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Abstract. Millimetre emission and optical absorption line
observations of the high-latitude cloud toward the star
HD 210121 are reported. The cloud was mapped in the J=1-0
transition of 12CO with the 15m Swedish-ESO Submillimetre
Telescope (SEST) at 1’ spacing. The emission is characterized by a
number of distinct peaks embedded in widespread, low-level
emission over an area of one square degree, which corresponds to
a diameter of 2.6 parsec at the estimated distance to the cloud of
150 pc. A fully-sampled high signal-to-noise map was made over
a 3'x 3 region around the star, which allows a study of the
structure on smaller scales. Limited maps in the *3CO J=1-0
line were obtained in regions of local 2CO maxima, where the
structure may change on spatial scales of less than 0.1 pc. The
13CO emission was found to have a smaller spatial extent and a
steeper gradient toward the boundaries of the clumps than the
12CO emission. The velocity gradient across the cloud is small,
<1kms™! over 2.6 pc. The optical absorption line observations
toward HD 210121 allow an independent determination of the
H, column density along the line of sight against which the
CO/H, conversion factors can be calibrated. It is shown that the
standard analysis of the '3CO emission in dense, thick clouds
does not apply to this more tenuous cloud. The optical absorp-
tion lines of C, and CN detected toward HD 210121 can be used
to estimate the physical conditions in the cloud. The C, excitation
suggests a low temperature, 7<20 K, and a rather low, but
uncertain density ny=500-1000 cm 3. The CN excitation de-
rived from the absorption lines, combined with sensitive searches
for the CN millimetre emission line, indicates densities
ny ~1500-2500 cm ™ 3. An analysis of the CO rotational excita-
tion gives densities n; &~ 20005000 cm ~ 3, Little evidence is found
for large density variations between various positions in the cloud
from these diagnostics. Millimetre lines of other molecules such as
HCN, HCO* and C;H, were searched for, but not detected.
Most of the observed molecular abundances and upper limits can
be understood in models with densities n,; =~ 500-5000 cm ~3, and
a low incident ultraviolet radiation field. The observed
12CO/'3CO ratios can be reproduced in models in which the
temperature is sufficiently low. The molecular column densities
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* Based on observations collected at the European Southern
Observatory, La Silla, Chile

found in this cloud are consistent with those measured in diffuse
and translucent molecular clouds. The effects of small-scale
structure and low filling factors on the analysis are discussed. The
cloud lies in the interesting regime in which the abundance of CO
starts to become significant, but in which most carbon is still in
atomic form. It is pointed out that in this regime, small fluctu-
ations in physical parameters can lead to large variations in
observable CO line intensity, thereby accentuating the structure
seen in the CO map. As a general conclusion, it is not trivial to
distinguish density variations from variations in other properties
such as total hydrogen column density, strength of the ultraviolet
radiation field, extinction properties of grains or carbon depletion
factor.

Key words: interstellar medium: molecules — clouds: HD 210121 —
radio lines: molecular

1. Introduction

The first systematic search for 12CO J=1-0 emission at lati-
tudes |b| > 20° was performed by Blitz et al. (1984), who detected a
number of localized regions of CO emission which are now
referred to as high-latitude molecular clouds. The clouds may be
distinguished from the opaque, dark clouds at high galactic
latitudes listed in Lynds’ (1962) catalogue by their low visual
extinction of typically AY'=1-2 mag (Magnani & de Vries 1986).
The clouds detected in CO are local and appear at an average
distance of D~ 100 pc (Magnani & de Vries 1986; Hobbs et al.
1986, 1988). They are associated with “cirrus” emission reported
from IRAS observations at 100 um (de Vries & Le Poole 1985;
Weiland et al. 1986; de Vries et al. 1987) and with atomic H 1
emission (Goerigk et al. 1983; Mebold et al. 1985). The IRAS
database has subsequently been used to identify a larger collec-
tion of high-latitude diffuse molecular clouds (Désert et al. 1988),
of which the Magnani et al. (1985) sample is only a subset.
Despite their low visual extinction, the clouds have relatively
high abundances of CO (Magnani et al. 1985; Keto & Myers
1986) compared with, for example, the classical diffuse clouds
studied by ultraviolet absorption lines with the Copernicus satel-
lite. Other molecules that have been detected in high-latitude
clouds by their millimetre emission lines include OH and H,CO
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(Magnani et al. 1988; Heithausen et al. 1987; Magnani & Siskind
1990), CH (Magnani et al. 1989), C;H, (Turner et al. 1989), CS
(Drdla et al. 1989), and NH; (Mebold et al. 1987; Stacy et al.
1989). Most of the clouds in which molecules have been observed
are poorly characterized in terms of physical parameters and total
H, column density, however, so that the determination of the
abundances is rather uncertain. In addition, the CO maps of high-
latitude clouds are often significantly undersampled, with effec-
tive spacings of 2-10". Only a few clouds have been mapped at
higher angular resolution (e.g. Falgarone & Pérault 1988; Pound
et al. 1990). The clouds are generally several square degrees in
extent, and show a highly inhomogeneous and filamentary struc-
ture down to the actual resolution of the telescopes. '

Because the high-latitude clouds are thin, they are also
amenable to optical absorption line studies, provided that a
suitable background star can be found. Atomic Na 1 lines toward
stars located behind known high-latitude clouds were observed
by Hobbs et al. (1986, 1988), and were used to place more
stringent constraints on the distances to individual clouds.
Absorption lines of interstellar CH and CH* have been dis-
covered by de Vries & van Dishoeck (1988), Welty et al. (1989),
and Penprase et al. (1990).

In many aspects, the high-latitude clouds are very similar to
the translucent clouds studied by van Dishoeck & Black (1989).
The “tiny little clouds” discovered by Knapp & Bowers (1988)
probably belong in the same category on empirical grounds, even
if not of similar origin. Translucent clouds are defined as molecu-
lar clouds with visual extinctions in the range AY'~1-5 mag.
Their most interesting chemical property is that they lie in the
region of parameter space where carbon is transformed from
predominantly C* to CO (van Dishoeck & Black 1988). It is
becoming apparent that the high-latitude clouds actually span a
wide range of cases. On the one hand, there are high-latitude
clouds which show peak CO antenna temperatures approaching
those of classical dark clouds such as L134 N and TMC-1, and in
which molecules such as C;H, and NH; are detected. Examples
are MBM 12 (Pound et al. 1990), MBM 16, MBM 20, MBM 21
and MBM 40 (Magnani et al. 1988; Turner et al. 1989; Stacy et al.
1989). The cores of these clouds surely have visual extinctions of
more than three magnitudes in localized places, and most carbon
has been transformed into CO. On the other hand are the diffuse
molecular clouds listed by Désert et al. (1988), which show in
many cases no CO emission at the level of T§ ~0.2 K (Blitz et al.
1990). Nearly 90% of the high-latitude molecular clouds appear
to fall into this category, and the total visual extinctions (includ-
ing that contributed by the atomic component) are less than 1
magnitude. These clouds are similar to the classical diffuse clouds
studied with the Copernicus satellite such as the { Oph cloud, in
which most carbon is observed to exist in the form of C*. The
majority of the original MBM clouds observed in CO lie pre-
sumably in the important intermediate regime where CO
just starts to become significant. A more detailed study of the
physical and chemical structure of clouds in this class is certainly
warranted.

We have therefore undertaken a detailed study of the high-
latitude cloud toward HD 210121 discovered by de Vries & van
Dishoeck (1988) on the basis of the IRAS 100 um data, and listed
as cloud nr. 80 by Désert et al. (1988). This cloud is better suited
for a thorough investigation than many other clouds in the
sample for several reasons. First, it has at least one bright, early-
type background star against which absorption lines can be

measured: HD 210121. This line of sight shows the strongest
molecular absorption lines detected so far in a high-latitude
cloud. The optical data can be used to provide independent
information on the total H, column density along the line of sight
and on other physical properties, against which the millimetre
data can be calibrated. Second, its high latitude, |b| =44°, ensures
that it is not the outer extension of a giant molecular cloud or a
dark cloud located close to the galactic plane, as is the case for
some high-latitude clouds with |b|<25°. Third, the HD 210121
cloud appears to fall nicely in the intermediate regime of clouds,
in which CO is abundant, but not yet the dominant carbon-
bearing species. The CO millimetre lines are therefore weak,
T%~1-3K, and only slightly saturated so that they can reveal
structure on small scales. We present here detailed maps of the
12CO and '3COJ =1-0 emission at higher angular resolution
(45") than obtained for most other high-latitude clouds so far. In
Sect. 2, we discuss the observational procedures. In Sects. 3.1 and
3.2, we present maps of the !2CO and *3CO emission. In Sects. 3.3
and 3.4, we investigate the line profiles and the velocity structure
of the cloud, and in Sects. 3.5 and 3.6 we infer molecular masses
and other physical parameters. The chemical structure of the
cloud is discussed in Sect. 4 with reference to detailed chemical
models.

