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Abstract. We have mapped A18cm OH and A9cm CH emission
from the diffuse gas around ¢ Oph, and find no trace of emis-
sion from the +4.5 kms~' gas whose OH line was previously
believed to represent pre-shock gas. The pattern of OH emission
is strikingly dissimilar to those of CO, HCO* and CH in that the
strong +1 km s~! component seen to the South is largely absent
in OH. CH more closely resembles CO, peaking on either side
of the star, and comparison of CO and CH shows that the CO
line ‘turns on’ over a very narrow range of CH line strength.
Alternatively, OH emission actually weakens as CO brightens
in the +0.4 km s~ line, but this may be only an excitation effect,
and not the result of a declining OH abundance.

We mapped A3mm HCO* emission over the inner portion of
the gas distribution occulting ¢ Oph, finding that its behaviour
roughly parallels that of CO. We searched for emission from
HCN, CS (J=2-1), CN, and C,H at the CO and HCO™" emission
peak 30’ South of the star. Of these, only HCN was found and
it is quite weak compared to HCO™ (T} ~ 0.03 K vs. 0.09 K).
Emission from the other mm-wave species is absent in spectra
with rms noise AT} ~ 0.01 K; CS J=2-1 emission was sought
also unsuccessfully toward the star. The column densities in-
ferred from these intensities are uncertain owing to unknown
physical conditions along the line of sight, chiefly the kinetic
temperature, but they are not necessarily much larger than would
be found toward the star. Relative abundances of the high-dipole
moment species are better determined; N(HCN)/N(HCO*) = 1,
N(CS)/N(HCO") < 1.
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1. Introduction

The diffuse or optical absorption line clouds toward the nearby
(140 pc) O9 star ¢ Oph offer a unique opportunity: in the appar-
ent absence of dense gas beyond the star, the denser occulting
material is clearly visible and easily isolated in radiofrequency
molecular emission. The optically-determined column density
and rotational excitation temperature of CO (Wannier, Jenkins
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and Penzias 1982, Lyu, Smith, and Bruhweiler 1994, Lambert
et al. 1994) predict a line brightness of 1-2 K at A2.6mm, as ob-
served (Liszt 1992, 1993; Kopp et al. 1996). For OH (Crutcher
1979, Roueff 1996) or CH (Lien 1984; but see below) the
optically-determined column densities and radio line brightness
together imply typical excitation temperatures.

Radiofrequency molecular emission and optical absorption
line measurements provide complementary information. Col-
umn densities, which are difficult to derive from the former, are
often cleanly-determined from the latter. Line profiles, on the
other hand, have until recently been obtained at much higher
resolution using radiofrequency heterodyne techniques. In one
interesting case, recognition of the existence of a very narrow
neutral-bearing component seen in K I (Hobbs 1973) and CO
(Liszt 1979), having b = v/20 < 0.4 kms™!, probably caused
a substantial downward revision of the very large carbon deple-
tion factors which were at first derived toward ¢ Oph (Morton
1975). But the molecular emission lines around ¢ Oph are con-
siderably broader than those arising from truly dark clouds.

At optical wavelengths, line profiles of many atomic and
molecular species can now be obtained at sub-kms~! resolu-
tion (Lambert, Sheffer, and Crane 1990, Crawford et al. 1994,
Barlow et al. 1995, Crawford 1996). Even so, the emission ob-
servations offer three opportunities to complement the optical
work. First, the gas may be traced over its spatial extent, so
that we can see how the absorption line material, in otherwise
anonymous diffuse clouds !, relates to the overall spatial distri-
bution. Second, the column density sensitivity of the mm-wave
emission observations may under some circumstances substan-
tially exceed that of the optical data, owing to the increased
sensitivity of new receivers and the possibility of molecular ro-
tational excitation by ambient electrons in diffuse gas. Last, it is
possible to search in emission for species like HCO* (Liszt and
Lucas 1994) which have either unknown or inaccessible optical
spectra (Koch, van Hemert, and van Dishoeck 1995).

The appearance of the CO emission seen around ¢ Oph has
a very particular but not well understood behaviour whereby
one or the other of the two dense kinematic components toward
the star brightens within 20’-30’ (projected distance ~ 1 pc) by

"It has already been suggested that diffuse clouds are the outer

edges of centrally-condensed, darker clouds, see Federman and Will-
son (1982)
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very large factors (Liszt 1992, 1993; Kopp et al. 1996). The star
sits in a clear minimum in the integrated emission. However,
given the very small amount of the total carbon column density
which is in CO toward the star, N(C*) ~ 2 x 10'7 cm 2 (Morton
1975; Cardelli et al. 1993), N(CO) =2.2 + 0.4 x 10" cm—?2
(Wannier et al. 1982; Lyu et al. 1994; Lambert et al. 1994), the
increase in CO brightness above 6 K probably does not signify a
similarly large increase in the extinction or total column density.
Indeed, the highest CO column density which can be derived
at the position of maximum CO brightness is still nearly an
order of magnitude less than N(C") toward the star (Liszt 1993;
Kopp et al. 1996) and the more likely value for N(CO) is not
more than twice what is seen toward the star. The much stronger
CO emission exemplifies what can happen in the regime where
CO first becomes self-shielding (ibid) with only a slight C*-CO
conversion. Of course it is remarkable that 6 K CO emission
might arise from a column density which represents such a small
fraction of the carbon, and at Ay = 1 mag.

In this work, we have extended the large-scale mapping to
species beside 120, namely CH, OH, and (to a lesser extent)
HCO" and '3CO. We have also attempted to extend the recent de-
tection of A3mm HCO™ emission around ¢ Oph to other species,
CN, CS, HCN, and C,H. Of these, CN of course has a known
column density in absorption N(CN)=2.94+0.3 x 10> cm—2
(van Dishoeck and Black 1989) and has been sought but not seen
at very low levels in mm-wave emission toward ¢ Oph (Crane
et al. 1989), consistent with its use as an independent indicator
of the temperature of the cosmic microwave background radi-
ation. We saw HCN at the HCO* emission peak, and deduce a
column density comparable to or perhaps slightly greater than
that of HCO*. A limit on the column density of CS was set from
Copernicus data (N(CS) < 103 cm™2; Snow 1976) and can
probably be improved now; we cannot confirm the detection of
CS (J=2-1) emission reported toward ¢ Oph by Drdla, Knapp,
and van Dishoeck (1989).

