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ABSTRACT

We present ultra-high-resolution observations (R > 700 000) of interstellar CH, CH*
and CN towards {Oph obtained with the newly commissioned Ultra-High-
Resolution Facility (UHRF) at the AAT. The molecular lines have all been fully
resolved, and we discuss their implications for this well-studied molecular sightline.
The CH and CN lines each consist of two narrow (b=0.5 km s~!) components
separated by 1.13+0.10 km s~ !; an additional broad (b= 1.8 km s~ !) component is
present in CH. We show that the very broad (b=2.1 km s~!) CH™ line profile is
consistent with the formation of this molecule in warm haloes surrounding the cold
cores responsible for the narrow CH and CN components.

Key words: line: profiles - stars: individual: { Oph - ISM: molecules.

1 INTRODUCTION

The bright (V= 2.6) southern 09.5V star { Ophiuchi has one
of the richest known interstellar sightlines (e.g. Herbig 1968;
Morton 1975), and its study has come to provide the obser-
vational underpinning for a wide range of models describing
the physical and chemical state of diffuse molecular clouds.
Here we report observations of interstellar lines due to the
molecules CH, CH* and CN towards ¢ Oph, obtained with
the new Ultra-High-Resolution Facility (UHRF) at the
Anglo-Australian Telescope (AAT). This instrument, an
echelle spectrograph capable of resolving powers of up to
R=~10%, was commissioned at the AAT in 1992 July (for
details, see Barlow et al., in preparation; Diego et al., in pre-
paration).

The present observations were obtained in 1993 May, and
to our knowledge comprise the highest resolution optical
spectra of interstellar molecules yet obtained. They comple-
ment, and largely confirm, the earlier very-high-resolution
observations (R=600000) of Lambert, Sheffer & Crane
(1990), although our interpretation of the line profiles is
somewhat different.

2 OBSERVATIONS AND DATA REDUCTION

Table 1 lists the lines observed, the adopted rest wavelengths
and oscillator strengths (CH, CN: Black & van Dishoeck
1988; CH*: Lambert & Danks 1986), the spectral resolution
of each observation, exposure times, the total number of con-

tinuum counts (e~) above background, and the measured
equivalent widths. The detector was the A AO blue Thomson
CCD (1024 x1024 19-um pizxels), and the spectra were
extracted from the CCD images using the FIGARO data reduc-
tion package (Shortridge 1988). The spectra are shown in
Fig. 1. The observed line profiles are plotted as histograms,
where each bin corresponds to a collapsed 19-pm-wide
CCD column. Theoretical line profiles (discussed in Section
3) are plotted as smooth curves superimposed on the
observed profiles.

Three aspects of the data calibration procedure deserve
special comment.

2.1 Wavelength calibration

Wavelength calibration was performed by means of a Th—-Ar
lamp. In both the CH and CN spectral regions, four Th-Ar
lines were identified within the =2-A spectral coverage of
the detector. Over this small spectral range the dispersion is
almost linear, and a straight-line fit to the four Th-Ar lines in
both regions resulted in negligible rms residuals (of the order
of 1074 A, or 0.01 kms™1),

The CH* spectral region was found to contain only one
identified Th-Ar line, with several weaker (unidentified)
lines present in the same spectral region. The wavelengths of
the latter were obtained by fitting a second-order polynomial
to five known Th-Ar lines which were found to occur within
an interval of 6.5 A, bracketing the CH* wavelength. The
rms residual to this fit was 0.001 A, which may therefore be
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taken as a guide to the accuracy of the wavelengths of the
(previously unmeasured) Th-Ar lines within 2 A of the CH*
wavelength. Thus, although the wavelength calibration of this
region is somewhat more uncertain than that for the other
molecules, the velocity scale should still be better than 0.07
kms~L

2.2 Resolution

The Th-Ar comparison lines are easily resolved by the
UHREF, so the instrumental resolution was determined with
the aid of a stabilized He-Ne laser. This yielded R=1/AA=
940 000 (0.32 km s~ ! FWHM) at the wavelength of the laser
line (6328.160 A). From a consideration of the optical design
of the spectrograph (Diego et al., in preparation), we expect
this resolution to hold for all wavelengths.