2. Observations

Millimetre emission line observations were carried out in a region
of approximately one square degree around the high-latitude star
HD 210121 (0t;950=22"05"36%1, 6,950= —3°46'35"5; 1,=56°48,
b= —44207) with the Swedish-ESO Submillimetre Telescope
(SEST) at La Silla, at an altitude of 2300 m. 2CO J=3-2
observations at a few selected positions were made with the
10.5 m Caltech Submillimetre Observatory (CSO) at Mauna Kea
(van Dishoeck et al. 1991). Optical absorption line data toward
HD 210121 were obtained with the ESO 1.4 m Coudé Auxiliary
Telescope (CAT) equipped with the Coudé Echelle Spectrometer
(CES). In the following, we describe the observational procedures
and their associated uncertainties in more detail.

2.1. Millimetre emission line observations

The millimetre emission line observations were obtained during
several observing sessions in the period November 1988-June
1991. The characteristics of the SEST are given in Booth et al.
(1989). The region around HD 210121 was extensively mapped in
the J=1-0 '2CO transition at 115.271 GHz. Restricted maps in
the 3CO emission at 110.201 GHz were obtained at selected
positions. The spacing between individual map positions was
typically 1’ for the 12CO and 20" for the '3CO observations. The
SEST full half power beam width (FHPBW) at 2.6 mm is 45", so
that the *2CO maps are only slightly undersampled. A total of
1760 '2CO and 320 '3CO spectra were obtained. Spectra with
relative offsets of less than 0!1 were averaged, and the final maps
were constructed from the resulting 1500 *2CO and 240 '3CO
spectra. In addition to the '2CO and !3CO observations, emis-
sion lines of C;H, near 85.339 GHz, HCN near 88.631 GHz,
HCO™ at 89.188 GHz, CS at 97.98 GHz, C'80 at 109.782 GHz,
and CN near 113.5 GHz were searched for at a few positions.
A dual polarization Schottky mixer was used as the frontend,
with a measured total single sideband noise temperature of
T,..~300 K. System temperatures above the atmosphere were
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typically 600 K at 115 GHz and 450 K at the lower frequencies.
Typical on-source integration times were 30 s and 100 s for the
individual *2CO and !3CO spectra, resulting in rms noise levels of
0.35K and 0.13 K, respectively.

A high resolution acousto-optical spectrometer (AOS), built
by the millimetre astronomy group at the University of Cologne,
was used as the backend. It has a band width of 86 MHz and a
resolution of 43 kHz, corresponding to 0.11km s~ ! at 115 GHz
(Zensen 1984). The Cologne AOS uses a laser diode as its light
source, which during some of the observing runs caused in-
stabilities in the frequency of the AOS output. It appeared that
the current applied to the laser diode was very close to a value at
which jumps occur in the emission mode of the diode. These
jumps were discrete in frequency and irregular in time. They
resulted in shifts of the AOS frequency scale of up to 0.15 MHz,
corresponding to 0.4km s ™! at 115 GHz. More regular drifts in
the AOS center frequency are introduced by temperature vari-
ations in the AOS room and can amount up to two channels
(86 kHz). The AOS wavelength calibration is established at the
beginning of each calibration measurement through an internal
frequency comb. A few spectra may, however, have an ill-defined
velocity scale of up to 0.4 kms ™! or distorted line profiles due to
jumps occurring between two integrations.

Another instrumental effect was introduced by the phase lock
loop (PLL) electronics. The spectrum of the down-converted local
oscillator signal shows symmetric side-lobes at an attenuation of
~15 dB below the peak intensity of the signal, and additional
noise structure at an attenuation of &~ 20 dB. This particular line
shape of the Gunn oscillator causes the appearance of artificial
wings in the line profile of the intermediate frequency signal with
an intensity of a few percent of that at the line center. At 115 GHz,
these wings extend a few km s~ ! from the line core. Therefore, any
“wings” in our spectra at that level are not to be trusted.

All observations were carried out in frequency switched mode,
with a frequency throw of 15 MHz in general, except for the CN
observations where a throw of 40 MHz was employed. The LSR
velocity of the telluric CO line was monitored carefully to avoid
confusion with the observed interstellar *2CO J =10 emission.
Pointing checks were carried out regularly, typically in intervals
of 6 h, by observing late type stars with maser emission in the SiO
(2—1,v'=1)line at 86.243 GHz. The deviations from the pointing
model were found to be of the order of 5” both in azimuth and
elevation.

Calibration was achieved through the chopper-wheel method,
resulting in T%, the antenna temperature corrected for atmo-
spheric attenuation and the fraction of the antenna solid angle
looking at the sky (Kutner & Ulich 1981). The “chopper” main
beam efficiency nz=0.74 and the “chopper” moon efficiency
N¥oon =091 were derived from observations of Mars and the
Moon, respectively, where nq0n=7 % (Moon)/ T ¥ (Moon) and
n¥p=T %/ Tg (MB). In the calculation of the main beam efficiency
from the observations of Mars, a correction was made according
to TR (MB)= Ty x [1—¢~!n 2*(@/FHPBW?] where D is the disk
diameter of a source not filling the main beam and FHPBW is the
full width at half power of the main beam, assuming that it has a
Gaussian shape. The radiation temperature of extended sources
was determined from Tr=T%/n¥.on assuming that Tp=Tg.
The main beam antenna temperature was defined using
Tus=T%/n%gs The calibration was occasionally checked by
observing Orion A and IRC+ 10216, and was found to be
consistent within 10-20%. However, comparison of the
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SESTCO 1-0 data with those obtained at other telescopes
showed differences at selected positions of 30% or more, with the
SEST data being systematically lower (e.g. van Dishoeck et al.
1991). No extra correction for this effect has been made in this
work, but the uncertainty in absolute value should be kept in
mind.

The submillimetre observations of the CO J=3—2 line using
the CSO have been described in detail by van Dishoeck et al.
(1991).

2.2. Optical absorption line observations

Absorption lines of interstellar CH and CH* toward HD 210121
[V=1.5; E(B—V)=0.32] have been detected by de Vries & van
Dishoeck (1988) using the 1.4 m CAT telescope with the CES. A
similar instrumental set-up was used to search for interstellar CN
and C, toward the star. Lines of CN in the B2Z*-X2Z* (0,0)
band around 3875 A were observed in July 1988 and May 1990
using the short camera with the CCD detector. A search for the
CN AZ[I-X2Z " (2,0) band at 7906 A was made as well. Measure-
ments of the C, A'TI,-X'Z. (2,0) lines around 8750 A were made
in August 1989 with the short camera. The detector consists of a
1024 x 640 pixels RCA CCD chip with a pixel size of 15 pum
square (Dekker et al. 1986). At blue wavelengths, the resolving
power was about 1/AAx60000 or 49km s~ ! in velocity units,
whereas at red wavelengths, it was only A/AA~ 50000 or 6 kms ™!
with the short camera. Wavelength calibration was performed
using a Th-Ar hollow cathode lamp as the reference. Exposure
times were typically 30 min per CCD frame, with a total of 4 h for
the CN observations, and Sh for the C, observations. Standard
lamps were used to correct for pixel to pixel sensitivity variations.
The spectra were reduced with the ESO THAP image processing
system.

3. Physical properties of the cloud

The 2CO J=1-0 millimetre emission line toward HD 210121
shows a single component at V= —63kms™! (Drdla et al.
1989). This velocity is consistent with that found for the CH
absorption lines toward the star, and strongly suggests that all
CO emission arises from material located in front of the star (de
Vries & van Dishoeck 1988). The photometric distance to the star
is 210+ 30 pc, which is thus an upper limit to the distance of the
cloud. This distance could be better constrained by photometric
observations of other stars in the surroundings (cf. Hobbs et al.
1986), and such work is in progress. We adopt here D =150 pc to
the cloud. The corresponding vertical distance from the Galactic
plane is z=104 pc. The color excess of the star, E(B—V)
=0.32 mag, corresponds to Ay = 1 mag if the standard value for
the ratio of total to selective extinction Ay/E(B—V)=3.1 is
adopted, and is consistent with the excess surface brightness at
100 um of about 7 MJysr~!. The Na absorption lines show a
weak second component at ¥ gz = +5 kms ™, which is not seen
in the millimetre observations.

3.1. Spatial structure of the '2CO emission

Molecular emission in the J = 1 -0 line of 2CO was detected in a
region of approximately one square degree in extent (2.6 x 2.6 pc)
around the star HD 210121. A contour map of the }2CO 1-0
peak antenna temperature is presented in Fig 1a. The map was
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Offset Ad (arcmin)

Offset A6 (arcmin)

Fig. 1. a Map of the peak antenna temperature T% of
12CO in the HD 210121 cloud. The lowest contour is
T%=1K, and the increment between subsequent contours is
0.5 K. The position of HD 210121 is indicated by the star.
Dots indicate the positions of the individual 2CO observa-
tions. Map coordinates are given in offsets in arcmin from the
stellar position. b Map of the velocity-integrated antenna
temperature { 7% dV of '2CO in the HD 210121 cloud. The
lowest contour is set at 3K kms ™! to emphasize the regions
of peak CO emission, and the increment between subsequent
contours is 1 Kkms™!. Five individual regions of '2CO
emission are indicated by letters A-E. The circle in the lower
right corner indicates the SEST beamwidth of 45" at 2.6 mm

-20
Offset Aa (arcmin)

constructed from parameters obtained from single Gaussians
fitted to the spectra. The lowest contour drawn is T%=1K and
each additional level is incremented by 0.5 K.