In Sect. 2 we discuss the new data taken for this work.
In Sect. 3 we discuss maps of OH, CH, and CO and demon-
strate an interesting series of relationships among the emission
brightnesses of these three molecules. In Sect. 4 we derive col-
umn densities and column density limits for mm-wave emission
species in the material around ¢ Oph. In Sect. 5 we discuss the
isotopic abundances measured in CO emission and absorption.
This work is summarized briefly in Sect. 6.

2. Observations
2.1. A\I18cm OH emission measurements

We observed the 1667.359 MHz transition of OH with the
NRAO 43m antenna in Green Bank during 1995 May and
September. The measured beam width of the telescope during
the observations was 18.5" and the nominal beam efficiency
was 17 = 58%. Results from the 43m are reported in terms
of the antenna temperature Ty = nTg. We observed in dual
circular polarization mode with 0.625 MHz correlator band-
widths in each of two 512-channel backends so that the velocity
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resolution and channel separation were 0.219 kms~'; the sys-
tem temperature was typically 24 K. The spectra were taken by
frequency-switching and represent 9 hours on-source integra-
tion toward the star and 4.5 hours at outlying positions taken at
10-20" intervals North-South and East-West of the center posi-
tion. The absolute flux scale was set by continuum observations
of 3C 286.

The OH profiles are shown in Figs. 1-3 and the variation of
the OH line profile integral across the face of the gas distribution
is given in Table 1.

2.2. N9cm CH emission measurements

We observed the 3335.481 MHz line of CH with the NRAO 43m
antenna in Green Bank during 1995 September. The beamwidth
of the telescope was 9.2’. The bandwidth employed was twice
as wide as for OH, which, in combination with the two times
higher CH frequency, leads to a nearly identical resolution in ve-
locity (0.219 kms~!). System temperatures were 36-44K. The
observing was done in quite the same way as for OH, discussed
in the preceding paragraph. Integration times were 2-4 hours
per position.

The CH profiles are shown in Figs. 1 and 3, and the data are
summarized in Table 1.

2.3. A\3mm observations of HCO*, HCN, C;H, CS, and CN

These data were taken at the NRAO 12m telescope in Octo-
ber 1994 and January 1995 using the dual-polarization receiver
feeding twin banks of 100 kHz filters and the hybrid spectrom-
eter at 97.6 kHz resolution sampled at 48.8 kHz intervals. The
lines observed here are generally deserving of higher resolution
but this was not feasible given the amount of observing time
available. Typical integration times were 3-7 hours per point;
the system temperature was 250-300 K below 100 GHz and 450
K at 113.5 GHz (for CN), all of which are worse than average
for this telescope.

All these data were taken by frequency-switching and were
subject to the presence of long-period sinusoidal standing
waves: these have been removed from the spectra shown here.
Part of the weaker hyperfine structure of HCN was lost be-
cause of our choice of a frequency-switching interval; only the
strongest component could be recovered in the folded spec-
trum. The channel separation is 0.254 km s~! for 12CO, 0.258
kms~! for CN, 0.266 kms~! for 13CO, 0.299 kms~! for CS
J=2-1, 0.328 kms~! for HCO*, 0.330 kms~! for HCN and
0.335 kms~! for C,H.

We took two additional HCO" emission profiles to establish
the degree to which they follow the characteristic CO emission
patterns. The HCO* data are shown in Fig. 5 and are summarized
in Table 2 which gives the integrated intensities of HCO* and
the two lower lines of '>CO. The multi-species observations
taken at the HCO™ emission peak are summarized in Table 3,
where we give the single-channel rms at 100 kHz resolution, the
integrated intensity taken over the range defined by the relatively
strong HCO™ emission, and the fraction of the intensity of the
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transition which is expected to be contained in the strongest
hyperfine component. The data are shown in Fig. 6 where they
are compared with observations in the core of L134 (15"51™008,
-4°26’57" B1950).

2.4. New '2C0O, 3CO, and C'*0 J=1-0 profiles

Using the NRAO 12m telescope in 1995 May and July and
1996 April, new CO J=1-0 emission profiles were taken at 10’
intervals in declination about the star, supplanting the earlier
profiles reported in Liszt (1992). The new data were taken in
a frequency-switching mode with the hybrid spectrometer. The
spectra shown here have 48.8 kHz resolution and channel spac-
ing for the stronger two isotopes (0.127 km s~ for 12C0, 0.132
kms~! for 3CO) and 97.6 kHz (0.267 km s~ ") for C!80.

We integrated for periods of 1-3 hours on the '>CO line,
leading tonoise levels AT = 0.035—0.07K. For 1*CO, we took
(four) profiles at declinations displaced -20/, -10', 20/, and 30’
from the star, integrating for periods of 3-5 hours with resulting
noise levels of 0.02-0.03K. For C'80, we integrated for a total
of 11 hours at the position -20’ South of the star, resulting in a
single-channel rms of 0.005 K.

The newer CO results are reported in Tables 1 and 2. The
13CO lines have integrated intensities identical to those reported
earlier, well within the expected noise levels. Some of the '>’CO
lines are brighter in the newer data by 20%-30% which is out-
side the expected noise but not inconsistent with the 10% overall
calibration errors of mm-wave emission work and with the sub-
stantial upgrading of the telescope that has taken place since the
first of the earlier data was taken in 1987. The newer data have
slightly larger '2CO/'3CO intensity ratios but the main result,
that this ratio is relatively large for such strong '>CO lines as
are seen around ¢ Oph, (up to 6.6 K), is of course preserved.

The '2CO emission around ¢ Oph s quite extended (de Geus,
Bronfman, and Thaddeus 1990; de Geus and Burton 1991) and
heavily structured (Liszt 1992, 1993; Kopp et al. 1996). We will
usually assume that the forward response is filled. The nominal
beam efficiency of the 12m telescope in the A3mm band is 0.7.