This assumption was checked by deconvolving the laser
profile from the profiles of thorium lines found in the same
spectral region, thereby obtaining the intrinsic widths of the
latter (0.43£0.01 km s~!). This then enabled us to deter-
mine the instrumental resolution at each of the interstellar
line wavelengths from the observed widths of nearby thorium
lines. For reasons still being investigated, this indirect
analysis yielded the somewhat lower resolving powers of
700 000 (CN) and 800 000 (CH, CH*). However, in all cases
the instrumental profile is narrower than the observed inter-
stellar lines, even for these lower resolving powers. The
interstellar lines have therefore been fully resolved, and it
can be shown that, even for the narrowest of them (CN), an
uncertain resolving power in the range 700 000 to 940 000
makes no significant difference to the line profile parameters
derived in Section 3.

2.3 Background correction

The spectra were obtained by means of a new 35-slice con-
focal image slicer (Diego 1993), which takes light from the
central 1.5 arcsec of the stellar seeing disc and converts it
into a slit of width = 30 um. The resulting very long (20-mm)
slit is compressed by a cylindrical lens to =1 mm on the
detector. This arrangement has greatly increased the
throughput of the instrument (Diego et al., in preparation),
but makes it impossible to measure the scattered light back-
ground directly from the interorder region. Moreover, in
the blue, where the orders are very close together, there is a
danger of part of an adjacent order clipping the edge of the
cylindrical lens, and being focused on to the detector along
with the order to be observed.

There is evidence that the UHREF is currently affected
by background light to a significant degree (Barlow et al.,
in preparation), and steps are presently underway to quantify
and reduce this. For the time being, we estimate the back-
ground correction by comparing our equivalent widths
(Table 1) with accurate measurements by other authors. In
the case of CH, Danks, Federman & Lambert (1984)
obtained an equivalent width of 17.8 + 0.9 mA, which would
imply that our value (15.8 mA) has been diluted by a back-
ground amounting to 11 per cent of the continuum intensity.
For CH*, most recent measurements agree on an equivalent
width within 0.5 mA of 23.5 mA (Vanden Bout & Snell
1980; Lambert & Danks 1986; Hawkins, Craig & Meyer
1993), which implies that our uncorrected background

amounts to (7 £ 2) per cent. For the CN R(0) line, our value
(7.6 mA) is essentially identical to the values obtained by
Federman, Danks & Lambert (1984) and Crane et al. (1986),
but somewhat smaller than the value of 8.16 mA obtained by
Hawkins et al. (1993). As we are convinced that the present
observations are afflicted by background light at least to
some extent, and as this must cause the equivalent widths to
be underestimated, we here adopt the value of Hawkins et al.
(which implies a background correction of 7.3 per cent), and
suggest that the measurements of Federman et al. (1984) and
Crane et al. (1986) may themselves not have been fully cor-
rected for scattered light.

On the basis of these comparisons, we estimate that scat-
tered light amounting to approximately (8 + 4) per cent of the
continuum intensity is present in the spectra discussed here.
This background was subtracted prior to normalization of
the spectra, as shown in Fig. 1, and has been allowed for in
the following analysis. We note that, while this uncertainty in
the background has had a small effect (< + 7 per cent) on the
derived column densities, it has had a negligible effect on the
measured linewidths which are our principal concern here.

3 INDIVIDUAL MOLECULAR LINE
PROFILES

A line profile analysis was performed using the pipso spec-
trum analysis program (Howarth & Murray 1988). The
results are given in Table 2; we briefly discuss the results
obtained for the individual lines below.