The region around HD 210121 is characterized by extended,
low-level emission with 7' =1-2 K. Immersed in the widespread
12CO emission are regions with significantly higher antenna
temperatures of T%=4-5K. Figure 1b shows a map of the
velocity integrated antenna temperature [ T%dV with the low
limit cutoff set at [T7fdV=3Kkms™' to emphasize these
regions. Maximum values are around [ T5dV'=8 Kkm s~ *. The
beam size of 45” of SEST is indicated in the lower right corner.
The cloud has the overall appearance of a shell-like structure,
with the regions of higher antenna temperature lying at the edges
of the shell. Especially in the south-west, the edge appears very

sharp. In the following we distinguish the individual regions A to
E as indicated in Fig. 1b.

Region A extends around and to the south-west of the
direction toward HD210121. It consists of several individual
clumps with '>CO intensities of 4.5 <[ T4 dV'<5.5 Kkms™ ! and
angular extents of a few arcmin. The 12CO peak at offsets around
(—8,—10) was also observed in !'3CO. Figure 2a shows a
combined map of the '2?CO and '3CO peak antenna temperature
T% of a 5x5 (0.2x0.2 pc) region. The positions of 3CO
observations are indicated by dots. The *2CO contours range
from 3.5 to 5.5 K and are incremented by 0.5 K. The lowest 13CO
contour is 0.75 K, and each additional contour is increased by
0.2K. '3CO emission with T*>0.3 K was detected at each
position observed. The '2CO and !3CO maxima occur at the
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Fig. 2a-d. Map of the 12CO and '3CO peak antenna temperature T % in
Region A. The '2CO contours, represented by dashed lines, range from 3.5
to 4.5 K in steps of 0.5 K. The **CO contours range from 0.75 to 1.35 K
and are drawn as solid lines. Positions of **CO observations are indicated
by dots. The SEST beamwidth is indicated in the lower right corner. Map
of the '>CO and '3CO peak antenna temperature T% in Region B.
Symbols and notation as in Fig. 2a. The *2CO contours drawn have T*
=3-5K in steps of 1K; 3CO contours start at T¥=0.6K and are
incremented by 0.2 K. Map of the *2CO peak antenna temperature T % of
the second emission component of region D at V,z=—8kms™ 1
Contour levels range from T5=15K to T%=2.5K in steps of 0.5 K.
Map of the '2CO and *3CO peak antenna temperature T % for the isolated
clump of region E. The lowest contours are 2 and 0.5 K for '2CO and
13CO, with increments of 1 and 0.1 K, respectively. Symbols and notation
as in Fig. 2a

same projected offset from the star. However, the 1*CO contours
indicate a steeper gradient in the emission than the !2CO
emission: the 12CO emission changes by only 20% over the map,
whereas the 13CO line strength changes by a factor of two over
the same area. Similar effects were found by Falgarone & Pérault
(1988) for part of a cloud in Ursa Major.

The 2CO emission in region B shows an elongated clump
with an extension of 10’ x 5’ (0.4 x 0.2 pc), and sub-structure at
smaller scales. Maximum antenna temperatures are 7T 5~5K.
Steep gradients in the emission delineate well-defined boundaries.
Significant changes in T ¥ occur at spatial scales smaller than 1'.
In Fig. 2b, the 2CO and !'3CO observations in a 7' x 7' region
around (—29, 3) are shown. The data are presented as in Fig. 2a.
The lowest contours have T%(*2CO)=3K and T*(*3CO)
=0.8 K, with increments of 1 K (12CO contours) and 0.2 K(*3CO
contours). The *3CO maximum is displaced from two local 2CO
maxima near (—29, 2.5) and (—32.5, 2). At the latter two
positions, the !3CO peak antenna temperature is low
(T*=0.6 K) compared with values a factor of 2.5 higher at
positions around (—29, 3.5). No 3CO emission was detected at
offsets (—32.5, 5) and (—32.5, —0.75) at the level T} ~0.1 K, even
though there is still significant 12CO emission.
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The region around position C to the north of the star is
relatively free of strong (7% >3 K) CO emission, so it was not
studied in 13CO.

A small clump moving at larger negative velocities than the
bulk of the CO emission in the HD 210121 cloud is seen in region
D at offsets around (—35, 12). Here the 2CO profile has a
resolved double structure (cf. Fig. 3c). In Fig. 2c, the distribution
of the second component at V; gz~ —8 kms ™! is presented. The
12CO observations of this region were obtained with an integra-
tion time of 120 s, resulting in a rms noise level of 0.15 K. The
13CO emission at (—35, 12) is weak but also shows the double
structure. Because the average velocity of the two components is
the same as that of most of the gas in the HD 210121 cloud, it is
most plausible that both components are associated with the
general cloud, although we cannot exclude the possibility that it is
unrelated material lying along the line of sight.

1.5

0.5

LN B S B R S B N B B B R
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-10 -5 »
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Fig. 3. The '2CO spectra obtained toward HD 210121 [position (0, 0)]
and at offsets (Aa, Ad)=(—28', —10') and (—35, 12). Gaussian fits to the
spectra are shown as well
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Fig. 4. Mosaic of '*CO and '3CO spectra obtained around (—31’,19') in region D. The temperature scaleis —0.5 K < 7% <4.5 K for 2CO and !3CO.
The velocity scale is —15kms™' < ¥, <5kms™!. The 3CO spectra are represented by heavy lines

A few positions around location (— 31, 19) were observed in
'2CO and '3CO. The respective spectra are shown in Fig. 4, with
the '>CO and '*CO spectra drawn at the same T% scale. No
double structure is seen at these positions. Clearly, the
'2CO/*3CO intensity ratio changes toward the edge of the
clump.

Region E is a small, isolated clump around (— 26, —4) south
of region B. A contour plot with 12CO levels ranging from 2 to
4 K in steps of 1 K is shown in Fig. 2d. 13CO observations were
made at offsets between (— 27, —3) and (—25, —5) with a spacing
of 0.5-1". The '*CO contours shown in Fig. 2d range from
T%=0.5 to 1K in steps of 0.1 K. Both the 2CO and !3CO
emission delineate circular regions with diameters of 3’ and 1.5,
respectively, and the emission maxima of '2CO and !'3CO
coincide.

3.2. 12CO/*3CO intensity ratios

The T #(**CO)/T %(*3CO) intensity ratios measured at selected
positions are summarized in Table 1. The '3*CO emission toward
the star is weak and T%(**CO) reaches only 6% of T *(!2CO).
13CO is also weak around (— 32, 2) where a local maximum in the
'2CO emission occurs. Here T %(12CO)/ T %(!3C0O)=9.4. On the
other hand, low ratios around 3 prevail near the two !2CO
maxima of regions A and B, at (—8, —10) and (—29, 3),
respectively, where T ¥(*2CO) >4 K. The ratio increases to values
around 10 toward the boundary of the two *3CO clumps. Since
the '*CO emission is roughly constant across the two 13CO
clumps, the increase in the ratio is mainly due to a drop in the
13CO antenna temperature. In general, significant increases in the
ratio are observed whenever T %(*2CO) < 3 K, but high ratios also
occur near local 12CO maxima in regions B, D and E, some of

which lie close to the edge of the cloud. These points are
illustrated in Fig. 5, where T %(*2CO)/ T *(*3CO) is plotted as a
function of T4(**CO). In classical diffuse clouds such as the {
Oph cloud, the observed ratio is about 80 (Langer et al. 1987),
whereas in the cores of Giant Molecular Clouds (GMCy), it is
approximately 3-5 (Solomon et al. 1979). For large-scale emis-
sion that is averaged over both GMCs and more dilute gas, the
ratio is 6.740.7 (Polk et al. 1988). Clearly, at many positions in
the HD 210121 cloud the ratio is far from that found is GMC s,
and is closer to the ratio 21 + 8 found by Knapp & Bowers (1988)
for their tiny clouds. We will discuss the implications of the
12CO/!3CO ratios in more detail in Sect. 4.2.

