fluxes within 6% and the 100 and 60 pm fluxes within
15%. Thus the various uncertainties allow at least a factor—of—
two uncertainty in the derived optical depth.

5. Column densities and abundances
5.1. Column densities of heavy molecules

Column densities are derived from the measured line intensities
through the excitation analyses described above. Since colli-
sions with electrons may play an important part in a PDR like

IC 63, we considered two cases : one with z(e) = 1 x 1074,
where electrons are as important as molecular hydrogen, and one
case with z(e) = 1 x 1073, where electrons play only a marginal
role. Given the physical conditions derived above from the rela-
tive line strengths, the column densities can be inferred by fitting
the absolute antenna temperatures. In addition to HCO*, HCN,
CS and H,CO, such detailed excitation calculations were also
performed for CN, HNC, C,H, N, H*, CH3CN, HNCO, SO, and
SiO.

For the remaining molecules, no reliable collisional cross
sections are available, so that no excitation model was set up. In
these cases, column densities have been derived assuming that
all level populations can be characterized by a single rotational
excitation temperature 7;,. Then

10( 3kW )__10 N E,loge
£ 871'31/5'#2911 - gQrot kT o

Q)

where W is the integrated intensity, S the line strength factor
of the transition, y the dipole moment of the molecule, g, and
E, the statistical weight and energy of the upper level, and Qo
the value of the rotational partition function at 71, (see Blake
et al. 1987). Since only one or two lines of each molecule were
observed, we do not have sufficient data to derive both Ty
and N. Since the molecules have large dipole moments (see
Table 5), a rotational temperature 71, = 10 K will be assumed,
less than the kinetic temperature. The excitation calculations
for other molecules with substantial dipole moments such as
CS and HCN give rotation temperatures close to 10K for the
conditions appropriate to IC 63. Note that when Eq. (7) is used
the details of the excitation mechanism are ignored; therefore,
the electron fraction does not influence the fit and hence only
one value is tabulated in Table 7.
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Table 6. Radiation temperatures and model fits

Molecule Line W (Kkms™!)
Observed®  Model® Model®
x(e) = 107* x(e) = 10~°
co® 1—-0 33.1 342 342
21 48.0 449 449
352 47.0 429 429
4 -3 ... 39.6 39.6
Bco 1-0 1.79 1.77 1.77
2 -1 5.25 5.55 5.55
352 8.13 8.13
4 -3 ... 7.83 7.83
c® 1-0 0.31 0.23 0.23
2—-1 <0.71 0.75 0.75
352 1.16 1.16
4 -3 - 1.13 1.13
CS 2—-1 1.25 1.34 1.37
352 0.80 0.78 0.75
5—4 <0.15 0.07 0.08
1%’% — 0%,% 0.88 0.60 0.52
2%% — 1%’% 0.56 0.46 0.38
2%,% — 13 0.71 0.99 091
255 — 1§§ 0.65 071 0.61
HCN 1,1 - 0,1 1.27 1.29 1.35
1,2 —-0,1 2.57 2.67 2.38
1,0 — 0,1 0.52 0.20 0.35
352 <0.53 0.25 0.73
HNC 1—-0 1.95 1.89 1.85
HCO* 1—-0 7.4 53 5.6
352 1.45 1.62 1.52
4 -3 0.45 0.52 0.62
H,CO 211 — 1o 0.30 0.32 0.35
21,2 d 11,1 0.52 0.42 0.59
312 — 21,1 0.22 0.10 0.11
30,3 — 20,2 <0.09 0.06 0.07
32,1 — 22’0 <0.22 0.01 0.02
30— 251 <0.09 0.01 0.02
11,0 — 11,1 0.03 -0.10
21,1 — 21,2 -0.004 -0.04
lo,1 — 0,0 0.21 0.35
20,2 — loa 0.20 0.23
313> 21, 0.19 0.26

“ The tabulated W = f TrdV are the integrated main—beam tempera-
tures, corrected for beam dilution. In cases of upper limits, a line width
AV = 1km s~ has been used to transform these limits to limits on the
integrated main—beam temperature. The adopted source size is 1500
arcsec? for 2CO and 600 arcsec? for all other species.

® Allmodelsuse T = 50K, n(H,) = 5x10*cm?and AV = 1kms ™.
The adopted column densities are listed in Table 7.