2.5. Conventions

The central position was taken as 16"34m24%, -10°27'58"
(B1950). At the usually-adopted distance to the star, 140 pc, 1’
corresponds to 0.041 pc, or 1 pc to 24.6". All velocities reported
here are with respect to the Local Standard of Rest (for conver-
sion to heliocentric, subtract 13.7 km s~! from the LSR values).
The antenna temperature scale at the 12m is T}, supposedly cor-
rected for all losses and for all beam coupling factors other than
that which describes the filling of the forward response by the
actual emission. For the 43m, all results are reported in terms of
the antenna temperature T . At cm-wavelengths, atmospheric
attenuation is negligible and all line strengths were calibrated
by observing the continuum emission from 3C 286.
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3. Large-scale emission patterns of CH, OH, and CO

The large-scale molecular emission pattern immediately around
¢ Oph has heretofore been studied only in '>CO (Liszt 1992,
1993; Kopp et al. 1996). There is a peculiar behaviour by which
one or other of the kinematic components seen toward the star
at -0.7 kms~! and + 1 kms~! brightens considerably within
20’ (projected distance 1 pc) in the North-South direction while
less structure is evident East-West. Elements of this pattern are
repeated in OH and CH, although with some striking variations.
The pattern is also evident in HCO™ emission, as discussed in
Sect. 4.

3.1. CH emission and excitation

The standard formula relating the CH column density to observ-
able parameters at 3335MHz is (Mattila 1986)

Tex / TlA
dv
Tex - Tcmb n

where Cey = 2.9 x 10"%cm =2 (K kms~")~!. However, the
most accurate value of N(CH) is that determined optically to-
ward the star (Lien 1984), log N(CH) = 13.36. It is currently
believed possible to relate the CH integrated intensity directly to
extinction (Mattila 1986; Magnani and Onello 1995). The mean
relation of Mattila (1986) determined toward two dark clouds,
N(CH) =4.5 x 10" cm~2(A-0.3) (for A= (4/3.1)Ay), fits
the current data quite well; the threshold of 0.3 mag for CH for-
mation corresponds to the long-known sudden increase in N(H,)
as it becomes self-shielding. In this case, the small variation in
J Ta(CH)dv across the face of the ¢ Oph gas distribution (Table
1) is evidence that the wide swings in CO and HCO™ intensity
are excitation and chemical effects within a nearly fixed total
gas column. CH peaks in the higher-velocity line to the South
of the star, as does CO, but emits most strongly to the North,
like OH (Figs. 1-3).

Lien (1984) attempted to derive the CH excitation temper-
ature directly by comparing column densities in absorption; he
also compared the optical and radio-determined column den-
sities to derive the excitation temperature. Unfortunately his
results were somewhat equivocal, in part owing to his use of
a smaller integrated line intensity than found here and perhaps
because he attempted to derive the beam efficiency in a rather
circuitous manner. For [ Tadv = 0.0922 K kms™' toward ¢
Oph (Table 1) and using equation (1) it is possible to relate
the unknown excitation temperature and beam efficiency. The
1 — Tex locus for CH runs between (1 = 0.6, Tex (CH) =-2.92 K)
and (n = 1, Tx(CH) = -16.5 K). Thus the A-doublet in CH ap-
pears to be inverted, and it, like OH and CO, cannot be employed
as a thermometer. However, this result is unexpected because
the usual understanding of negative excitation temperatures in
CH invokes neutral-particle collisions (Bertojo, Cheung, and
Townes 1976), while the excitation of CH toward ( Oph should
be dominated by electrons, as discussed for OH in the next sec-
tion.

N(CH) = Ccn ey
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Fig. 1. Right: Line profiles of 1667 MHz OH (left) and 3335 MHz CH emission around ¢ Oph. The spectral resolution of the data is 0.22 kms~".
CH resembles CO, rather than OH, in the higher-velocity gas to the South.

3.2. OH emission and excitation

The 18’ resolution OH spectra are shown in Figs. 1-3. Sur-
prisingly, we were unable to detect a +4.5 kms~! component
toward the star. Given the appearance of this feature in the one
earlier work where it was seen (Crutcher 1979), we are inclined
to regard it as spurious. We know of nothing in our observ-
ing which might have precluded its detection (it was not cor-
rupted by our frequency-switching interval). It seems clear from
Crutcher’s spectra that strongly OH-emitting gas at +4.5 km s !
exists along lines of sight which are well removed from the star,
but, apparently, not near it; there is a modest atomic absorption
component toward ¢ Oph (Hobbs 1969) at this velocity.

As noted by Black (1995, private communication) the sup-
posed OH column density in this material was large enough
(N(OH) ~ 10'3 cm™2) that the absence of a stronger +4.5
kms~! component in optical absorption spectra was some-
thing of a mystery. The +4.5 kms~! emission was ascribed
by Crutcher (1979) to gas which had been shocked by a stellar
outflow, giving impetus to the study of CH* formation mecha-
nisms driven by interstellar shocks. Such models are no longer
believed capable of providing the values N(CH*) 2 10'3 cm—2
which are commonly observed (Allen 1994; Barlow et al. 1995)
and the absence of the putative pre-shock gas probably does not

represent a real impediment to our understanding. The most re-
cent models of CH* formation invoke energy dissipation which
occurs in turbulent (diffuse) clouds having moderate density
and N(C*) >> N(CO) (Falgarone, Pineau des Foréts, & Roueff
1995; Hogerheijde et al. 1995; Federman et al. 1996).

Another feature which is not well-represented in the OH
emission spectra is the strong, higher-velocity component of
the CO and HCO" distribution, especially near its peak 20’-
30’ to the South of ¢ Oph. Although the lower-velocity line
shows about the same behaviour in CO and OH, its counterpart
is manifested in OH only near ¢ Oph. OH in the higher-velocity
feature seems limb-brightened, suggesting that it exists or is
excited only on the periphery of the host gas. A more extended
map of the OH might detect OH emission at the southern edge
of the gas as well.