3.3. Line profiles

The CO spectra obtained at the various positions show variations
in their line profiles. A few examples are given in Fig. 3. The
spectra were obtained at the three positions (0, 0), (—8, — 10) (in
region A) and (— 35, 12) (in region D). The Gaussian fits are also
drawn. The '>CO spectrum towards HD 210121, obtained with
an integration time of 60 min, was fitted with a Gaussian of Visr
=—62kms™! and A¥=2.1kms™!. The parameters for the fit
to the '*CO line are V;g=—59kms ! and AV=1.7kms ',
The deviation from a single Gaussian of the 12CO line profile is
obvious, especially on the blue side, and may be caused by
multiple, unresolved velocity components in the line of sight or
wings with a width of ~5kms™!. Because of the instrumental
problems discussed in Sect. 2.1, care has to be taken whether the
apparent wings are real. For this reason, several spectra were
taken over a period of more than 2 yr, and they all systematically
show an excess at blue velocities. For comparison, a 3 x 3 CO
J=2-1 map was obtained with 10” spacing around the star.
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Although the integration time at each position was 16 min, the
individual spectra are rather noisy, so that we consider only the
averaged spectrum. Figure 6 (left) compares this averaged CO
J=2-1 profile with 1-0 profile at the (0, 0) position. The blue
wing is clearly visible also in the 2—1 spectrum. Similar wings
have been observed previously in high-latitude clouds by Blitz et
al. (1988) and Magnani et al. (1990), and in other regions without
internal energy sources or star-forming activity by Knapp &
Bowers (1988) and Falgarone & Phillips (1990).
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To investigate changes in the '2CO emission in the neighbor-
hood of HD 210121, a 3' x 3' region around the star was mapped
at 20" (half beamwidth) spacing. The integration time at each
position was 7 min, resulting in a rms of 0.09 K. These spectra are
shown as a mosaic in Fig. 7, whereas the averaged profile over the
whole region is compared with the 2—1 line in Fig. 6 (right). In
addition, a five point '*CO 1-0 map around the star at 20"
spacing was made, with an integration time of 70 min per point.
Since T%(*3CO) is less than 0.1 K at each position with a rms of

Table 1. 12CO 1-0 and '3CO 1-0 observations at selected positions

(Ao, AS) Vise(12)  Vi(13)  AV(12)  AV(13) T*(12) TX(12)  [rxa2dy [T302dV  N(H,»
(arcmin) (kms™") (kms ') (kms™!) (kms™!) (K) Tx(13) Kkms )  [T((13)dV (cm~?)
(0,0 —6.2 —-59 2.1 1.7 1.5 17.6 33 22,0 9.2 (20)
Region A
(=9, —11)  —58 —-59 0.9 0.8 3.7 5.5 3.7 6.6 1.1 (21)
(-8, —11)  —62 —-59 1.1 0.6 35 33 43 6.7 1.3 (21)
(-7, —11)  —60 —-59 1.3 0.6 35 55 4.6 56 1.4 (21)
(—6, —11)  —64 —-6.1 1.3 0.7 42 49 55 8.7 1.7 (21)
(-9, —10)  —62 — 0.9 — 3.0 >10 2.9 — 9.0 (20)
(-8, —10)  —6.1 —-59 1.3 0.9 4.0 38 58 5.7 1.8 (21)
(=7, —10)  —64 —6.1 1.0 0.7 4.5 3.7 50 5.1 1.5 (21)
(-6, —10)  —63 —6.3 1.5 12 33 53 5.1 6.4 1.6 (21)
(=9, —9) —6.1 —6.4 1.4 0.7 32 78 4.8 15.5 1.5 (21)
(-8, —9) —6.4 —6.1 1.2 0.7 43 6.2 5.6 11.0 1.7 (21)
(=7, -9) —6.0 —6.0 1.1 0.8 34 3.0 4.0 4.0 1.2 (21)
(=6, —9) —6.3 —5.8 0.9 0.8 2.8 59 2.8 6.7 8.5 (20)
(=7, —98) —64 —6.2 1.2 0.7 32 39 4.0 6.9 1.2 (21)
Region B
(—325,18 =72 —6.5 12 1.0 4.7 7.6 59 8.6 1.8 (21)
(—325,25 =71 —6.5 1.3 0.7 5.1 10.0 7.2 18.5 2.2 (21)
(—323,45 —171 ) 1.5 1.1 1.5 9.7 2.4 12,6 7.5 (20)
(—320,20) —72° —6.6 1L.1° 0.8 5.9° 9.4 6.9° 12.3 2.1 (21)
(=313,13) —6.7 —6.3 1.1 12 4.1 14.8 50 139 1.5 (21)
(—300,1.5) —68 —6.4 1.4 0.7 3.4 8.1 52 15.8 1.6 (21)
(—30.0,30) —6.7 —6.5 1.6 1.1 38 5.4 6.4 7.6 2.0 (21)
(—30.0,45 —6.8 —64 1.6 0.8 33 39 54 7.4 1.7 (21)
(—285,15 —6.5 —6.2 14 1.2 4.1 7.1 6.2 8.3 1.9 (21)
(—285,300 —67 —6.4 1.7 0.9 4.0 3.0 73 6.1 22 (21)
(—285,45 —6.7 —6.3 1.7 1.0 35 44 6.5 79 2.0 (21)
(—278,15 —64 — 1.4 — 29 >20 44 — 1.4 (21)
(—278,23) —64 —6.7 1.4 0.7 4.1 15.3 6.2 32.6 1.9 (21)
(—278,30) —6.7 — 1.7 — 35 >20 6.3 — 1.9 (21)
(—278,38) —67 -78 1.9 0.9 33 7.0 6.7 14.6 2.1 (21)
(—278,45 —6.8 —6.9 1.6 0.9 35 6.8 59 12.0 1.8 (21)
(—278,53) —=170 —6.8 1.6 1.1 3.0 5.7 50 7.9 1.6 (21)
Region D
(—35, 12) -5.1 —-53 0.8 0.7 2.1 210 1.8 25.7 5.5 (20)
-78 —-8.1 0.9 0.7 2.4 144 24 20.0 7.4 (20)
(—31,19) —62 —6.4 1.1 0.8 4.2 30 50 4.3 1.5 (21)
(—32,20) —6.2 —62 1.1 0.8 4.1 95 47 13.4 1.4 (21)
(—33,21) —-59 — 1.4 — 1.3 >30 1.9 — 5.9 (20)
(—30, 18) —6.0 —6.1 1.0 0.7 1.8 127 20 18.2 6.0 (20)
(=31, 20) —62 —6.3 0.9 0.6 4.1 43 40 6.1 1.2 (21)
(—32,19) —6.2 —6.2 1.2 0.9 36 68 4.6 9.0 1.4 (21)
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Table 1 (continued)

(Aa, AD) Viw(12)  Viw(13) AV(12)  AvVA3)  T%((12) Ti(12)  (rrapdv [Ti(12)dV  N(H,p
(arcmin) (kms™")  (kms Y (kms™Y) (kms™ ! (K) TX(13) (Kkms™Y  [T((13)dV (cm™?)
Region E

(=27, -5 =13 -13 12 0.8 2.8 156 35 219 1.121)
(=26, =5 =73 -72 13 1.3 3.7 83 49 8.3 1.5 (21)
(=25 -5 =72 — 14 — 2.6 >30 38 — 1.2 (21)
(=27, —4) =72 -72 1.3 1.0 4.1 89 58 116 1.8 (21)
(=26, —4) =70 -71 1.4 1.0 35 50 52 6.8 1.6 (21)
(=25 —4)  —69 —6.9 1.4 0.7 2.5 42 36 8.8 1.1(21)
(=27, -3 =71 —-70 12 1.7 29 99 38 7.0 1.2 (21)
(=26, —3) —68 —6.7 1.7 1.0 22 63 40 11.1 1.2 (21)
(=25, -3) —67 — 1.9 — 1.8 >37 3.7 — 1.1(21)

Note: 12 stands for 12CO, 13 for 13CO

2 As determined using the standard conversion factor given by Bloemen et al. (1986)

®12CO measured position (—31.75, 1.75)
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Fig. 5. The ratio of intensities, T% (!2CO)/T %(*3CO), as a function of
TX(*CO)

0.03 K, the S/N is not high, so that the spectra are not presented.
No significant changes in 1>CO line strength were found over this
area. All spectra around HD 210121 were taken in May 1991,
when the rejection of the PLL sidelobes was much better than
during previous runs, and reproduceable spectra were obtained.
The maps of peak and integrated antenna temperatures are
presented in Fig. 8 (top), together with velocity channel maps at
0.25 kms ™! interval (bottom). Apart from an overall gradient in
intensity from NW to SE, the integrated maps reveal little
structure. The channel maps show a lack of discrete features
around the central velocity V gz~ —6.5kms~!, but at other
velocities (e.g. Visg=—6 to —5.5 kms™?) fairly isolated “cells”
may be seen at the 2-3¢ level. The “cell” at Vg = —6 kms ™! has
a diameter of about 60", i.e. slightly larger than the beam size of
45”. Any apparent feature in these maps with a half-power size
smaller than the primary beam size is probably artificial. This
small-scale structure will be analysed further in Sect. 4.2.2.

