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ABSTRACT

Observations of 2CO J = 1-0, 3*CO 1-0, HCO* 1-0, HCN 1-0, and CS 2-1 absorption against the
quasar PKS 0528 + 134 obtained with the Owens Valley Millimeter Array are presented. The line of sight to
this standard phase calibrator crosses the diffuse outer edge of the dark cloud B30, located in the A4 Ori ring of
clouds. An excitation analysis of the absorption lines and *2CO 1-0 emission yields an estimated H, number
density of ny, = 100-500 cm ~>, which is much lower than found for lines of sight studied previously by milli-
meter absorption lines. Surprisingly, HCO* and HCN are found to have abundances relative to *>CO in this
diffuse cloud which are comparable to or larger than those found in dark clouds. Significant differences in line
width are found between 2CO, HCN, and HCO™ which cannot be attributed to line saturation. A possible
explanation for the observed abundances and line widths involving cloud turbulence and the chemistry of
CH" is proposed. It is concluded that HCO* absorption lines sample low-density regions which cannot be
observed in molecular emission nor in CO millimeter absorption.

Subject headings: ISM: abundances — ISM: kinematics and dynamics — ISM: molecules — line: profiles —

molecular processes — turbulence

1. INTRODUCTION

Until recently, the amount of information on the chemistry
of diffuse and translucent clouds was limited by the low spec-
tral resolution of optical absorption-line studies and the
usually weak millimeter emission lines of molecules other than
CO. In particular, no triatomic molecule has yet been detected
by optical techniques. The development of millimeter wave
interferometers such as that at the Owens Valley Radio
Observatory (OVRO) has opened up the possibility for
absorption line studies against bright extragalactic millimeter
sources, providing high spectral resolution in a wavelength
region where many species have strong transitions (Marscher,
Bania, & Wang 1991; Bania, Marscher, & Barvainis 1991,
Lucas & Liszt 1994; Lequeux, Allen, & Guilloteau 1994;
Wilson & Mauersberger 1994 ; de Geus & Phillips 1995).

Liszt & Wilson (1993) have searched a large number of
extragalactic millimeter continuum sources for the presence of
Galactic CO J = 1-0 emission using single dish telescopes.
Lucas & Liszt (1994) present molecular absorption line observ-
ations toward three of these sources. Strong, multiple lines of
12CO, 13CO, HCO*, and HCN are detected. They conclude
that the abundances of HCN and HCO* with respect to *2CO
differ by more than an order of magnitude between different
lines of sight, and are surprisingly large in some cases. At radio

! Temporarily at NRAO AOC.

L93

wavelengths, absorption lines of OH (Crutcher 1980), H,CO
(Colgan, Salpeter, & Terzian 1986), and C;H, (Cox, Giisten, &
Henkel 1988) have been detected in the Taurus dark cloud
toward 3C123 and 3C111 indicating large abundances of these
molecules as well. Recently, Liszt & Lucas (1994) reported the
detection of weak HCO* 1-0 emission from the diffuse cloud
toward { Oph. .

In this Letter, we present observations of absorption lines of
12CO 1-0 and 2-1, HCO™* 1-0, and HCN 1-0, and upper
limits on !3CO 1-0 and CS 2-1, against the quasar
PKS 0528 + 134 obtained from the OVRO database (Scoville
et al. 1993). This line of sight crosses the diffuse outer edge of
the dark cloud B30 which will be shown to be less dense and
probably warmer than lines of sight studied so far. It provides
a unique opportunity to probe the chemistry and physics of
such a different environment. In particular, a new explanation
for the large HCO* and HCN abundances and line widths is
proposed which involves CH™*, a species which is known to be
abundant in diffuse clouds from optical absorption-line
observations (Gredel, van Dishoeck, & Black 1993; Crawford
et al. 1994), but whose role in the chemistry of other species has
not yet been recognized.

2. OBSERVATIONS

The quasar PKS 05284134  (a;950.0 = 05"28™0658,
d1950.0 = +13°29'42") is a standard phase calibrator at
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OVRO. The line of sight to it crosses the outer edge of the dark
cloud B30, part of the A Ori ring of clouds (Maddalena &
Morris 1987), 125 (~ 10 pc) north of the bright rim compressed
by the S264 H 11 region.