Table 6 lists the observed integrated radiation tempera-
tures, corrected for beam efficiency and dilution, grouped by
molecule. The upper limits are 20 values, where o is the rms
noise per channel. The last two columns show the corresponding
values of [ TrdV from our model calculations for T’ = 50K,
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n(Hy) =5 x 10*cm ™3, z(e) = 107 and z(e) = 10~ and the
best fitting column density for each molecule. These column
densities are listed in Table 7. It is seen that in general the mod-
els reproduce the observed line strengths well. It is not possible
on the basis of the present observations to exclude either of the
two models. Table 6 lists predicted intensities for a few unob-
served transitions of 12CO, 1*CO, C'30, and H,CO that might
be used in the future as tests of the models. As will be discussed
elsewhere, the excitation of H,CO may be particularly sensitive
to the electron fraction.

Derivation of the column densities of the carbon monoxide
molecule presents particular problems. The higher frequency
lines of the main isotopomer '2CO are optically thick and ther-
malized as described above, but the 1-0line evidently has 7 =~ 1.
A good fit to all three lines is obtained for a column density
N(CO)= 1.3 x 10'7 cm~2. If the H, column density is of order
5 x 10?! cm™2 (see below), this would imply that a signifi-
cant fraction of the carbon is not in molecular form. However,
small changes in the beam—dilution correction would change
the 2 — 1/1 — O intensity ratio to which this solution is rather
sensitive.

The observed 3CO 1 — 0 and 2 — 1 lines indicate for
this isotopomer N = (3.9 & 0.9) x 10*3 cm~2. For C'30, N =
5.0x 10" cm ™2 is obtained. This yields a 2CO/!3CO abundance
ratio of 33410, and 12CO/C'®0= 260+ 70, given the estimated
total column density of 12CO. These ratios are approximately 2
times lower than the overall ["2C}J/[*3C] =~ 60 and [!60]/[*80]
= 500 abundance ratios expected in the solar neighborhood (cf.
Langer & Penzias 1990). The abundance ratio *CO/C!30 ~
7.8 +2 inferred from optically thin lines is, however, close to the
expected solar—neighborhood value of the double isotope ratio,
([*3C][*%0]) / (['2C] [#0]) = 500/60 = 8.3. The uncertainty in
the 2CO column density is rather large: this column density has
been derived for a larger source than is assumed for the *CO
and C!80 emissions. We would expect the tabulated column
density for 2CO to be an underestimate for the smaller region
that characterizes the emissions of the rarer isotopomers.

5.2. Column density of H,

In order to convert the inferred column densities to relative abun-
dances, the H, column density for IC 63 is needed. This quantity
can be estimated in several ways.

The first method to determine N (H;) is to use the density
n(H) =~ 5x10* cm 3 inferred from our excitation calculations.
If the size 7 in the radial direction is assumed to be the same
as the observed size on the plane of the sky, 30", then r ~
0.03 pc = 9 x 10'® cm. The column density can be estimated by
multiplying the size with the volume density :

NH,) ~ n(Hy)r =~ 4.5 x 102 cm™2. ®)

This estimate only holds if the density does not vary throughout
the cloud, but this may well be the best way to determine the
total column density.

Another method to estimate the amount of molecular gas
is in relation to the amount of dust needed to account for the
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observed infrared emission. In section 4.3 above, we modeled
the submillimeter and far—infrared fluxes as thermal emission
from dust particles. Based on the adopted opacity law and
a typical interstellar gas/extinction ratio Ny ~ 2N(Hy) =
1.59 x 10?! Ay, cm~2, the derived dust temperatures and opac-
ities imply N(H,) = (0.6 — 1.4) x 1022 cm~2 for 8 = 2.

We can also use the method of Hildebrand (1983) to estimate
the gas column density from the dust optical depth derived in
Sect. 4.3. His Eq. (10c) can be rewritten as :

B
N(H+H2)=C>‘1)—\2=C>\o (—)\—> L/\) )
Iz Ao Iz

Here p is the mean mass of the gas particles in grams and
C is a coefficient constrained from observations of the re-
flection nebula NGC 7023. Hildebrand (1983) lists the values
i = 1.36my and C = 10 g cm™2 at 250 um. If we substi-
tute 7(800) = 2.8 x 107* and B = 2.0 we find N(H,) =~
NH+H,) = 1.3 x 102 cm™2. These estimates based upon
the thermal dust emission are probably an overestimate because
they use a dust temperature compatible with the large-beam
flux ratio at 60 and 100 ym and an optical depth normalized to
the small-beam submillimeter fluxes. It is possible that the ef-
fective dust temperature within the central 20” x 30" is higher
than the adopted value of 7y = 30.5 K. The surface bright-
nesses at 800 and 450 pm alone would suggest Ty = 45 K and
N(H,)=5.5 x 10*! cm 2.