3.4. Velocity structure

The velocity structure of the HD 210121 cloud is summarized in
Table 2. The analysis considers separately the 12CO and '3CO
data for the 5 individual regions marked in Fig. 1b. The terms D,
and D, refer to the line components at —5kms™! and
—8kms™?, respectively, in region D. Columns 2 and 3 list the
mean full width at half maximum AV and the mean radial

velocity V', ¢g of the CO profiles, with individual data weighted by
{T% dV. The respective standard deviations are given in paren-
thesis. Column 4 lists the point to point velocity dispersion a;,, as .
defined through

nt

N E[TxdV(V,—7)

TmTNC1 T x[TR3dV

The summation is carried out over all N individual positions with
T%>1K. The entries listed in column 5 refer to the total one
dimensional velocity dispersion o, which is calculated according

to 6, =[(AV/2.35)% + 62,]"/2 The values listed in Table 2 indicate
that the bulk 12CO emission of the individual regions A-E occurs
at almost constant velocity. For example, in the region around
the direction to HD 210121, the velocity changes by no more
than 04 kms~! over 14.2, which corresponds to |dV/dR|~
0.65 kms ™! pc™!. The internal velocity dispersion g, of each of
the 5 regions A-E is typically a factor of 3 smaller than the mean
FWHM calculated from the individual spectra. The slightly
higher mean velocity dispersion of region B may be caused by the
contribution of a second, unresolved emission component at
Vise~ —8 kms ™. The relevant spectra show a hint of such a
component, but since they have rather low signal to noise ratios
no attempt was made to fit two Gaussians to the spectra. The
complete sample of 12CO profiles is characterized by a total line
width of 1.9 kms™!. This implies a mean line-of-sight velocity
gradient of [dV/dR|~0.7kms™! pc™!, if the thickness of the
cloud is assumed to be comparable to its projected diameter,
2.6 pc. No significant change in FWHM occurs between spectra
with low T* and those with high T%. The '3CO spectra have
significantly lower values of AV, but the '3CO emission occurs at
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Fig. 6. Left: Comparison of '2CO J=2-1 (heavy line) and 1—0 (light line) profiles toward the star. The 2—1 profile was obtained by averaging 9
spectra with integration times of 16 min each taken at 10” steps around the star. Note that the calibration of the 2—1 line is highly uncertain.
Right: Comparison of the same 2CO 2—1 profile with the 10 profile obtained by averaging all spectra presented in Figure 7 in the 3’ x 3’ region
around the star
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Fig. 7. Mosaic of *2CO J = 10 spectra around HD 210121. The offset between individual positions is 20". The velocity scale for each of the spectra is
—15kms™ ! <V g <5kms™ ! The temperature scale is —0.5 K< T¥<3K
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Fig. 8. Map of 12CO peak antenna tempera-
ture T'% (left) and integrated antenna tempera-
ture [TX%dV (right) of the region around
HD 210121. Contour levels are indicated in

the figure. The mosaic in the lower part of the

figure shows individual channel maps, with the
velocity indicated above each map. The lowest
contour in these maps is 0.1 K, except for V| g
=—6.75, —6.5 and —6.25 kms~!, where the
lowest contour is 0.2 K. The increment in the
contour levels is 0.1 K

Table 2. The velocity structure of the cloud

Region AV? Visg® Oint g,
(kms™ ') (kms™} (kms™Y)  (kms™Y

12C0 1-0 data

Total 14 (0.4) —-6.3(0.7) 0.5 0.8
A... 13(03) —62(03) 03 0.6
B... 1.6 (0.4) —6.6 (1.1) 0.5 0.8
C... 1.4 (04) —6.6 (0.4) 04 0.7
D, ... 1.4 (0.7) —6.1(0.7) 0.6 0.8
D,... 1303 —7505 05 0.7
E... 16(04) —68(04) 04 0.8
13CO 1-0 data

Total 09(03) —6308 05 0.6
A. .. 0.9 (0.3) —6.0 (0.2) 0.2 04
B... 0.9 (0.3) —6.6 (1.3) 0.7 0.8
E... 1.0 (0.2) —7.1(0.1) 0.1 04

* weighted with | 7% dV; standard deviation in parenthesis

the same radial velocities as does the '2CO emission within the
errors. The internal velocity dispersion of regions A and B, as
derived from the !3CO spectra, is similar to that obtained from
the 12CO data.

3.5. H, column densities and masses

The H, column densities and masses of high-latitude clouds have
so far been determined mostly on the basis of the 12CO emission
data. As shown by de Vries & van Dishoeck (1988), the avail-
ability of absorption line observations toward HD 210121 allows
independent determinations of the H, column density for at least
one position in the cloud, against which the CO/H, conver-
sion factors can be calibrated. The CH observations suggest
N(H,)~10%! cm ™2, based on the empirical relationship between
CH and H, found by Danks et al. (1984) in diffuse clouds and by
Mattila (1986) in dark clouds. The visual extinction Ay =1 mag
implies a total hydrogen column density of Ny=N(H)+2N(H,)
=1.610*"cm~2 if a standard gas to extinction ratio applies.
Since the atomic hydrogen column density is estimated to be
N(H)~(1-5) 10%° cm~ 2 from the survey data of Heiles & Habing
(1974; see also de Vries & van Dishoeck 1988; Stark et al. 1992 in
preparation), the H, column density based on the extinction is
about (6-8) 102° cm ~ 2. Thus, on the basis of the optical data, the
H, column density toward HD 210121 is estimated to be N(H,)~
(8+2) 10*°cm 2. A similar value can be derived from the IRAS
100pum flux. This H, column density agrees well with that
obtained from the !*CO integrated intensity [TXdV
=33Kkms ™! or [ Ty dV'=3.6 Kkms ™" if the standard conver-
sion factor N(H,)/Ic0~2.810°cm~ 2K "'km~!s (Bloemen et
al. 1986; Magnani et al. 1988) is used. On the other hand, the
lower conversion factors derived by de Vries et al. (1987) and
Herbstmeier et al. (1989) would imply molecular column densities
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in the HD 210121 cloud that are significantly lower. The standard
value will therefore be applied here.

As demonstrated previously for the translucent cloud toward
HD 169454 (Jannuzi et al. 1988), the standard analysis of *3CO
data (cf. Dickman 1978) yields H, column densities that are much
too small. In the case of HD 210121, the measured [7%dV
=0.15K kms~ ! for 3CO gives N (H,)=7.5 10'° cm ™2, an order
of magnitude below the estimate from the optical data. The
standard analysis fails mostly because the true abundance ratio
N('3CO)/N (H,) is substantially smaller than the “standard”
value of 2 1079 found in dark clouds. In the translucent clouds
not all carbon has been converted into CO, and the *2CO/'3CO
abundance ratio may suffer depth-dependent fractionation effects
(van Dishoeck & Black 1988). In general, the H, column densities
calculated from !'2CO are at least a factor of 5 higher than
computed from the !3CO data using the standard method of
Dickman. The discrepancies tend to be smaller if T*(*2CO) is
high, but exceptions occur there as well. An example is the region
at offsets around (—32, 2) where T%(*2CO)~5 K, but N(H,)
derived from the !2CO and '*CO measurements in the standard
way differ by a factor of 10.

The maximum values of [T5dV~7.3Kkms™' observed
around (—30, 3) in region B suggest that the maximum H,
column densities in the HD 210121 cloud are only a factor of two
higher than toward the star, and that the maximum visual
extinction is about 3 mag, provided that N (H,) really is propor-
tional to [ 7% d ¥/ within such a cloud. This point will be discussed
in a future paper in connection with TRAS 100 pm maps and
extinction measurements toward background stars in this region
(Stark et al. 1992 in preparation).

The H, column densities obtained with the Bloemen et al.
conversion factor were used to compute hydrogen masses of the
various regions by assuming spherical symmetry. For each
region, the average integrated CO intensity listed in column S of
Table 3 was adopted in this analysis. The area A of a clump is
defined by a boundary contour which corresponds to 1/e of the
maximum CO intensity in the respective region. For the total
cloud, a boundary value of 1 K kms~! was chosen. The resulting
molecular masses My, are listed in column 7 of Table 3. In order to

Table 3. Masses of individual regions

255

obtain the total masses M including He, My has been multiplied
by a factor 1.4. The total mass of the cloud is My~ 334M , which
is a factor of 2.2 times higher than the sum of the masses of the
individual regions because of the additional gas that contributes
low-level emission outside the five regions A—E. The total CO
intensity integrated over the whole area of the HD 210121 cloud
is {T§dVdads~3700 K kms™! (arcmin)®.

These masses can be compared with those derived from the
virial theorem. The three-dimensional velocity dispersion 634
listed in column 2 of Table 3 has been obtained from \/Saz,
where o, has been listed in Table 2. It ranges from 0.8 km s™*
<034<1.5kms™ ! If the kinetic temperature is T~15K (see
Sect. 3.6.1), 034 is primarily non-thermal or macroscopic. If we
assume virial equilibrium between the gravitational potential and
the kinetic energy and neglect other terms arising, for example,
from magnetic fields or external pressures, the masses of the
individual regions can be calculated from the line width. In
particular, for a uniform sphere the virial theorem reduces to
M i im=5Ra3,/3G where R=\/ A/m. The virial masses so ob-
tained are listed in column 6 of Table 3 and range from
70-240M , for regions A-E and ~670M , for the total cloud. In
general, the masses of individual clumps derived from the H,
column densities are significantly smaller than the virial masses,
M /M, ~0.1-0.5, suggesting that gravity is not important
maintaining their structure. On the other hand, the two deter-
minations differ by only 30% for the cloud as a whole, which may
imply that the overall structure is gravitationally bound.

3.6. Inferred physical parameters

Ever since the detection of the high-latitude clouds, their physical
conditions such as temperature and density have been the subject
of considerable speculation. For the HD 210121 cloud, we have
several independent probes available.