The column density of OH is related to other quantities as in
equation 1, substituting Coyy = 2.24 x 10"cm =2 (Kkms—!)~!
from Dickey, Crovisier, and Kazes (1981). For observations to-
ward the star, reconciliation of the observed A\18 cm OH emis-
sionintensity (0.103 K km s~!/n) and the optical absorption-line
column density (4.8 x 10'3 cm™2) requires a combination of
beam efficiency, excitation temperature, and optical depth which
lies on a locus whose limits are (n = 0.58, Tex(OH) = 16.1 K,
7(OH)=0.007)and (n = 1, Te&x(OH) =5.3 K, 7(OH) =0.02); un-
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Fig. 2. Right: Line profiles of 1667 MHz OH (left) and 115.3 GHz CO emission around ¢ Oph. The spectral resolution of the OH data is 0.22
kms ™. For '>CO the spectral resolution is 0.13 km s~ along the North-South strip, using newer data, and 0.26 kms ™" otherwise.
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Fig. 3. Declination-velocity diagrams of OH, >CO and CH emission around ¢ Oph using the data in Figs. 1 and 2. The OH contours are in 0.012
K increments starting at 0.012 K; those of 12CO are at levels 0.0625, 0.125, 0.25, 0.5, 1, 2, 3, 4, 5, and 6 K. The CH contours are at increments
of 0.014 K starting at 0.014 K. The spectral resolution is 0.22 kms™' for OH and CH and and 0.13 kms ™" for '>CO. The position of ¢ Oph is
marked by a horizontal line.
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Fig. 4. Comparison of line profile integrals for CO, CH, and OH. Filled symbols are used for the integral taken at v > 0 kms ™', open symbols are
used for v < 0 kms™'. Upward-pointing symbols denote positions toward or North of ¢ Oph, downward-pointing symbols represent positions to
the South. Symbols corresponding to the weaker of the CO emission branches are drawn less heavily in the two rightmost panels to distinguish

their behaviour.

like CO there is no strong central minimum in the OH emission
distribution, so that > 1 seems unlikely. The lower of these
excitation temperatures is comparable to T for CO. Roueff
(1996) derived Tex(OH)= 0.8 &= 3.6 K by comparing OH lines
in absorption as Lien (1984) did for CH. She attributed this re-
sult to pumping by IR radiation, since it is so much lower than
any possible kinetic temperature (see just below).

The electron density (Savage, Cardelli, and Sofia 1992) de-
rived from the ionization equilibrium of Mg and Fe is n(e) =
0.046 cm 3 and the ratio of electron and radiative de-excitation
rates across the ground-state A- doublet is Y._ou/Aox =
530 % (3.35 + lnTK)/\/TK >> 1 (Bouloy and Omont 1978).
If these electrons are mainly contributed by carbon, n(H,) ~
0.046 cm—3/3 x 10~* ~ 150 cm 2 and the analogous ratio for
neutral particle excitation is of order unity. According to this line
of argument OH should be a good thermometer, indicating 5 K
< Tk £16 K in the neutral-bearing region toward the star. This
represents a paradox because a gas with its carbon fully ionized
is unlikely to be this cold and densities n(H,) ~ 150 cm 3 are
far too small to excite CO at such very low temperatures. CO

requires an n(H,)-Tx product which must at least be of order
n(H,)Tx = 0.5—1.0 x 10* cm~3 K (see Sect. 5).

There are now many cases where an expected high degree
of electron excitation is simply not manifested in OH: its inter-
stellar excitation temperature is measured to be within 0.5-1.0
K of the cosmic background in diffuse and translucent regions
where electron and even neutral particle excitation should be
substantial (Dickey, Kazes, and Crovisier 1981; Liszt and Lu-
cas 1996). The anomalously low OH excitation temperatures
seem to occur in the regime of the C* — CO transition (ibid).
The factor (Tex — Temp)/Tex in equation (1) can be very small
for such weak excitation and, although it is possible that the OH
abundance is really very low at the CO and HCO™* peak to the
South, this does not necessarily follow from the OH emission
spectra. For column densities comparable to those seen around ¢
Oph, N(OH) and N(HCO™") measured in absorption at radiofre-
quencies are very tightly related, with N(OH)/N(HCO") ~ 30
(Lucas and Liszt 1996; Liszt and Lucas 1996); it is only OH
emission that is weak, not N(OH) that is low.
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Fig. 5. Line profiles of HCO*, 2CO J=1-0, and J=2-1 around ¢ Oph. The resolution and channel spacing are 0.33 kms~! for HCO* and 0.13

km s~ 'for either CO line.

The model of Kopp et al. (1996) predicts an undetectably
low abundance N(OH) < 4 x 10! cm™2 in the southerly gas,
seemingly in accord with our data. Yet this situation is intimately
related to their model’s prediction N(HCO*) ~ 10° cm™2,
which they note is nearly a factor 1000 too low (see Liszt and
Lucas 1994 and Sect. 4.1 here); HCO* should be made via the
reaction of C* + OH (Black and van Dishoeck 1986). It remains
to be seen why the abundance of OH would be 100 times larger
to the North, where its emission is easily seen, while the CO and
HCO" are only slightly weaker there. But a problem remains
either with the chemistry of OH or with its excitation.

3.3. Comparison of OH, CH and CO emission
3.3.1. CH and CO

Fig. 4 shows line profile integrals for these species taken sep-
arately over positive and negative velocities; upward pointing
symbols are used to denote those positions at or to the North
of ¢ Oph. In the left-most panel, the CO line brightness is seen
to increase greatly over narrow ranges of the CH profile inte-
gral. If the CH emission is a good surrogate for the column
density N(H) (which CO most certainly is not), this behaviour

can probably be understood as the rapid onset of self-shielding
(van Dishoeck and Black 1986, 1988; Kopp et al. 1996) which
accompanies the C* — CO transition. It seems to occur in two
branches for the Northern and Southern gas, perhaps related to
differing positions with respect to the the star (or the ambient
uv flux in general), and there is an element of anti-correlation as
well; the branch with stronger CH emission is somewhat weaker
in CO. A particularly vivid example of the rapid rise expected
of the CO intensity with changing N(H) or Ay is given by Kopp
et al. (1996), whose Fig. 9 greatly resembles Fig. 4 here.