31 CH

The CH R,(1) line is split owing to A-doubling in the 2I1
ground state of the molecule, the two components being
separated by 1.43 km s~! (Black & van Dishoeck 1988).
However, as the two A-doublet components have equal
strength, the observed asymmetry (Fig. 1a) immediately indi-
cates the presence of additional, unresolved, velocity struc-
ture. Indeed, Liszt (1979) found two velocity components,
separated by approximately 1.2 km s ™', in his 9-cm (F=1-1)
CH emission spectrum towards this star. Also, Black & van
Dishoeck (1988) predicted an asymmetric CH absorption-
line profile, very similar to that observed (cf. their fig. 3), on
the basis of the velocity structure found in the CO J=1-0
emission line by Langer, Glassgold & Wilson (1987).

A high-spatial-resolution (12-arcsec) study of CO J=1-0
and 2-1 emission towards ¢ Oph by Le Bourlot, Gérin &
Pérault (1989) found two velocity components separated by
1.18 km s~!. Line profile modelling has indicated that two
components with this separation can accurately account for
the structure within the core of the CH line, although an
additional, broader component is required to fit the wings of
the profile. Thus at least three discrete velocity components
are required to fit the observed CH line profile (Table 2), as
demonstrated earlier by Lambert et al. (1990). We find the
wings of the CH profile to be less extensive than found by
Lambert et al., and the velocity dispersion of the broad com-
ponent is significantly narrower in our case (b=1.8 £0.5 km
s~ 1, as opposed to the 3.1 £0.2 km s~ ! of Lambert et al.). We
further note that in our model the velocity of the broad com-
ponent is (to within the errors) the same as that of the
strongest narrow component.
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3.2 CH*

Lambert et al. (1990) found that they could fit the CH* R(0)
line with a single Gaussian. We agree that a single component
gives a good fit (dotted curve in Fig. 1b), but find that it is less
than perfect in the blue wing of the profile. Moreover, as the
CH and CN lines have, respectively, three and two velocity
components (and the CO line is also known to be double; Le
Bourlot et al. 1989), there is reason to suspect that the broad
CH™ line may in reality be an unresolved blend. Theoretical
line profiles were therefore constructed in order to deter-
mine whether the overall profile is consistent with the
assumption that the multiple velocity structure found for CH
and CN is also present in CH*.

Initially, a two-component model was attempted, with two
CH* components having the same velocity separation as the
narrow CH components. This gave a good fit to the core of
the line, but produced a poorer fit in the wings than the
assumption of a single component. Our best fit (solid line in
Fig. 1) involves three components. Two of these are relatively
narrow (with essentially the same velocity separation as the
CN components and the two narrow CH components); the
third is broader, and may be physically associated with the
broad CH component. If this interpretation is accepted, we
see that the CH* components are significantly broader than
their CH counterparts (Table 2). Finally, we note that on the
basis of very high S/N ratio observations Crane, Hegyi &
Lambert (1991) have reported the presence of a very broad
(b=9.9 km s~!), shallow (central depth ~1 per cent), CH*
component. We found no evidence for this component in our
data, although it is doubtful whether we would expect to see
it, given its extreme weakness and our S/N ratio (we note that
it seems not to have been detected by Lambert et al. 1990
either).

33 CN

Both the R(0) and R(1) lines of the CN B?Z+-X2?Z* system
were observed; the P(1) line (3875.764 A) cannot be
obtained in the same frame as the other two lines, and was
not observed. The line referred to as R(0) for convenience is,
in fact, a blend of the R;(0) and ®Q,,(0) lines, which are

separated by 0.27 km s~! and have oscillator strengths in the
ratio 2:1 (e.g. Federman et al. 1984). Similarly, the R(1) line
is a blend of the R,(1), Ry(1) and ®Q,,(1) lines (with an over-
all separation of 0.45 km s™!). As this structure is on a scale
comparable to our resolution, it has been included in the line
profile analysis.

We find two narrow CN velocity components with velocity
separations essentially the same as found by Le Bourlot et al.
(1989) for the CO lines. We confirm the result of Lambert et
al. (1990) that there is no evidence for a broad CN compon-
ent corresponding to that found for CH.