3.6.1. C, excitation

The absorption lines of C, toward HD 210121 provide in princi-
ple an excellent diagnostic tool. The theory of the excitation of C,

Region O34 Boundary* A° <j TXdV) virial M3 M/ Miiia
(kms™!) (Kkms™1) (arcmin)? (K kms™1!) (D/150)M o (D/150)*M o
Total 1.3 1.0 1750 2.07 670 334 0.7
A... 1.1 2.5 155 3.31 143 47 0.5
B... 1.5 30 122 425 236 48 0.3
C... 1.2 2.0 132 2.67 157 33 0.3
D,... L5 2.0 42 3.16 138 12 0.1
D,... 1.3 1.0 20 1.93 72 4 0.1
E... 1.4 2.5 23 3.66 89 8 0.1

2 Boundary contour | 7% dV for determination area A
® Area within boundary

€ M iria1=5R034/3G=16.8 93,4 (D/150) \/A/n

4 M =0.084 A (D/150)* ([ T¥dV Yyoon

*M=14My

D: Distance in pc; A: Area in (arcmin)?; o;4: three-dimensional velocity dispersion in kms™*
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was developed by van Dishoeck & Black (1982), and has sub-
sequently been applied successfully to diffuse and translucent
clouds (van Dishoeck & de Zeeuw 1984; Gredel & Miinch 1986;
van Dishoeck & Black 1989). The C, populations result from the
competition between a radiative pumping process at far-red
wavelengths (Ax~1pm), and collisional excitation and de-
excitation processes.

Unfortunately, the signal to noise in the C, spectrum toward
HD 210121 is quite low, in spite of 5h of integration, so that the
analysis is quite uncertain. The spectrum is presented in Fig. 9,
while Table 4 summarizes the measured equivalent widths for the
lines and the derived column densities. For details concerning the
adopted oscillator strengths and wavelengths, see van Dishoeck
& Black (1989). In Fig. 10, the derived population ratios are
plotted as functions of excitation temperature of the level. For
comparison, the theoretical excitation curves for T=15K and n
ranging from 50 to 300 cm ~ 3 are shown, assuming that the C,-H,
collisional cross section 6,~2 10716 cm? and that the radiation
field at red wavelengths is not enhanced over its standard value,
Ig~1. The populations of the lowest levels, J=0 and 2, are
sensitive primarily to temperature and suggest that the high-
latitude cloud is quite cold, 720 K. The populations of the
higher levels constrain the density. The very low column density
in the J=6 level appears to indicate a rather high density
n>300 cm 3 toward HD 210121. On the other hand, the fact that
the Q(8) line is readily observable suggests a lower density,
na250cm 3. Note that the Q(8) feature at 8773 A is actually a
blend of the Q(8) and P(4) lines. Based on the strength of the Q(4)
line, we estimate the P(4) line to contribute about 2 mA to the
blend. This contribution has already been taken into account in
the J =8 column density listed in Table 4.

In summary, the C, excitation indicates a rather low tem-
perature, T<20 K along the line of sight toward HD 210121 and
an uncertain density. If the Q(8) line is indeed as strong as
suggested, the best estimate of the density is quite low,
n~250cm ™3, corresponding to ny=n+n(H,)~500cm~3. On
the other hand, the virtual absence of the Q(6) line suggests higher

Table 4. Interstellar C, observations toward HD 210121

Line W,(mA) N,(cm™2)

R (0) 3.6+0.8 (5.3+1.0) (12)
QQ) 56+1.5 (1.6+0.4) (13)
R (2) 39405 (1.4+0.3) (13)
P (4)° ~2 —
Q@) 56+15 (1.6+0.4) (13)
R (4) 35+1.1 (1.5+0.5) (13)
Q (6) <3 <09 (13)
Q@®) 2+1 (6+3)(12)
Total® (6.5+1.5) (13)

*P@)+Q(8):4+2 mA; P (4) estimated from Q (4)
®Total C, column density, including contribution from un-
observed levels

densities. Higher S/N ratios in the C, spectra are needed to settle
this issue.

3.6.2. CN excitation

The CN excitation can also provide limits on the density,
although in a more indirect way, as illustrated in detail by Black
& van Dishoeck (1991a). In diffuse and translucent clouds, the
excitation of a molecule with a large dipole moment like CN
above the cosmic background radiation is caused primarily by
collisions with electrons. The absorption spectrum toward
HD 210121 in the region around 3875 A is presented in Fig. 11.
The CN R(0), R(1) and P(1) blends are clearly identified, in
addition to some weak lines of CH in the B2Z ~-X2I1 (0, 0) band.
The measured equivalent widths are summarized in Table S,
together with upper limits on the R(2) and P(2) lines. The analysis
adopts a Doppler parameter b=AV/1.665=1.0 kms~! and uses
the same molecular data and method as described in Black & van
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Dishoeck (1988; 1991a) and Gredel et al. (1991). The ratio of
column densities in N=0 and 1 gives T,,=28+0.2 K. Com-
parison with the very accurately determined cosmic background
temperature T},,=2.735+0.06 K by COBE (Mather et al. 1990)
indicates an excitation of at most 25 mK above the background
radiation. This limit is consistent with searches for the CN
N =1-0 millimetre lines at 113.5 GHz toward the star, where no
emission is found at the level of T%<27mK. The chemical
models discussed in Sect. 4.2 below can be used to estimate the
electron fraction n(e)/n where n=n(H)+n(H,) is the density of

3890

3895

neutral collision partners. The values of n/n(e) are 10%, 1.5 104,
and 2.9 10%, for models 1, 2, and 3, respectively. Detailed statis-
tical equilibrium calculations have been performed for CN (see
Black & van Dishoeck 1991a for details). The CN column density
is fixed at the value determined from the absorption lines toward
HD 210121, N(CN)=1.210'3 ¢cm~2. The observed N=0/N=1
rotational excitation temperature, T,.,=2.8 K, requires n(e)=
0.05-0.10 cm ™3 and n=1000- 1500 cm ~3, for the range of elec-
tron fractions suggested by the chemical models. The uncertainty
in the measured excitation allows T, <3.0 K, and a correspond-
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ing limit on derived density, n<3800 cm~3. The limit on the
N=1-0J=3/2-1/2 F=5/2-3/2 hyperfine-structure compon-
ent at 113.491 GHz provides an independent estimate of the
density: n. <600 cm ™3 at n/n(e)=10* or n <850 cm ™3 at n/n(e)
=2.910* In the models, N (H)/N (H,)<0.1, so that n~n(H.,).

Thus, the observations of CN suggest nzxn(H,)~
600-1500 cm ™~ * toward HD 210121, and provide a firm upper
limit of n <3800 cm ~3. The absence of significant CN millimetre
emission toward the peak positions in clumps A and B indicates
that the densities and CN column densities at those off positions
cannot be enhanced compared with the line of sight toward the
star.

3.6.3. CO excitation

Yet another method to derive densities in translucent clouds is to
compare the strength of the CO J=3-2 emission line at
345 GHz with that of the J=2-1 or 1-0 line. This method has
recently been explored in detail by van Dishoeck et al. (1991) and
has yielded densities of the order of n=1000-5000 cm ~3 toward
HD 210121. Similar densities were found toward the peak CO
positions in region A (—8, —10) and B (—32.5, 0). Only along a
small north-south strip across region B was some evidence found
for variations in density by factors of a few from the edge of the
region to the center. In general, the densities derived from the
12CO J=1-0/3-2 ratio were found to be higher than those
inferred from the optical C, data. The reasons for this discrepancy
are not yet fully understood, but several possible explanations
have been discussed by van Dishoeck et al. (1991). It should also
be recalled that it has only recently been realized that the SEST
J=1-0 antenna temperatures may be systematically too low,
and that this may have resulted in overestimates of the density.
We therefore use the above densities derived from the '2CO
excitation as upper limits to the true density. The '2CO
J=3-52/"3CO J=1-0 ratio indicates densities around
n=1000-2000 cm 3, closer to those found from the C, data.
In summary, the C, excitation analysis results in a rather low
temperature, 7< 20 K in the cloud. The C, and CN data favor H,
densities of a few hundred to 1000 cm™3, whereas the CO
excitation indicates densities that are somewhat higher, up to
5000 cm ~3, but with no significant variation from place to place.

4. Chemical properties of the cloud
4.1. Observed molecular abundances

Although quite a number of molecules have been discovered in
high-latitude clouds, few have been observed at the same position
in a cloud. Moreover, those positions are often poorly characte-
rized in terms of physical conditions and total H, column density,
making the derivation of abundances with respect to H, very
uncertain. As a result, a number of claims have appeared in the
literature which state that the molecular abundances in high-
latitude clouds are “abnormal”, either abnormally high (Magnani
et al. 1988) or abnormally low (Turner et al. 1989). We demon-
strate here that the molecular abundances in high-latitude clouds
are entirely consistent with those found in diffuse and translucent
clouds, at least for the well-characterized line of sight toward
HD 210121.

The column densities of CH, C,, CN and CH™ inferred from
the optical data are well determined and are included in Table 6.