Finally, the hydrogen column density can also be in-
ferred from CO by means of the conversion factor X =
[ Tr(1 — 0)dV/N(H,). Using X = 2.5 x 10° Kkms~! cm?
(cf. Bloemen 1989) and assuming that the same factor applies
to 2 — 1 emission, we find N(H,) ~ 8 x 10?! cm~2. This
is quite consistent with the results of the other methods. This
agreement is probably fortuitous: the conventional conversion
factor applies to optically thick line emission from a virialized
cloud radiating at a temperature Tex =~ 10 K, yet we have al-
ready demonstrated that the temperature in IC 63 is at least 40
K and that the mass is probably far too small for the cloud to be
in virial balance at a linewidth AV > 1 kms~!.

Although the uncertainties in all three methods are rather
large, our best estimate of the Hy column density is N(Hp) =
(5+2) x 10! cm™2.

5.3. Abundances

We have computed relative abundances X = N/N(H,) using
N(H,) =5 x 10?! cm ~2. These abundances are listed in Table
7, along with the values found in the “standard” dark clouds
TMC-1 and L134 N (Ohishi et al. 1992; Irvine et al. 1987 and
references therein). The uncertainties in the IC 63 values are
estimated to be about a factor of two. This is primarily a result
of the uncertainty in the H, column density and the electron
fraction. The current abundances differ by factors of 2-3 from
the values listed by Jansen et al. (1992), mostly because a higher
hydrogen density and column density and electron fraction have
been adopted in this work.
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Fig.7. Examples of spectra of NGC 2023 taken at the various tele-
scopes, converted to 7vs—scale. The C'’O 2—1 and HCO* 4—3 spec-
tra were taken at the JCMT, the remaining spectra at the CSO

The HCN and HNC column densities are particularly af-
fected by electron collisions. If the electron fraction is as low
as 1 x 107°, N(HCN) and N(HNC) are increased by a factor
~ 3 — 4 compared to the values found for z(e) = 1 x 1074,
The column densities of other species vary by up to 50% for
z(e)=1x 107°-1 x 1074,