4 DISCUSSION
4.1 Linewidths and cloud temperatures

One of the most important applications of the UHRF arises
from its ability to resolve interstellar absorption-line profiles
fully, thereby revealing the thermal and kinematic informa-
tion that these profiles contain. All four molecular lines dis-
cussed here have been fully resolved (i.e. are found to be
significantly broader than the instrumental resolution), with
the result that the intrinsic velocity dispersions (b values)
have been accurately determined (Table 2). The velocity dis-
persion is related to the kinetic temperature, T, and the rms
turbulent velocity along the line of sight, v,, through the
expression

1/2
b=(2I:nTk+2vf) , (1)

where k is Boltzmann’s constant and m is the mass of the
species observed. The b values may therefore be used to
obtain upper limits to the kinetic temperature by assuming
turbulent motions to be absent. Alternatively, as the actual
kinetic temperature of the molecular gas towards ¢ Oph is
reasonably well constrained at 7,=30%+10 K from the
observed rotational excitation of C, (albeit under the
assumption of a single velocity component; van Dishoeck &
Black 1986), the observed b values may be used to estimate
v,. These values are given in Table 3. It will be seen that (with
the exception of CH* and the broad CH component) the

Table 1. Interstellar molecular lines observed towards ¢ Oph with the UHRF. Av is the
instrumental resolution (FWHM; Section 2.2), and w, gives the measured equivalent widths
(20 statistical errors); there is evidence that these values underestimate the true equivalent
widths by (8 £4) per cent owing to uncorrected scattered light (Section 2.3). The CH
observations were obtained through thin cloud, hence the longer exposure time for the same

number of counts.

Mol. Line A f Av (FWHM) Total Exp. Counts wy
A) (kms!) (nxexp) (1)  (mA)

CH Ry(1) 4300.313 5.06 x 1073  0.37+0.02 3 x 600s 2.3 x10* 15840.2

CHt R(0) 4232.548 5.50x 1073 0.39+0.02 2 x 600s 2.3 x10* 21.94+0.3

CN R(0) 3874.607 3.38 x 10-2  0.4240.02 1x1800s 3.0x10* 7.6+0.1

CN  R(1) 3873.999 225x1072 042+0.02 1x1800s 3.0x10* 2340.1
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upper limits to the temperature implied by the b values are of
the order of a few hundred K, and that these correspond to
turbulent velocities of around 0.3 km s~ ! if a kinetic temper-
ature of 30 K is assumed. Clearly, if the temperature is higher
(closer to the 60 K favoured by Danks & Lambert 1983), the
corresponding turbulent velocities will be lower. Thus this
analysis implies subsonic turbulence, as the sound speed for
30-K interstellar gas is 0.44 km s~ ! (rising to 0.62 km s~ ! at
60 K). Lambert et al. (1990) obtained similar values for the
temperature and turbulence of these components, although
their slightly higher values of v, (0.6 0.1 and 0.5+0.2 km
s~ !) are more consistent with (marginally) supersonic turbu-
lence.

In the case of CH*, and the broad CH component, the
inferred maximum temperatures are much higher, of the
order of several thousand degrees. Temperatures of this
order are required to drive the endothermic reaction

C*+H,+04eV— CH*+H,

so the present observations are consistent with the formation
of CH* by this reaction in a hot molecular gas. Although
interstellar shocks have long been advocated as a means of
raising diffuse cloud temperatures to 7, 22000 K (e.g. Elit-
zur & Watson 1978; Draine 1986; Pineau des Foréts et al.
1986), this is not the only mechanism capable of producing
temperatures of this order (e.g. Duley et al. 1992), and the
tide of opinion is in fact turning away from the shock models,
owing to their apparent inability to meet other observational

constraints. These problems have been summarized recently
by van Dishoeck (1992). Briefly, they arise because of the
absence of the predicted velocity difference between CH and
CH* (Crawford 1989; Lambert et al. 1990; Hawkins &
Craig 1991; also this work, Section 4.2 below); the trend of
increasing CH* column density with A, (Gredel, van
Dishoeck & Black 1992); the absence of CH* in molecular
gas known to be subject to shocks (e.g. Cardelli et al. 1990);
and the inability of the shock models to account for both
CH* and the observed degree of H, rotational excitation
(e.g. Hartquist, Flower & Pineau des Foréts 1990).