The observations of 0528+ 134 used in this Letter were
obtained between 1993 September and 1994 May with a
typical spatial resolution of 5”. Phase calibration was obtained
by self-calibration, and fluxes of 5 Jy at 3 mm and 2.5 Jy at 1.3
mm were assumed. The derived optical depths and the sub-
sequent analysis are independent of the assumed flux. The
shape of the passband was flattened by dividing by a poly-
nomial fit of third order or less to the average spectrum of
3C273 or 3C454.3. This procedure resulted in very flat base-
lines; the Galactic emission and absorption found toward
3C454.3 (Liszt & Wilson 1993, de Geus & Phillips 1995) does
not fall in the V] g range of the spectra. The spectral resolution
ranges from 0.10 to 0.35 km s~ ! It is assumed that the
extended emission is completely resolved out by the interfer-
ometer.

Detection of 12CO 1-0 emission has been reported by Liszt
& Wilson (1993) using the NRAO 12 m telescope (beam size
60"). Moore et al. (1995) observed H,CO 1,,~1,, absorption at
centimeter wavelengths.

3. RESULTS

The observed spectra are presented in Figure 1. Parameters
of Gaussian profile fits to the observed spectra are given in
Table 1. The absorption lines of *2CO, HCO*, and HCN
occur at Vg =9.5+ 0.1 km s~ Only two of the three
hyperfine components of HCN fall completely in the passband,
the third lies at the edge. No absorption has been detected of
13CO 1-0 and CS 2-1. The '2CO 1-0 absorption line with a
FWHM of 0.76 km s~ ! is only marginally resolved at the
resolution of 0.35 km s™!, but is consistent with the fully
resolved emission profile of 0.80 km s™' FWHM (Liszt &
Wilson 1993). The HCO™® 1-0 spectrum shows a second,
shallow absorption feature at Vg = 2.1 km s~ . No counter-
part is present in '2CO 1-0 absorption or emission at this
position, but emission at this Vi g is found 2’ south (Liszt &
Wilson 1993).

Although similar optical depths are derived for *2CO and
HCO", significantly different line widths of 0.76 and 1.30 km
s~! FWHM are found at the respective resolutions of 0.35 and
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FiG. 1.—Spectra obtained toward PKS 0528 + 134 with the Owens Valley
Millimeter Array. Horizontal scale is ¥, g in km s~ !, vertical scale is intensity
in janskys per beam.

TABLE 1
ABSORPTION-LINE PARAMETERS AND INFERRED COLUMN DENSITIES

Vise AV N®
Species (kms ') (kms™Y) T (cm™2) N/N¢o
12CO01-0........... 9.40 0.76 133 £ 0.20 (1.5-6.0) x 10'* =1
- 2.10 <0.06 <50 x 10'3 =1
12C0 21 ..o 9.60 092 1374438
13CO1-0........... . <0.05 <4.0 x 104 <0.26
HCO™* 1-0.......... 9.53 1.30 1.49 + 0.08 (2.3 +0.1) x 102 (3.6-16.0) x 10*
2.10 2.8 0.08 + 0.01 (2.6 + 0.1) x 10! >5.0x 1073
HCN 1,2-0,1 ....... 9.61 1.06 0.44 + 0.07 (1.8 + 0.3) x 102 (3.5-14.0) x 1074
HCN 1,1-0,1 ....... 1.26 0.24 + 0.07
HCN 1,0-0,1 ....... 0.84 0.10 £+ 0.05
CS2-1 cvennnnnnnn. . <0.13 <1.0 x 10'2 <6.7 x 107*
H,CO 1,0-1,...... 9.5 0.021 + 0.007 >6.0 x 1012° >1x 1074

* Column densities derived using ny;, = 100-500 cm ™3, T, = 20-60K, x, = 5 x 107%.
® Lower limit neglecting electron collisions.
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0.42 km s~ 1. Contaminating CO emission in the interferometer
beam would only aggravate the discrepancy. The main line of
HCN has a width of 1.1 km s~ ! (resolution 0.21 km s ~!) but an
optical depth of only 0.44. Therefore the observed differences in
line width cannot be attributed to line saturation. In § 4 an
explanation in terms of turbulence and cloud chemistry is pro-
posed.