Similar behaviour is apparent in comparisons of CO
with HCO" seen in absorption toward extragalactic con-
tinuum sources (Lucas and Liszt 1996), at N(HCO*') =~
1-2 x 10"2cm™2. Here the analogous behaviour occurs at
f Ta(CH)dv = 0.03—0.06K km s—!. If we scale from the obser-
vations toward ¢ Oph, in which f Ta(CH)dv = 0.092 Kkms™!
corresponds to N(CH)= 2.3 x 10"3cm—2, the CO turn-on oc-
curs at N(CH)= 0.75— 1.5 x 10"3cm ™2, with N(CH)/N(HCO")
= 8. Federman et al. (1994) show that higher values of N(CO)
may occur at N(CH) 2 3 x 10'3 cm™2 in absorption spectra.
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Fig. 6. Right: Line profiles observed at the CO and HCO* emission peak 30’ S of ¢ Oph in 100 kHz channels. Left; Observations of the same
species toward L.134 are shown for comparison but at 48 kHz resolution. The lines toward ¢ Oph are substantially broader.

Table 1. Line profile integrals (K kms™") around ¢ Oph

Position CH OH 2C0(1-0)
80'S 5.00(0.05)
70'S 4.51(0.06)
60'S 2.05(0.04)
50'S 2.89(0.04)
40'S 0.091(0.011)  0.054(0.009)  4.61(0.04)
30'S 0.063(0.014)  0.051(0.012)  4.74(0.05)
20'S 0.085(0.011)  0.076(0.010)  6.03(0.02)
10'S 0.068(0.008)  0.092(0.006)  3.06(0.03)
¢ Oph 0.092(0.010)  0.103(0.006)  1.47(0.02)
10'N 0.104(0.012)  0.095(0.008)  2.14(0.03)
20'N 0.093(0.013)  0.134(0.011)  1.85(0.02)
30'N 0.084(0.014)  0.106(0.010)  3.00(0.02)
40'N 0.072(0.017)  0.099(0.009)  1.40(0.02)
50'N 1.60(0.02)
60'N 1.20(0.02)
70'N 0.72(0.03)
80'N 0.30(0.03)

3.3.2. CO and OH

This is shown in the middle panel of the Fig. 4 triptych. Those
points corresponding to the weaker branches of the CO emis-
sion (i.e. v < 0 kms~! to the South and v > 0 kms™! to the

North) are shown greyed. For them, and for most of the data,
the range of OH profile integrals is scarcely greater than the
expected noise envelope while the CO integral varies by nearly
a factor of 20. The remainder of the points, those corresponding
to the dominant branch of the CO emission, appear to exhibit
the inverse relationship which hides the strongest CO lines in
OH. As discussed next, distinguishing between the weaker and
stronger CO branches is necessary to understanding the rela-
tionships between CH and OH, which may be correlated or
anticorrelated.

3.3.3. CH and OH

Overall, there may seem to be little apparent relationship be-
tween the line profile integrals of these species: with the possi-
ble exception of 1 outlying point, the CH-OH comparison at the
right in Fig. 4 at first shows only scatter. This is due to the super-
position of data showing two opposite kinds of behaviour. The
points corresponding to the weaker CO component at each po-
sition, shown as the greyed, upward-filled and downward-open
triangles at intermediate | Ta(OH)dv and smaller [ Ta(CH)dv,
show a decline in OH as CH strengthens. Those points belong-
ing to the dominant CO emission branches (i.e. v > 0kms~! to
the South and v < 0 km s~ to the North) show a rapid increase
in the OH brightness with increasing | Ta(CH)dv, but in such
a way as to preserve the inverse relationship between OH and



970

Table 2. [ T;dv (K kms™") for HCO" and CO

Position HCO* CO(1-0) CO2-1) BCo(1-0)
30'S 0.089(0.006)  4.74(0.05)  3.59(0.09)

20'S 0.071(0.006)  6.03(0.02)  3.68(0.09) 0.137(0.013)*
10'S 3.06(0.03) 1.09(0.08)  0.061(0.013)
¢Oph  0.034(0.009) 1.47(0.02) 0.70(0.06)

20' N 0.025(0.006) 1.85(0.02) 1.13(0.07)  0.068(0.014)
30'N 3.0000.02) 1.58(0.07)  0.106(0.017)

¢ [TH(C"®0)dv = 0.013 £ 0.004 (K kms™")

CO. For that subset of points showing this rapid growth of OH,
the strongest CO lines are those with weaker CH (see 3.3.1).

In 3.2 we noted that N(OH)/N(HCO*) ~ 30 as seen in ab-
sorption in the radio regime while N(CH)/N(HCO") = 8 is
inferred from the existence of a rapid increase in N(CO) with
either N(CH) or N(HCO"). The ratio which results from the
comparisons with HCO*, N(OH)/N(CH) = 4, is about what is
seen toward ¢ Oph optically, i.e. N(OH)/N(CH) ~ 2.

4. Chemical abundances in the gas around ¢ Oph

The first suggestions that a complex chemistry might be visible
in the gas around ¢ Oph were the CS observations of Drdla et al.
(1989) and the detection of HCO* emission by Liszt and Lucas
(1994); this latter work was apparently the first time that poly-
atomic molecules were detected in a classical diffuse cloud. The
column density of HCO*, N(HCO™") ~ 10'2 em~2, is found to
be 20 (van Dishoeck and Black 1986) to 1000 (Federman et al.
1996, Kopp et al. 1996) times higher than predicted by conven-
tional quiescent chemical models, even when the abundances of
CO, OH, and/or CH are reproduced.

To pursue the matter further we mapped the HCO* emission
somewhat better and searched for other species at the peak of
the CO and HCO™* emission distribution to the South of the star.
The point is that neither N(H) nor Ay is necessarily very much
higher to the South than toward the star and even N(CO) and
N(HCO™") may be constant within a factor two or so, with the
emission pattern determined largely by excitation conditions. If
so, the chemical patterns seen to the South may be interesting
not only in their own right, but as guidelines to more complex
phenomenon toward ¢ Oph as well.