Of the alternative mechanisms that have been proposed,
the possibility that CH* is formed in the warm interfaces
between molecular clouds and a hot intercloud medium
(Duley et al. 1992) is particularly attractive in the present
context. As we have demonstrated (Section 3.2) that the
overall CH* profile is consistent with each of the two narrow
CH and CN components being physically associated with a
(broader) CH* component, it seems plausible that the CH
and CN components arise in two separate diffuse molecular
clouds, both of which are surrounded by a warm, CH*-
producing envelope. Wide-angle (2 deg-square) mapping of
CO emission has, in fact, suggested that the main molecular
‘component’ towards ¢ Oph is actually formed by the over-
lapping edges of two foreground clouds (Barrett, Solomon &
Mooney 1989), and our interpretation is consistent with this
picture. Still to be explained is the broad CH component,
and its associated CH™, although the velocity coincidence

Table 2. Line profile parameters for the CH, CH", and CN lines observed towards
¢ Oph with the UHRF. In addition to the quoted errors, column densities are subject
to a further (systematic) error of S7 per cent due to the uncertain background
correction discussed in the text; velocities and b values are unaffected.

CH R»(1) CHt R(0)*
Vhelio b Log N Vhelio b Log N
(km s—1) (kms~1)  (cm~2) (km s—1) (km s—1) (cm~—2)
0.05 0.12 0.30 0.08
-14.70 £0.05 0.58139% 13.001312  -15.08+0.10 1701330 13.14%0:08
0.50 0.11 0.30 0.20
-14.60 £0.20 1.8013:30 12991311 _14.98+0.20 3.70%30  12.6510:30
0.50 0.10 0.20 0.07
-13.60 £0.05 0.501%-50 12657012  _13.88+0.10 1.801020 13.13%3:01
CN R(0) CN R(1)
Vhelio b Log NV Vhelio b Log N
(km s—1) (kms=1) (cm~2) (km s~—1) (kms~1)  (cm~?)
0.05 0.03 0.05 0.03
-15.08 £0.05 0.55739% 12.17+3:93  —15.16+£0.05 0.55739%0 11.8010:0°
0.10 0.11 0.05 0.08
-13.92+0.05 0451319 11.77t011  —14.02+£0.05 045709 11.3970-0

*If the CH* line is fitted by a single component (dotted line in Fig. 1b) we have:
Vpetio= — 14.5210.02 km s~'; b=2.1%0} km s~! (identical to the value found by
Lambert et al. 1990);log N =13.50*3%2.
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Table 3. Kinetic temperature upper limits, TY, for the
molecular gas observed towards ¢ Oph under the
assumption of zero turbulence. If T, is set to 30 K, the
corresponding turbulent velocities, v,, are given for the
narrow CH and CN components; this information is
omitted in the case of CH*, and the broad CH com-
ponent, for which T, is clearly > 30 K.

CH
Vhelio b Ty vt
(kms™')  (kms™!)  (K)  (kms))
—14.70 0.581393 26039,  0.39%99¢
—~14.60 1.8015:30 26001800
—13.60 0.5013:30  200%330  0.33%9:37
CN
Vhelio b e vt

(kms™!) (kms™!) (K) (km s™1)

—15.08  0.5570-95 480133, 0.38%)-0
—-13.92  0.45%59% 320173, 0.30%3:9
CH*

Vhelio b Ty

(km s™1) (kms™?) (K)

-15.08 1701330 23001879
0.30 :

-14.98  3.70%9:30 1100012099

—-13.88 1.80%320  2500%899

suggests that this arises in warm gas associated with the
stronger of the two narrow components, possibly as an outer
halo surrounding the molecular cloud core (or, conceivably,
as a common envelope to both molecular clouds). In this
context we note that, on the basis of their recent HST
observations, Federman et al. (1993) have suggested that the
two main molecular components form clumps within a more
extensive distribution of lower density (mainly atomic) gas.