An escape probability code has been used to derive the H,
number density ny,, the kinetic temperature T;,, and the
molecular column densities, including collisions with H, and
electrons. Details of the code and references to the adopted
cross sections can be found in Jansen, van Dishoeck, & Black
(1994). 1t is assumed in these calculations that all hydrogen is
in molecular form. An electron fraction x,=n,/ny, =5
x 1075 has been assumed, which is expected to be a reason-
able average of the variation of x, with depth into a translucent
cloud (Gredel, van Dishoeck, & Black 1994). From the
observed 2CO emission and absorption, the density is con-
strained to ny, = 100-500 cm ~ 3, and the '2CO column density
to N =(1.5-5.0) x 10'3 c¢cm~2, assuming that the physical
characteristics in the 5" and 60” beams are equal (see Fig. 2).
The '2CO 1-0 antenna temperature from Liszt & Wilson
(1993) has been corrected for main beam efficiency only.
Because of its small dipole moment, electron collisions are
unimportant for CO. Since the J =1 and J =2 levels are
located at 5.5 K and 16.6 K above the ground level respec-
tively, the kinetic temperature has no great influence on the
excitation. The observed 2CO 2-1 optical depth constrains
the kinetic temperature to 220 K. The inferred density of a few
hundred cm ™3 is typical for translucent clouds (van Dishoeck
& Black 1989) and is an order of magnitude lower than that
inferred for the lines of sight studied by Lucas & Liszt (1994).

HCO™, HCN and CS have much larger dipole moments
than CO, but the inferred ny, is two or three orders of magni-
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F1G. 2—Contour plots of 2CO 1-0 emission (solid line) and line center
optical depth (long-dashed line) as functions of 2CO column density and H,
number density for T,;, = 60 K. Contour levels are T, = 1.0, 2.0, ..., K, and
t=0.3,0.6, ..., 3.0. Observed values are indicated with their respective errors
by the short-dashed lines. For the lowest temperature consistent with the
observations, Ty;, = 20K, the inferred ny, is enhanced by about a factor of 2.
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tude smaller than the critical density of the observed tran-
sitions. Their excitation is therefore dominated by the 2.73 K
background radiation field, and hence the derived column den-
sities are largely insensitive to variations in x,. Only for H,CO
does the uncertainty in x, prohibit an accurate determination
of the column density. In Table 1 the inferred column densities
and upper limits are listed. The predicted corresponding
antenna temperatures for HCO* and HCN emission are
~0.03 and ~0.01 K, respectively.

<

4. DISCUSSION

In dark clouds like TMC-1 abundances of HCO*/*2CO and
HCN/!2CO of (1-3) x 10~ are found. It is therefore remark-
able that in this translucent, low density cloud values as high as
(2.5-14.0) x 10™* and (3.6-16.0) x 10™%, respectively, are
inferred. For other lines of sight Lucas & Liszt (1994) reach
similar conclusions. For the velocity component at Vg = 2.1
km s~ ! an even larger value of HCO*/CO > 5 x 1073 is
found assuming similar conditions as for the 9.5 km s~ ! com-
ponent. Although such large abundance ratios could be par-
tially due to a low CO abundance because a large fraction of
carbon is atomic, the absolute column densities of HCO™* and
HCN are much higher than can be explained by current chemi-
cal models.

Chemical models are constrained by the number density of
hydrogen nuclei n = ny + 2ny,, the gas kinetic temperature
Tiin» the H, column density Ny,, the intensity of the incident
ultraviolet radiation field Iyy, and the elemental depletions.
Assuming that most hydrogen is molecular, n is found from the
12C0 excitation. An H, column density of (1.0 + 0.5) x 10!
cm~? is adopted based on the observed integrated CO emis-
sion with the conversion factor of Bloemen (1989), and on the
100 um IRAS flux (de Vries & le Poole 1985) combined with
the 4,/N conversion of Savage et al. (1977). The incident radi-
ation field is assumed to be enhanced by a factor of 2 with
respect to the average interstellar radiation field, I,y = 2,
which is not implausible given the vicinity of the 4 Ori associ-
ation. The elemental depletions found toward { Oph are
adopted (Cardelli et al. 1993; Savage, Cardelli, & Sofia 1992).

It is proposed that cloud turbulence can explain both the
observed high abundances and the line widths of HCO™ and
HCN (Spaans, Black, & van Dishoeck 1995). In the first part of
Table 2 the results of chemical modeling without turbulence
are presented for a number of molecules, using n = 250 cm ™3,
Tiin = 60 K, Ny, = 1.0 x 10?! cm~2, and Iyy = 2. For these

TABLE 2

RESULTS OF “ QUIESCENT ” AND TURBULENT
CHEMICAL MODELS

N
(em™?)