Table 5. Interstellar CN and CH observations toward
HD 210121

Line Arest (A) W, (mA) N,(em™2)

CN R,(0) 3874.607  (23.44+2.0) 8.5+1.0) (12)
CN R, (1) 3873.999  (10.040.9) (3.9+0.5) (12)
CN P, (1) 3875.764  (4.9+0.9) (3.5+0.5) (12)
CN R, (2 3873370 <2 <7(11)

CN P, (2) 3876.312 <2 <1(12)

CN R, (0) 7906.601 <3 <14 (13)

CH *Q,,(1/2) 3890.217 (3.5+1.4) (1.240.5) (13)*
CH R,(1/2) 3878.774 <3 <2(13p

CH Q,(1/2) 3886.407 (6.74+1.5) (3.1+£0.7) (13)®
CH R((1/2) 4300.313 22+4 (3.4+04) (13)°

 Column density of one A-sublevel only

® Blend: column density of both sublevels

¢ Column density of both sublevels for b= 1.0 kms ™! (cf. de Vries
& van Dishoeck 1988)

Table 7 summarizes the searches for molecules at millimetre
wavelengths. Derivation of column densities from millimetre data
is more uncertain, however. Let us first take the important case of
12CO. The large ratio T* (*2CO)/T ¥ (*3CO) ~ 20 toward the star
indicates that the '2CO optical depth must be small. For a
12CO/*3CO abundance ratio of 60, this would imply = 3. The
optical depth could be much lower, however, since *3CO may be
significantly fractionated in this cold (T~ 15 K) cloud of low total
column density. The detailed models of van Dishoeck & Black
(1988) suggest enhancement factors of three or more under these
conditions, which would lead to 7<1. The resulting column
density for a homogeneous cloud can be estimated from statistical
equilibrium calculations, which have been performed for a range
of temperatures and densities in the manner described by Jannuzi
et al. (1988) and van Dishoeck et al. (1991). The observed line
strength toward the star, T§=1.7K, can be reproduced for
T=15-30K and n=200-5000cm~3 with N(CO)=210'5-
110'¢ cm™2, assuming that the emission completely fills the
beam. The low end of this column density range refers to the high
density, high temperature limit, while the higher column densities
are found for the low temperature, low density regime. If we
restrict the range of physical conditions to those derived in
Sect. 3.6, we find N(*2CO)=(7+3)10'% cm 2. These calculations
employ an escape probability method for the radiative transfer
with the observed line width AV=2.1kms™ !, but identical
results are obtained if a more detailed large velocity gradient or
microturbulent method 1s applied to a homogeneous emitting
region. We also note that if this same analysis is applied to the line
of sight toward { Oph, which has a comparable CO 1-0 antenna
temperature, the resulting !2CO column density of a few times
10'% cm 2 agrees well with that derived from UV absorption lines
toward the star. For a CO column density of 7105 cm ™2, the CO
abundance with respect to H, is about 10~ 3. This fraction is small
compared with the solar abundance of carbon of 4.7107 %, and
with the total amount of gas-phase carbon in all forms, which is
about 10™* for any reasonable grain model. This implies that
most of the gas-phase carbon is still in atomic form in this cloud, a
conclusion which is not changed if the possibly inhomogeneous
structure of the cloud is taken into account (see Sect. 4.2.2).
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Table 7. Millimeter emission line searches

Molecule  Frequency (Aa, AS) tint T%
(GHz) (arcmin) (min)  (mK)
C;H, 85.339 (—32,2 110 <30
HCN 88.631 (=32,2) 96 <35
HCO* 89.188 (=73, —10) 190 <25
CS 97.980 (0, 0) 120 <25
(=73, —10) 60 <40
C'80 109.782 (—8, —10) 95 ~70*
CN 113.5 ©, 0) 184 <27
(-8, —10) 70 <40
(—31.7, 1.8) 37 <50

*[{T%dV=006 Kkms™', Vi g=—604kms™!, AV=0.86km
S—l

The '3CO column density derived in a similar manner is
(2+1)10'* cm ™2, virtually independent of the physical condi-
tions in the cloud. Thus, 3 CO/H,~21077, far lower than the
value of 21076 assumed in Dickman’s (1978) analysis. The
12CO/*3CO column density ratio is about 35+ 10.

If a similar analysis is applied to the measured CO line
strengths at the (—8, —10) position in region A, the column
densities are more uncertain because of the higher optical depths.
The derived '2CO column density is (1.5+ 1) 101® cm ~ 2, whereas
the '3CO column density is (1.5+1)10'°cm~2 Thus, the
12C0O/*3CO ratio may be only 10 at this position, although the
uncertainty in the '2CO column density allows a large range.
C'80 was detected very weakly at this position as well with
T#~0.07+0.04 K. The inferred C!%0 column density is
(74+4)10'3cm™~2 so that !3CO/C!80=20*33 and 2CO/C!80
~2007339. Because of the weakness of the 3CO line, C'80 was
not sought toward HD 210121 itself.

CS was detected toward HD 210121 by Drdla et al. (1989) at
the level T%=0.036 K. However, sensitive searches using the
SEST telescope did not reveal a line at the level T%~0.025K
(20 limit) at the stellar position, nor at a 1’ offset position, nor at
the position (—8, —10) in region A (see Table 7). Similarly, a
spectrum at the stellar position with the IRAM 30 m telescope did
not exhibit any line at the 0.03 K rms level. The CS observations
at Bell Labs were slightly more sensitive, however, in particular if
we take into account that the SEST temperature scale may be
systematically low. This comparison between the various tele-
scopes emphasizes the difficulties associated with detecting weak
lines in clouds of low total column density.

Searches for the HCO™* ion are interesting, because its
abundance provides limits on the electron density in the cloud as
well (Crutcher 1985). The ion was detected in the translucent
cloud toward HD 29647, which has 4y ~3 mag. However, it was
not seen toward the peak position in region A at the level
T % =25 mK. Statistical equilibrium calculations for T=15-20 K
and n=200-1000 cm ~3, including excitation by electrons, sug-
gest upper limits on the HCO™* column density of (0.4-2.5)
10'2¢m ™2,

C;H, has been found to have a quite high abundance in
translucent clouds with column densities of a few times
10*2 cm~2 (Cox et al. 1988). The molecule has also been seen in
some high-latitude clouds by Turner et al. (1989). On the other

hand, C;H, was not detected in the classical diffuse cloud toward
¢ Oph (Madden et al. 1989). Most previous searches for C;H,
have involved the low-lying 1,,-1,,; transition at 18 GHz in the
ortho-ladder and the 2,,-1,, transition at 21 GHz in the para-
ladder. We searched for the higher-lying 2,,-1,; line at
85.339 GHz in the ortho-ladder toward the peak position in
region B, but did not detect any emission at the level 7 % =30 mK.
This implies that the C;H, column density is less than about
(0.3-2) 10*3cm ™2

Finally, although CN was not detected toward the peak
position in region B, a hint of HCN was found at the peak
location (—32, 2) with TX~35mK for the strongest 1-0
F=2-1 hyperfine component. This possible detection suggests
an HCN column density of about (0.4-2) 10'3 cm ~ 2, comparable
to that of CN toward the star.

4.2. Models
4.2.1. Homogeneous models

Table 6 summarizes the observed column densities toward
HD 210121. When upper limits were obtained only toward offset
positions, it is assumed that the same limits apply to the line of
sight toward the star itself. For comparison, the table includes the
observed column densities in the classical diffuse cloud toward {
Oph, and in the translucent cloud toward HD 169454 (Jannuzi et
al. 1988). It appears that the column densities in the high-latitude
cloud toward HD 210121 fall nicely in the middle between those
found in diffuse clouds and in the somewhat thicker translucent
clouds, and do not appear abnormal. The CO abundance in-
creases more steeply with total H, column density than do the
abundances of other molecules, but this is readily understood in
terms of theoretical models which treat the photodissociation of
CO in detail (van Dishoeck & Black 1988; Viala et al. 1988). The
clouds listed in Table 6 lie in the regime where the CO abundance
changes rapidly with total column density (or total visual extinc-
tion), because atomic carbon is converted into CO in the center
(see Fig. 8 of van Dishoeck & Black 1988). The exact location of
this transition depends sensitively on the physical parameters of
the cloud, such as density and strength of the incident radiation
field, but it occurs typically between Ay~ 1-3 mag.

In order to illustrate this point quantitatively for the
HD 210121 cloud, we constructed five theoretical models along
the lines described by van Dishoeck & Black (1986, 1988, 1989)
and van Dishoeck (1990). Model 1 has a low density, n,=n(H)
+2n(H,)=500 cm ™3, consistent with the lower limit on the
density found from the C, observations. In order to obtain a large
CO column density at such low visual extinctions, the incident
ultraviolet radiation field must be somewhat lower, I,,=0.5,
than the standard value of Draine (1978), for which the scaling
factor I,y = 1. Model 2 has the same scaling factor I,y =0.5,but a
somewhat higher density, n; = 1500 cm ™3, while model 3 has an
even higher density, n,;=25000cm ™3, consistent with the CO
excitation analysis. Model 4 is the same as Model 2, except that
the radiation field is increased to Iy = 1. The temperature is low
in the center of the models, T~ 15-20 K, but varies with depth
and is somewhat higher at the edge, T4, ~25-50 K. The results
also depend on the adopted grain model and extinction curve.
The standard calculation uses grain model 2 of Roberge et al.
(1981), but the table includes results for more steeply rising
extinction curves, such as observed for example toward
HD 204827 (see van Dishoeck & Black 1989 for more details). The
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H, column density is kept at N(H,) =8 102° cm ~ 2 in models 1-4,
but is increased to N (H,)=110%! cm ™2 in model 5. The adopted
carbon depletion factor and the other molecular parameters
entering the chemical network are listed in the footnote to
Table 6, and have been chosen mainly to reproduce the observed
CH column density.