5.4. Effects of gradients

Gradients, both in the physical conditions and in the molecular
abundances, can play an important role in a small PDR like
IC 63. The small angular extent of the cloud makes it difficult
to get any observational evidence for such a gradient. Along the
major axis of the cloud we find only a small gradient in radial
velocity and very little indication of gradients in any of the other
observable properties. Especially the very similar distribution
of the CO 2 — 1 and 3 — 2 emission (Fig. 2) indicates that
there cannot be much variation in density through the nebula.
To investigate the effects of a possible temperature gradient
through the cloud, we constructed a model with 50 % of the
molecules in gas of 20 K, and 50 % in gas of 50 K. Because
the cloud is small, the temperature is unlikely to fall below
20 K. Examples of the results for a few typical molecules are
shown in Table 8. We find at most a 15% decrease in the derived
total column density of the molecules. This is because the low
excitation lines become stronger at lower temperatures, thus
requiring less column density to fit the observed intensity. The
effect is smaller than the observational uncertainties in the lines
we observed. Only for high excitation lines, such as CO 4 — 3,
would the effect of a temperature gradient become significant.
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Table 7. Column densities and abundances
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IC 63 NGC 2023 TMC-1°  L134N®
z(e)=1x 1074 z(e)=1x107°
Species  N(cm~?) X N(cm™?) X N(cm™?) X X X
H, 5 (21) 1.0 5 (21) 1.0 5.0 (22) 1.0 1.0 1.0
Cco 13 QA7) 265 1317 26 (-5 5.0 (18) 1.0 (-4) 8 (-5) 8 (-5)
Bco 39 (15) 78 (-7) 39 (15 718 (-7) 5.0 (16) 1.0 (-6) 4 (-6) 4 (-6)
c®o 5.0 (14) 1.0 (-7) 5.0 (14) 1.0 (-7) 42 (15) 8.4 (-8) 1 (-7)°
clo 2.2 (15) 4.4 (-8)
cs 6.5 (12) 13 (-9 95 (12) 1.9 (-9) 6.9 (13) 14 (-9) 1 (-8) 1 (-9)
CN 25 (13) 50 (9) 27 (13) 54 (9 <20 (13) <40 (-10) 3 (-8) <3 (-9)
HCN 7.0 (12) 14 (19) 4.0 (13) 8.0 (-9) 5.4 (13) 1.1 (-9) 2 (-8) 4 (-9)
HNC 41 (12) 82 (-10) 1.1 (13) 22 (9) <12(12) <24 (-11) 2 (-8) 6 (-9)
HCO* 6.0 (12) 12 (90 8.0 (12) 1.6 (-9) 30 (13) 60 (-10) 8 (-9) 8 (-9)
H,CO 30 (12) 6.0 (-10) 5.0 (12) 1.0 (-9) 3.0 (13) 60 (-10) 2 (-8) 2 (-8)
CH;OH <19 (13) <3.8 (-9) <1.0 (14) <20 (9) 2 (-9) 3 (-9)
C:H 20 (13) 40 (9 1.8 (13) 3.6 ((9) <20 (13) <40 (-10) 8 (-8) <5 (-8)
NoH* 22 (11) 44 (-11) 29 (11) 58 (-11) 5 (-10) 5 (-10)
HGN <93 (12) <19 (-9) 6 (-9) 2 (-10)
HNCO <28 (12) <5.6 (-10) <20 (12) <40 (-10) 2 (-10)
CHi;CN <74 (12) <15 (-9) 1 (-9) <1 (-9)
H,S 7.3 (12) 1.5 (-9) 25 (13) 50 (-10) <5 (-10) 8 (-10)
o) <50 (12) <1.0 (-9) <3.0 (14) <6.0 (-9) 5 (-9) 2 (-8)
SO, <15 (12) <3.0 (-10) <1 (-9) 4 (-9)
Sio <10 (12) <20 (-10) <4 (12" <2 (-12)°

@ From Ohishi et al. (1992), unless indicated otherwise. ® Ziurys et al. (1989) © Swade (1989)

Table 8. Model with two temperatures®

Molecule Line W (K kms™)

Observed 20K 50K Sum Nigm (cm™2)

c®o 1-0 031 021 0.08 029 4.4(14)
2—1 <071 041 0.32 0.73

CS 21 1.25 0.63 0.85 1.48 9.0(12)
352 0.80 0.27 0.48 0.75
5—4 <015 0.01 0.06 0.07

HCO* 1—0 7.4 261 3.67 628 8.0(12)
32 1.45 0.39 0.97 1.36
43 045 0.09 0.38 0.47

@ Both temperature components have n = 5 x 10*cm™

1 %1073,

and z(e) =

More detailed models should include the heating and cool-
ing of both the gas and the dust as functions of depth into the
cloud. Such aself-consistent model of the physics and chemistry
in this PDR is currently being constructed and will be published
in a subsequent paper.

6. NGC 2023 results

In order to investigate whether the results for IC 63 are unique,
some molecules have also been observed in the NGC 2023 re-
flection nebula. The data are summarized in Table 9 and a num-
ber of spectra are presented in Fig. 7. The measurements were

performed at the position 80" south of HD 37903, where Black
& van Dishoeck (1987) have modeled the H; infrared fluores-
cent emission with T ~ 80 K, n(Hy)~ (1 — 5) x 10* cm™3
and an enhancement of the radiation field of about 300. These
physical parameters are very similar to those inferred for IC 63.

The analysis of the data proceeded in the same way as for
IC 63. Because the NGC 2023 nebula is extended over at least
3’ x 3’ (Gatley et al. 1987; White et al. 1990), no further cor-
rections for beam dilution have been applied since all observa-
tions were obtained in beams smaller than 30”. The density has
been constrained to n(Hy)~ 5 x 10* cm™3 from the observed
HCO™" 3-2/4-3 ratio. The 2CO 2-1 and 3-2 peak main—beam,
Rayleigh—Jeans brightness temperatures Ty =51 and 50 K,
respectively, correspond to excitation temperatures in excess of
57 K and are consistent with a kinetic temperature T' =~ 80
K (see also Jaffe et al. 1990). Unfortunately, the temperature—
sensitive 393 — 29 and 355 — 21 of H,CO lines were too weak
for detection. We adopt 7' =80 K in the analysis.