As shown in Fig. 5 and Table 1 the HCO* emission roughly
follows that of CO, but it is relatively strong toward the star and
weak to the North. The CO J=2-1/J=1-0 intensity ratio is notice-
ably larger at the position 30’ South, which is a clear indication
that the excitation is stronger there. The weaker HCO? lines are
really at the limit of what one can expect to map with current
technology.

4.1. Emission and column densities at the HCO" emission peak

Emission profiles at the HCO* peak are shown in Fig. 5 and
summarized in Table 3. Toward L134, and at many scattered
positions along the inner regions of the northern galactic plane
at [ < 40° (Liszt 1995), HCO*, HCN, CS (J=2-1), and C;H
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Table 3. [ T;dv (K kms™") 30" South of ¢ Oph

Species rms f T} dv f*

HCO* 0.0067  0.089(0.006)  1.00
HCN 0.0055 0.032(0.005) 0.55
CH 0.0063  0.014(0.006) 0.42
CS 0.0060  0.007(0.006)  1.00
CN 0.0118 -0.001(0.009) 0.33

@ fraction in the strongest hyperfine component in LTE

Table 4. Logarithmic column densities 30" S of ¢ Oph

X(e)=3 x 107*
Tk n(H;) CO HCO* HCN CS* CN¢
10 3400 16.00 11.24 1143 1138 1215
20 1350 15.65 11.54 11.66 11.65 1235
30 800  15.65 11.76 11.84 1176 12.50
40 620  15.65 11.87 1195 11.80 12.56
60 360 15.65 12.10 1216 11.96 12.72

X(e)=1 x 10~*
10 3400 16.00 11.55 11.81 1175 1244
20 1350 15.65 11.83 1205 11.81 12.62
30 800  15.65 12.04 1224 1201 12.74
40 620  15.65 12.15 1233 12.03 1278
60 360 15.65 12.39 1255  12.11 1290

X(e)=1 x 107
10 3400 16.00 11.93 1248 1230 1278
20 1350 15.65 12.14 1266 1224 12.87
30 800 15.65 12.29 1279 1223 1293
40 620 15.65 12.36 12.85 12.18 1296
60 360 15.65 12.53 13.01 1222 13.02

@ 20 upper limit

emission profiles have similar brightnesses (accounting for hy-
perfine structure in species like C,H); the same is true for CN in
L134 as well. Typically such species are about 10 times weaker
than 3CO (J=1-0) and 50 times weaker than '>CO. For HCO*
the lines seen around ¢ Oph seem to follow this latter rule of
thumb; they are 1%-2% as strong as '>CO (see Table 2).

This common similarity of the emission brightness in so
many species seems a remarkable coincidence but it is certainly
not repeated 30" South of ¢ Oph. There, HCO" is at least an
order of magnitude stronger than CS and more than three times
stronger than the main HCN line. The bump in the CN spectra
is noise, unless it is supposed that the velocity of CN is unique;
this is demonstrably not so toward the star (in optical spectra at
least).

To interpret these line profiles in terms of molecular column
densities we follow the n(H,) — Tk solution locus determined
from '2CO and '*CO profiles of the J=2-1 and J=1-0 lines by
Liszt (1993), shown in Table 4. As noted by Liszt (1993) the CO
column density is well-determined as long as the gas is not at
the high-density, low-temperature limit; the data of Kopp et al.
(1996) yield very similar values of N(CO). In any case, even
the maximum possible CO column density is small compared
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to N(C*) toward the star (2 x 10'7 cm—2; Cardelli et al. 1993).
It is not even necessarily large compared to the CO column seen
there, log N(CO) = 15.4.

The optically determined electron fraction, measured rela-
tive to H, is X(e) = n(e)/n(H,) 2 2&c = 2.6 x 10~* (Cardelli
et al. 1993). Because the maximum allowed CO column den-
sity is still quite small compared to the total amount of carbon
toward the star, it seems unavoidable that the majority of the
carbon is ionized and the electron fraction is near the relative
abundance of carbon itself. Thus only the largest of the param-
terized choices of X(e) is really relevant and the uncertainty in
derived column densities is not as great as the full range of en-
tries in the tables might otherwise suggest. The calculations with
negligible X(e) are included to illustrate the effect of neglecting
the electron excitation when it is important.

For the species having higher dipole moments, we
have performed excitation calculations using the electron-ion
and electron-neutral rate constants of Bhattacharayya, Bhat-
tacharayya, and Narayan (1981) and Dickinson and Flower
(1981). We used the H,-molecule excitation rates of Green and
Chapman (1978) and Turner et al. (1992) for CS and those of
Monteiro (1985) for HCO®. For CN, following the recommen-
dations of Turner et al. 1992), we used the same rate constants
as for CO, from Flower and Launay (1985). For CN and HCN,
where the lines are split, the calculations were done for the
strongest component only since line overlap does not occur and
the neutral cross-sections are not always known in detail any-
way, especially for the admixture of atomic hydrogen which
may be present.

The CO solution locus asymptotically but quickly reaches
conditions of constant thermal pressure and column density
when Tk > Te. It is this phenomenon, easily applied when
the CO column density and excitation temperature are known,
which first suggested that the density in the neutral-bearing
clouds was small toward the star (Smith, Krishna Swamy and
Stecher 1978; Liszt 1979). Species having higher dipole mo-
ments do not follow this behaviour if electrons provide sig-
nificant excitation, as expected here. Unlike the CO solutions,
those for the other species require higher molecular abundances
at higher Tk, for two reasons; the density indicated by the CO
solution locus declines at higher temperature and fixed pressure,
lowering the density of electrons, and the electron excitation is
itself less effective owing to an inverse-square root functional
dependence on the kinetic temperature.