4.2 Velocity structure

Our analysis finds no evidence for a velocity difference
between the lines of CN and CH*. In particular, if we assume
that the broad CH™ profile results from each of the CH and
CN components being physically associated with a CH*
component (Section 3.2), we find o(CH*)—v(CN)=
0.00%0.11 and 0.04 £0.11 km s~ ! for the two components
identified in CN [Table 2, taking the CN velocities from the
R(0) line]. On the other hand, we find small, and formally
significant, velocity differences between CH and CH*
(and CN), with the CH velocity being between 0.3 and 0.4
km s~! more positive. Such a shift is consistent with the
results of Lambert et al. (1990, their table 2), which gave
v(CH)—»(CH*)=0.5£0.3 km s~ !, and is in the same sense
as the smaller shift of 0.23+0.08 km s~! determined by
Hawkins & Craig (1991). It is possible that this shift repre-
sents actual velocity structure within the absorbing clouds,
and additional observations are desirable in order to confirm
this.

In any case, as already noted by Lambert et al. (1990) and
Hawkins & Craig (1991), the absence of large velocity differ-
ences between these molecules, and especially the apparent
identity of the CH* and CN velocities found here, is contrary
to the predictions of the MHD shock models for CH* pro-
duction.

4.3 The CN excitation temperature

The observation of both the CN R(0) and R(1) lines enables
us to calculate the excitation témperature of this molecule
from the observed column densities in the N=0 and N=1
rotational levels. Before performing this calculation, we note
that the column density errors listed in Table 2 mostly arise
from the uncertainties in the b values; as both R(0) and R(1)
must, in reality, have identical b values, the errors on the
ratios N(N =1)/N(N =0) are actually less than implied by a
straightforward propagation of the tabulated errors. If b is
held constant, the column density errors arising from the
fitting uncertainties were found to amount to approximately
0.02 dex (5 per cent) for all four CN lines. As noted in
Section 2.2, there is an additional zero-level uncertainty,
amounting to ~ £4 per cent of the continuum intensity.
However, although this has a small effect on the individual
column densities (S 4.5 per cent in the case of the CN lines),
its systematic nature ensures that it has a negligible (< 1 per
cent) effect on the (N =1)/(N=0) column density ratio.

Allowing for these various uncertainties, we obtain the
following CN rotational excitation temperatures:

Component 1: T;;=2.79+0.10K,
Component 2: T,;=2.76+0.10 K.

Both of these are consistent with the COBE result for
the temperature of the microwave background (7Tgyg=
2.74 £ 0.06 K, Mather et al. 1990). Thus there is no evidence
for additional electron-impact excitation of CN in either of
these clouds. This result is consistent with relatively low
molecular hydrogen densities (several hundred cm~3) for the
molecular cores of both clouds (as densities greater than
about 10° cm ™3 would be expected to produce a significantly
higher excitation temperature; Black & van Dishoeck 1991).
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5 CONCLUSION

We have presented ultra-high-resolution observations of CH,
CH™ and CN towards ¢ Oph, these being the first scientific
results from the new UHRF instrument at the AAT. A few
aspects of the instrument remain to be fully characterized.
Foremost among these is determination of the resolution at
wavelengths other than that of the stabilized He-Ne laser
(although the resolving power is in all cases constrained to lie
in the range 700 000 to 940 000; Section 2.2), and the degree
to which scattered light affects the observations (here esti-
mated to be (8+4) per cent of the on-order continuum
intensity; Section 2.3). However, these uncertainties have not
affected the primary aim of the present work, namely
measurement of the intrinsic widths of the molecular lines
towards this much-studied star.

Our results largely confirm those of Lambert et al. (1990),
with both the CH and CN lines being found to consist of
two narrow (b=0.5 km s~!) components separated by
1.13+0.10 km s~'. An additional broad (b=1.8£0.5 km
s~!) component is also present in CH. We have shown that
the broad (b=2.1 km s~ !) CH" line profile is consistent with
the presence of this molecule in warm haloes surrounding the
cold cores responsible for the narrow CH and CN com-
ponents. We have measured the CN rotational excitation
temperature, and shown that this is consistent with equili-
brium with the cosmic microwave background for both of
the CN velocity components.
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