The resulting column densities for these conditions are listed
in Table 7. For species without detailed excitation calculations,
the rotation diagram method was again adopted with T;; ~10
K. The main uncertainty in deriving the abundances is the appro-
priate H, column density, since the line of sight is perpendicular
to the cloud and therefore samples not only the PDR, but also the
rest of the dense molecular cloud lying behind it. The C'70 2-1
column density suggests an H, column density of 8 x 1022 cm ™2,
if standard isotope and CO abundances are assumed. This is an

order of magnitude larger than found for IC 63. The C'#0 3-2
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Table 9. Observations and Gaussian fit parameters : NGC 2023
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Transition v AV

Species Tuvs f TvadV - Telescope Beam Resolution rms
(MHz) X) (kms™")  (Kkms™) @) (MHz) (K)

Cco 21 230538 514 3.9 269. CSO 31 0.5 0.70
32 345796 49.8 5.0 208. CSO 21 0.5 0.80

Bco 251 220399 228 2.3 564 CSO 33 0.1 0.17
c®o 21 219560 4.9 1.8 93 CSO 33 0.1 0.15
352 329331 4.8 1.7 87 JCMT 15 0.2 0.25

clo 21 224714 1.58 2.0 3.3 JCMT 22 0.2 0.20
CS 5—4 244936 0.31 2.6 0.82 CSO 29 0.5 0.10
CN 32 340200 <0.20 ... ... IJCMT 15 0.2 0.10
HCN 352 265886 0.46 3.0 147 CSO 27 0.1 0.10
43 354505 <0.20 JCMT 14 0.2 0.10

HNC 1—0 90664  <0.15 . ... IRAM 28 0.1 0.08
HCO* 32 267558 2.44 24 624 CSO 27 0.5 0.11
43 356734 1.77 2.1 3.97 JCMT 14 0.2 0.15

H,CO 303 — 202 218222  <0.15 ... ... ICMT 23 0.2 0.08
3120 — 211 225698 0.61 1.3 0.83 CSO 32 0.1 0.05

312 — 21, 225698 0.49 1.3 0.70 IRAM 11 0.6 0.12

32— 221 218476  <0.15 JCMT 23 0.2 0.08

515 — 41,4 351769  <0.15 JCMT 14 0.2 0.08

CH3OH 5x — 4x 241700 <0.14 CSO 30 0.5 0.07
CH 43 349400 <0.10 JCMT 14 0.2 0.05
HNCO 606 — 505 131886  <0.10 .. ... IRAM 19 0.5 0.05
H,S li0— lo; 168763 1.24 1.1 142 IRAM 15 0.1 0.20
SO 2,2 1,1 86094  <0.20 IRAM 29 0.1 0.10
9,8 —8,7 346528  <0.10 JCMT 14 0.2 0.05

All observations refer to a(1950)=05"39™07°.3, 6(1950)=—02°18'18".3. All upper limits are 2.

“ rms noise per resolution element

data, which should sample only the warmer gas with ' > 30K,
give a smaller column density of 2.5 x 10?2 cm 2, which can be
compared with 5.6x 10?2 cm~2 deduced from C'30 2-1 (Jaffe
et al. 1990). We adopt N(Hy)~ (5 £ 2) x 10?2 cm~2. This
column density is large compared with the column density of
warm gas with 7 > 100 K derived from CO 7-6 and *CO
6-5 observations (Jaffe et al. 1990; Graf et al. 1990), which lies
in the range 10?! — 10?2 cm™2. Thus, most of the gas appears
to have temperatures in the 20-80 K range. As in the case of
IC 63, a possible temperature gradient in this range does not
significantly affect the results.

The corresponding abundances of the molecules are in-
cluded in Table 7. In general, they are comparable to, or lower
than, those found for IC 63.