At the highest and most relevant electron fraction, the abun-
dances or upper limits for HCO*, HCN, CS, and CN vary by a
factor of five or so. The CO column density changes little for
Tk > 15K and the lowest-temperature (10 K) highest-pressure
solutions probably can be excluded by a comparison of the '>’CO
and 3CO linewidths (Sect. 5; the '>?CO is not saturated). It is
clear that HCN is at most only slightly more abundant than
HCO", and that CS is not as abundant as HCO* or HCN. Fur-
thermore, the column density of CN is at most only slightly
larger than toward the star (log N(CN) = 12.45; van Dishoeck
and Black 1989), although it might be the most abundant of
the mm-wave species observed here. The range of HCO* col-
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Fig. 7. Line profiles of '*CO J=1-0 emission observed at 4 positions
directly North and South of ¢ Oph. The channel spacing and resolution
are 0.13 kms™".

umn densities in Table 3 is wider but fully overlapped with that
inferred by Liszt and Lucas (1994) toward the star.

Drdla et al. (1989) presented a detection of CS J=2-1 emis-
sion toward ¢ Oph with [ Tadv = 0.02 £ 0.005 kms~! and a
peak intensity Ta = 0.013 + 0.003 K; their quoted CS column
density N(CS) = 0.7- 5.0x 10'>cm ™2 is substantially larger than
the limits we set at the molecular emission peak to the South
(Table 3). Their line profile occupies the range -3 kms™'< v
< -1 kms~!, which does not overlap with emission from any
other species. Our CS J=2-1 spectrum toward ¢ Oph is feature-
less. Over the velocity range corresponding to the CO J=1-0
emission profile, our data have rms noise A [ T} dv = 0.006 K.

5. CO isotope ratio, excitation, and H, conversion factor

Comparison between the carbon isotope ratios observed in CO
and in the gas phase generally should be a powerful diagnostic:
the fractionation reaction of '2CO and '3C* (Watson, Anicich,
and Huntress 1976), with an exothermicity corresponding to 35
K, should act powerfully to enhance the abundance of '*CO at
low temperatures (Crutcher and Watson 1981). Knowledge of
the 2CO/'3CO isotope ratio could serve to discriminate between
low and high temperature solutions at the HCO™ emission peak,
because only the low-temperature, high-density, very optically
thick solutions for CO are compatible with '>CO/'3CO ratios
substantially larger than those given by the profile integrals di-
rectly (i.e. 30-50). Ordinarily one might rely on Copernicus
or HST CO absorption line data to settle this matter but ques-
tions of the proper wavelength assignments of some rotation-
vibration bands (Haridass and Huber 1994) have resulted in
values ranging from N('>?CO)/N('*CO) = 55411 (Wannier et al.
1982) and 82£25 (Lyu et al. 1994) to 167 (Lambert et al. 1994).

Toward the star in the J=1-0 line, Wilson et al. (1992) find
T;(2CO)/T; (*CO) 2 110, superseding the older value of 70 +
30 from Langer, Glassgold and Wilson (1987). We reported
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Fig. 8. 60 IRAS image of the region around ¢ Oph showing its bow
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(Liszt 1992, 1993) that this ratio is surprisingly high (< 30) at
the emission peaks 20’-30" to the North and South: the more
sensitive new '3CO data shown in Fig. 7 and summarized in
Table 2 confirm this (see also Kopp et al. 1996). To the South,
in the higher velocity line, the intensity ratios are 44 + 4 and
50 + 12. To the North, they are 28 + 6 and 29 £ 5. Clearly the
isotopic intensity ratio varies widely over the central 20’, with
a very strong peak toward the star. Unless the optical depth is
much lower there, the isotopic abundance ratio must also change
by roughly similar amounts.

12CO J=1-0 emission toward ¢ Oph cannot be too opti-
cally thin unless it is very different from that seen in absorp-
tion. Adopting the column density and rotational populations
recently measured in uv-absorption leads to values for the inte-
grated optical depth of the J=1-0 line which are 0.9-1.4 kms~!.
If the optical depth is distributed over an intrinsic profile which
resembles the CO emission (which itself is very similar to the
absorption-line profiles of species besides CH*), the peak op-
tical depth is 1.2-2.0. The higher optical depth corresponds to
an excitation temperature of 4.5 K and a 1.2 K emission line
brightness, the lower to an excitation temperature slightly over
6 K and a CO J=1-0 emission line which is perhaps somewhat
brighter (Tg = 2.1 K) than observed. For the excitation solution
with 7 = 2, the isotopic abundance ratio should be (only) 40%
larger than the intensity ratio.

At the position 20’ South, the linewidths (FWHM) of the
stronger J=1-0 components are 0.65 & 0.01 kms~' and 0.50 +
0.04 kms~! for '2CO and '3CO respectively. If the weaker line
is optically thin, this difference in linewidth can be explained
entirely if the line center optical depth in '>?CO is in the range 2.0-
2.5. This scant difference in width precludes heavy saturation
of the '2CO profile and eliminates those excitation solutions in
which the temperature is low and the carbon isotope ratio is
as large as, say, 167 (Lambert et al. 1994) 2. We conclude that
the emission measurements are consistent with the very large
12CO/3CO ratio found in optical absorption toward the star, but

2 There is also no evidence in the emission profiles for a segregation

of the "*CO to a more limited and hence kinematically-narrower region
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that such a large ratio is not characteristic of the immediately
adjacent gas sampled in emission 10’ away; the '>CO optical
depth is too small.

The '3CO lines are strong enough in some positions so that
might hope to detect C'80. If the '*CO/C'®0 intensity ratio
were found to be unusually small, this might support a supra-
terrestrial '>C/'3Cisotope ratio. A search for C'80 by Koppeet al.
(1996) yielded N('3CO)/N(C'80) > 5 at one position. Our data
(Table 2) 20’ South of the star yield a value > 10.5 for the ratio
of line strengths at the 3-0 level. Given the low optical depths
in both lines, this intensity ratio cannot differ greatly from that
of the abundances themselves.