SPECIES AVyo =0 AV, =35kms™!
12CO ....... 5.5 x 10'# 2.3 x 10*%
13CO ....... 4.7 x 1013 6.6 x 10'3
CH"........ 2.2 x 10! 5.1 x 10'3
CH.......... 3.2 x 10'3 9.5 x 103
C,H ....... 3.5 x 10*3 9.6 x 103
HCO*...... 8.2 x 10° 8.1 x 10*!
HCN ....... 7.2 x 10° 9.3 x 10!
CS .......... 1.2 x 10*° 1.9 x 10!
CN.......... 1.1 x 103 39 x 10'3
H,CO ...... 1.4 x 108 2.4 x 108
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parameters the model clearly fails to produce the observed
amounts of HCO* and HCN by two orders of magnitude.
Even for the highest density consistent with the observations,
n =10% cm ™3, the produced column densities of HCO™* and
HCN are not significantly increased.

The second part of Table 2 gives the results for chemical
modeling including the effects of turbulence for the same cloud
parameters. A turbulent velocity structure differs from a pure
Gaussian shape by excess power in the line wings, as has been
observed toward dark clouds (Falgarone & Phillips 1990).
Spaans et al. (1995) discuss the possible formation of the
observed large amounts of CH* in diffuse clouds in general
through the endoergic reaction C* + H,—-CH" + H,
where turbulence provides the translational energy needed to
overcome the reaction barrier. A relatively high fraction of
CH™ is produced with a large velocity dispersion. Since CH*
is rapidly converted to CH; it cannot thermalize by elastic
collisions with H,, explaining its observed broad line profiles
(Lambert, Sheffer, & Crane 1990). It is proposed here that any
species whose formation involvessCH* will inherit part of this
broad velocity distribution provided that both the formation
and the destruction proceed on timescales shorter than that
needed for thermalization. The formation of both HCO* and
HCN involves CH™ through the reactions CH' + O —»
CO* +H; CO*+H,->HCO*+H and CH; +N-
HCN* + H; HCN* + H, > H,CN* + H; H,CN* +e¢—
HCN + H. Another, less important HCO* formation channel
is through the C* + OH reaction, where OH is enhanced
because the rates for the endoergic reactions
O+ H*—>0" + Hand O + H, » OH + H are increased by
turbulence as well. Spaans et al. (1995) present the results of a
parameter study of the effects of turbulence on the chemistry.
The critical input parameter is AV,,,,, a measure of the total
kinetic energy per unit mass injected into the medium on the
largest scales. Resulting line profile widths are calculated by

-making simple assumptions about the redistribution of trans-

lational energy in subsequent reactions, and by assuming a
FWHM of 0.80 km s~ ! for the “quiescent ” gas. For AV,,,, =
3.5 km s~ 1, the resulting line widths are AV(HCO™*) = 1.5 km
s™!, AV(HCN) = 1.1 km s~ ! and AV(*2CO) =09 km s},
convolved with the respective instrumental resolutions (§ 3). It
can be seen that this model explains the observed line widths
and column densities reasonably well for the derived param-

eters. In particular, HCO™ and HCN are enhanced by one to
two orders of magnitude, and even CO is increased by a factor
of 4. Note that the enhanced CO abundance also leads to
additional HCO™* through the CO + Hj reaction. Although
the detailed results depend sensitively on the adopted param-
eters, the computed trends are robust. Only for H,CO are the
predicted column densities too low by several orders of magni-
tude, but grain surface reactions, which could be important,
have not been included. The adopted value of AV, is a factor
of 2 larger than the values inferred by Gredel et al. (1994) for
high-latitude clouds, which is not unexpected since the com-
pression of B30 on one side by the expanding hot gas of S264
deposits large amounts of energy in the cloud.

We conclude that in this low-density, diffuse cloud, the turb-
ulence influences the cloud chemistry dramatically, as reflected
in the high HCO* and HCN abundances and their line
profiles. For densities n > 10® cm ™3 the CH" formation is
strongly suppressed, since the mean free path on which C*
reacts with H, to form CH™* becomes less than the scale length
on which the turbulence is dissipated. It is therefore only in
low-density clouds such as this one that the effects of turbu-
lence on the chemistry become apparent. Liszt & Lucas (1994)
report similar column densities of *2CO and HCO* toward
{ Oph, a line of sight of similar physical conditions. The mea-
sured CH™ column density toward { Oph is of the same order
of magnitude as predicted for our line of sight. The observ-
ations presented by Lucas & Liszt (1994) show velocity com-
ponents with very broad HCO* and HCN profiles in the
absence of 12CO emission, suggesting very low densities. This
shows that searches for molecular absorption should not be
limited to lines of sight with detected CO emission. Because of
its high dipole moment and relatively large abundance, HCO*
samples low-density regions which cannot be observed in
molecular emission nor in CO millimeter absorption.
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