7. Comparison between the clouds

Table 7 shows that the derived abundances of simple species
such as CS and CN in IC 63 are comparable to those found in
TMC-1 and L134 N, especially when the large range of values
found for these two clouds is taken into account. However, the
abundances of molecules such as HNC, HCO*, H,CO, N,H*,
SO and possibly C,H appear significantly lower by at least a
factor of 3 compared with the lowest value found in either of
the dark clouds, especially in the model with z(e) = 1 x 1074,

Only the H,S molecule appears to be more abundant than in the
dark clouds : X = 1.5 x 107° in IC 63 versus X = 8 x 1010
inL134 Nand X < 5 x 107!% in TMC-1. Similar statements
apply to NGC 2023, even though it has an order-of-magnitude
larger total column density.

The underabundances can be naturally explained by the en-
hanced photodissociation rates in IC 63, where the ultraviolet
flux is 650-900 times the mean interstellar radiation field. How-
ever, it is not clear why CS, CN and H,S would be less affected
in this case, because there appears to be no deficit of stellar
photons at wavelengths below 1200 A. The high H,S abun-
dance is especially surprising, since this molecule is rapidly
photodissociated by longer—wavelength photons (van Dishoeck
1988). Also, the similar abundances in NGC 2023 are puzzling
since this cloud has an order of magnitude larger column den-
sity and should thus be less affected by photodissociation. The
low abundances of the ions HCO* and N,H* could result from
rapid dissociative recombination with the abundant electrons in
this cloud. Theoretical chemical models may help to elucidate
these points and will be described in a subsequent paper.

The HCN/HNC abundance ratio is approximately 2-4 in
IC 63, which is somewhat higher than the ratio of 1 found in
cold clouds. It is significantly lower than the values of 100 or
more found.in NGC 2023 and in warm regions such as the
Orion plateau and IRC +10216 (Irvine et al. 1987; Goldsmith et
al. 1986; Schilke et al. 1992). This may provide additional clues
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about the chemistry in this source. Ion-molecule reactions are
expected to produce a constant abundance ratio of order unity,
and any deviations from this value might be due to a reaction
with a small activation energy (= 200 K) which selectively re-
moves HNC. The low ratio in IC 63 indicates that the reaction
which causes this ratio to deviate from unity is not very active
in IC 63, and that the temperature of the gas containing HCN
and HNC is not much higher than 50 K. The higher HCN/HNC
ratio in NGC 2023 is consistent with the higher temperature in
this source.

The fact that the strong molecular emission is concentrated
in a very small part of the cloud suggests that photodissociation
may play an even more important role in the outer parts of the
nebula. The densest part is partially shielded from the stellar
ultraviolet radiation by the dust and the large column density
of H, and CO. The much lower molecular content of IC 59
could then be explained by a lower total column density of
dust and gas. From this simple picture it is expected that the
tail of IC 63 should show strong emission from neutral atoms
and ions, formed when the molecules are photodissociated and
photoionized.

IC 63 contains a molecular cloud of small size and tiny mass.
The associated reflection nebula IC 59 appears to be largely de-
void of molecules. This raises the question whether IC 63 might
be the last surviving dense core of a former, extensive molec-
ular cloud. NGC 2023 is a much larger cloud, whose chemical
abundances are similar to those of IC 63 despite its rather larger
mean column density. Perhaps NGC 2023 can be described as
a system of numerous cores — each like the IC 63 cloud —
whose surrounding diffuse molecular envelope has not yet been
dissipated and dissociated. Comparative observations of line
emission (e.g. HI, [CI], [C II]) from the atomic components of
IC 63 and NGC 2023 will be instructive, and such observations
are underway. '

8. Conclusions

We have observed various molecules in the nearby PDR IC 63.
From the observed line intensities we derive T' ~ 50K and
n(H;) =~ 5 x 10*cm~3. The inferred abundances of some
molecules are similar to those found in cold dark clouds, but
those of other species are significantly lower. The lower abun-
dances in IC 63 most likely result from the enhanced photodis-
sociation rates. Volatile molecules such as H,CO, and probably
also CH30H, CH3CN and HNCO, and sulfur-oxide molecules
such as SO and SO, also have low abundances compared to the
dark clouds. H,S, on the other hand, is more abundant in IC 63
by at least a factor of 2. Observations of other nearby nearly—
pure PDRs such as NGC 7023 (Fuente et al. 1990, 1993) will be
valuable in order to determine whether the conclusions found
for IC 63 apply more generally. The limited observations of
NGC 2023 clearly point in the same direction. Further work is
in progress, including detailed chemical modeling of the IC 63
cloud and self-consistent modeling of the thermal balance.
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