5.1. CO excitation and the CO-H; conversion factor in diffuse
gas

The weak rotational excitation and low thermal pressure
n(Hy)Tx = 0.5—1.0 x 10* cm—3 K inferred from the small
CO J=1-0 excitation temperature toward the star (Smith, Kr-
ishna Swamy, and Stecher 1978; Liszt 1979) are confirmed by
mm-wave emission observations of the unseen CN (Crane et al.
1989) and CO J=3-2 lines (van Dishoeck and Black 1991) but
not by a comparison of the 'CO J=2-1 and J=1-0 emission
lines (Crutcher and Federman 1987). Although there is a fair
range of ratios in the literature, the thermal pressure inferred
from a comparison of the two lowest CO lines is typically p/k
=1 —2 x 10* cm—3 K. Similar or slightly higher pressures
may be derived from the uv absorption-line column densities
of Lambert et al. (1994) who found excitation temperatures of
3.9+0.4, 4.64+0.2 and 6.3+0.5 K for the lowest three rotation
transitions. These excitation temperatures would produce an
easily-detectable (=~ 1K) J=3-2 line, in substantial disagree-
ment with the results of van Dishoeck and Black (1991). Much
weaker excitation and lower gas pressure are implied by the
analysis of other wv absorption-line data of Lyu et al. (1994).

It seems undeniable that the CO profiles have wide swings
in integrated intensity under conditions where neither Ay nor
N(CO) changes much. Toward the star, N(H,)/ f TH(CO)dv =
6 x 10%%cm=2/1.5 Kkms~! = 8 x 10®cm~2 (K kms~1)~!,
which is 2-3 times larger than typically-employed values. How-
ever, at the emission peak to the South, the CO is four times
stronger and the CO intensity-H, column density ratio is unex-
ceptional or even somewhat low. This suggests that the common
value is established fairly soon after CO emission turns on (Liszt
1982), even while N(CO)/N(C*) << 1.

6. Summary

Mapping of the large-scale emission patterns around ¢ Oph
shows that the CO emission components to the North and South
of the star separately ‘turn on’ over narrow ranges of the CH
line profile integral. We ascribe the rapid brightening of the
CO line to the effects of a partial C* — CO conversion (Liszt
1992,1993; Kopp et al. 1996) in a nearly-fixed total gas column,
which in turn lends confidence to the assumption that CH traces
the column density (Mattila 1986; Magnani and Onello 1995).
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Fig. 9. A viewing geometry which creates a one-sided maximum in
CO as the result of increased extinction.

For OH no such conclusion is reached, as our profiles fail
to show not only the pre-shock gas at +4.5 km s~ discussed by
Crutcher (1979), but most of the stronger CO component as well.
We attribute this to a more widely-identified problem with OH
excitation in the regime of the C* — CO conversion (Dickey,
Kazes, and Crovisier 1981; Liszt and Lucas 1996), whereby the
excitation temperature is unaccountably small (see also Roueff
1996). However the excitation of CH is probably no better un-
derstood; its (typical) negative excitation temperature deduced
toward the star should probably have been squelched by electron
impact excitation. OH and CH emission vary proportionally and
inversely for the stronger and weaker CO components, respec-
tively.

Four spectra of HCO™ emission show that it resembles CO
and CH in its behaviour, peaking in both components, one on ei-
ther side of the star. Given the close relationship between HCO*
and OH in models of the chemistry, and as observed directly
(Lucas and Liszt 1996; Liszt and Lucas 1996) there is no ob-
vious explanation as to why the OH behaviour is so different
in the northern and southern regions. Clearly there is a serious
problem in understanding either the chemistry or the excitation
of this molecule.

A search for CS, CN, HCN, and C,H emission to the South
of the star, where HCO™ is strong, detected only HCN. We infer
that the molecular abundances are not necessarily much larger
than would be found toward the star, unless the gas is much
colder to the South. We could not confirm the earlier detection
of CS emission toward the star by Drdla et al. (1989). Limits on
N(CS) at the Southern emission peak are typically an order of
magnitude below those set optically by Snow (1976).

At four positions 10’-30'from the star, we found that the
isotopic intensity ratio T} (*CO)/T; (*CO) is 30-50; such val-
ues are quite large considering the 3-6 K '2CO brightnesses, but
still much smaller than the ratio & 110 found toward the star
by Wilson et al. (1992). Given that the '2CO optical depth is in
the range 1-2 both toward the star and 20’ to the South, large
variations in the CO isotopic abundance ratio are indicated. The
relative abundance of '*CO increases as the CO lines brighten
generally at outlying positions.
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One of the most interesting questions is the existence of
a strong minimum in the CO emission and '3CO relative
abundance very near the position of the star; ratios as large
as N('2CO)/N('3CO) = 167 are seen nowhere else, even at
similarly-low N('?CO) = 2.4 x 10'5 cm~2 (Lucas and Liszt
1997). The star is also the approximate center of a pattern of
interesting kinematic symmetry, but, owing to the existence of
a large surrounding HII region, the absorbing gas parcels are
often considered to be quite distant from it. Then, the observed
symmetries and other seemingly-unique behaviour are entirely
accidental, like weather. On the other hand, if the star and gas
were close, the star’s local space velocity of some 100 km s ™!
would move it past the clouds at the rate of 1 pc (25') every 10*
years. A time-series of absorption profiles could yield valuable
insights into the small-scale structure of the absorbing gas (Liszt
1992).

¢ Oph is known to have a substantial bow shock (van Buren
and McCray 1988; Fig. 8), and it is tempting to attribute this
to interaction with neutral gas. Such shocks are actually quite
common (¢bid), but, if the star and neutral gas are not too dis-
tant from each other, there are a variety of simple geometries
which yield some aspects of the observations—in this case, a CO
minimum near the position of the star and strong one-sided in-
crease away from it-with a minimum of contrivance. We rely
on the fact that CO, which is on the verge of becoming strongly
self-shielding toward the star, is expected to be strongly affected
by even slight shifts in the photoionization rate and extinction
(Kopp et al. 1996).

In Fig. 9 we show a case where a bright star, contributing
much of the local uv-photoionization, is viewed through a thin,
undisturbed slab of gas. The extinction across the near (to us)
face of the slab, measured to the star, follows a cosecant law and
is much higher at a” than at o or a. Coupled with the inverse-
square dependence of the radiation field (a” is much more distant
from the star than either o or a) the photoionizing flux across
the front face of the cloud varies greatly and a strong, one-sided
maximum would presumably be produced in CO. Much stronger
emission would be expected at a”’ than at a, even though both
are seen equidistant from the star.
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