Column densities N(}12CO)~ 10'® cm~ 2 are readily obtained
in these models, even at low densities. In fact, the 12CO column
densities in the higher density models are larger than that
estimated toward the star, and are comparable to those observed
toward the peak position in regions A and B. The sensitivity to
total column density can be seen by comparing models 2 and 5: an
increase in total H, column density of 20% results in an increase
in CO column density of a factor of 2-3. These results raise the
question whether the larger !2CO antenna temperatures at
positions A and B reflect larger total H, column densities, larger
densities, or variations in incident radiation fields or grain
scattering properties. The current models cannot distinguish
between these possibilities; in particular, the available diagnostics
of density at the offset positions are not yet reliable enough. The
high density models cause problems for the other molecules,
however, since they overproduce CH, C,, CN, and CS. In
particular, the failure to detect CS and CN at the offset positions
argues against significantly higher densities. We also cannot
exclude variations in extinction properties at the shortest wave-
lengths 4 < 1200 A on small scales, which could occur if the grains
were destroyed at selective places by shocks, for example. The
extremely steep CO emission contours in the SW part of the cloud
around clump B suggest compression by some mechanism such
as a shock. On the other hand, the absence of any significant
velocity gradient and the weakness of the CH* absorption at
least in the direction of the star argue against this suggestion. The
simplest explanation for the observed structure in the CO map
would be to assume small variations in column density from place
to place. Measurements of the visual extinctions at high angular
resolution throughout the cloud might help to resolve this
ambiguity. An alternative view on the observed small-scale
structure is presented in Sect. 4.2.2.

The '2CO/*3*CO column density ratio is typically 20-30 in the
models if an overall carbon abundance ['2C]/['3C]=45 is
adopted, consistent with the observed '2CO/*3CO ratio toward
HD 210121. **CO/*3CO ratios as low as 10 in the models, as are
apparently observed at the peak positions in regions A and B, can
only be obtained for very low temperatures T< 15 K. Selective
photodissociation may be partly responsible for the different
spatial structures of the !2CO and !3*CO clumps, as seen e.g. in
Fig. 2b. The observed ratio !3CO/C!80=20733 of region A
compared with the overall ratios ['2C]/['80]~500 or
[13C)/[*80]~6-11 is consistent with the models, in which C!80
is selectively photodissociated, but not enhanced by isotope
selective ion—molecule reactions, as is the case for 1*CO. In fact,
most models give somewhat larger ratios than is observed,
13CO/C'80 =~ 50-80 for ['3C]/[!80O]=11.

The resulting CH, C,, CN, CS and CH" column densities in
the models follow the same trends as found in our previous work
(van Dishoeck & Black 1989). For carbon depletion factors which
reproduce the observed CH and C, abundances, the computed
column density of C3H, is well below the observed upper limit.
The calculated column density of HCO™*, on the other hand, is
close to the observed upper limit. This ion is thought to be formed
mostly from the reaction of Hf with CO. In the current models,
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the abundance of HJ is quite high, since a low rate coefficient,
ky=11071cm3 s~ ! was adopted for the dissociative recombi-
nation of H; with electrons. The rate of this reaction is still
subject to considerable discussion (Adams & Smith 1989; Amano
1988; Hus et al. 1988). If a higher value k;,=110"7cm3s ™! is
used, the HCO™ column density is lowered by factors of 5-10.
The HCN column density in the models is about 2 orders of
magnitude lower than that of CN, and at least a factor of 10 lower
than the possible observed value in region B. The computed
column densities are low because the molecule is rapidly photo-
dissociated (van Dishoeck 1988). Further confirmation of the
possible detection of HCN at this position is warranted.

The column densities of a number of other species are
included in the table. Observations of the C and C* column
densities toward HD 210121 with the high-resolution spectro-
graph on the Hubble Space Telescope would provide direct tests
of the adopted carbon abundance in the models. In addition, the
excitation of the atomic fine-structure levels provides indepen-
dent diagnostics of the density in the cloud. Measurements of the
submillimetre and far-infrared lines might give insight on possible
gradients in the gas-phase carbon abundance across the cloud.
Predictions of the intensities of these lines are included in Table 6.
It should be noted, however, that they are very sensitive to the
adopted temperature structure in the models. Observations of
absorption lines of OH and possibly H,O might also provide
significant tests of the models: a large OH column density argues
in favor of a low incident radiation field and a low carbon
abundance. Millimetre lines of molecules like C,H may be
detectable in the cloud.

In summary, the observed column densities can be repro-
duced in models with densities ranging from 500 to 5000 cm ~3
and a low incident radiation field. For these parameters, carbon
and sulfur need to be depleted significantly from the gas phase to
prevent overproduction of CH, C, and CS, especially at the
higher densities. The relatively low '2CO/*3CO column density
ratio argues in favor of a low temperature throughout the cloud,
consistent with the C, excitation analysis. Several diagnostic
observational tests of the models are suggested. A direct measure-
ment of the ultraviolet extinction curve toward HD 210121 would
be very useful as well.

4.2.2. Inhomogeneous models

There has been growing evidence in recent years that molecular
clouds exhibit spatial structure on all scales down to the best
angular resolution (e.g. Pérault et al. 1985; Falgarone & Pérault
1988, hereafter FP), with significant density variations from place
to place (Falgarone et al. 1991, hereafter FPW). It is therefore
warranted to investigate the influence that such structure would
have on our analysis. Most of the evidence for the density
variation comes from high-resolution CO maps of selected areas
of clouds with low total H, column density, only somewhat
thicker than the cloud we have studied here. Channel maps,
especially of the '*CO emission, reveal isolated “cells” in (I, b, v)
space, which have typical filling factors of 25-50%. Both the
12CO/*3CO intensity ratio and the relative strength of the CO
J =352 emission suggest densities of 10* cm ™3 or more in such
cells.

A similar analysis could be applied to the data presented here,
in particular to the 3’ x 3’ region around HD 210121, which has
been fully sampled in the 12CO 1-0 line (see Figs. 7 and 8).
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However, one important difference is that the region around
HD 210121 is of even lower column density than those studied by
FP and FPW: the 12CO antenna temperatures are typically lower
by a factor 2, and those of '3CO, by more than an order of
magnitude. As a result, mapping of 3CO in this region was not
possible. The 12CO channel maps presented in Fig. 8 reveal some
structure; the most prominent feature is a “cell” of about 60” in
diameter (0.04 pc) at Vyge=—6to —5.5kms™! centered at the
position of the star, which has an areal covering factor of about
30%. Over this area, the 13CO emission stays low, T%~0.07 K.
In order to constrain the density, FP and FPW subsequently
make the assumption that the CO column density of order
7 10%5 cm ™2 (cf. Sect. 4.2.1) builds up along a line-of-sight length
L comparable to the projected diameter of the observed structure.
The same arguments applied to our cloud then lead to an estimate
of the average H, density over L of nx(N (CO)/L) x (CO/H,)*
~5000cm ™3 for CO/H,~ 1073, which is reasonably consistent
with that derived from the CO 1-0/3—2 ratio. However, since
similar structure is expected to exist on even smaller scales, FPW
would caution that this density should be regarded only as a
lower limit. On the other hand, we note that a higher local
abundance in the region of peak CO emission of 10~ * would
imply a smaller local density of only 500 cm~3.

Clearly, densities of 10* cm ™3 or more toward the star are
inconsistent with the excitation analysis of the C, and CN
absorption lines presented in Sect. 3.6. One possible explanation
for this discrepancy could be that the “pencil beam” line of sight
toward the star missed the densest clump(s) responsible for the
small scale structure and the 3—2 emission. In fact, this explana-
tion would have to hold for many more lines of sight for which
absorption lines have been obtained, since the densities derived
from the C, excitation are often less than 1000 cm 3. This would
imply that the dense clumps have a quite low filling factor,
certainly much less than 30%.

Because the CO map in Figs. 7 and 8 at the central velocity is
rather homogeneous and because the 12CO/*3CO ratio is high, it
appears more likely that most of the *2CO 1—0 emission around
the star arises from a more widespread, low density component.
FPW assert that such a component should be present, but that it
will not contribute much to the 2—1 and 3—-2 emission. It is
difficult to determine a filling factor for this more dilute gas from
the observations. However, even a filling factor of 30% would
increase the CO column density by only a factor 3 (but averaged
over a smaller volume). The resulting N(CO)xa few times
106 cm ™2 would still imply that most of the carbon is in atomic
form in this cloud.

Unfortunately, it is not yet possible to make any more detailed
chemical models of such inhomogeneous clouds, because the
mass fraction in each of the components (dense clumps vs. low-
density widespread material) is not yet known (cf. FPW). More-
over, the ultraviolet radiation field penetrates such “clumpy”
structures in a complicated way (cf. Boissé¢ 1990). Some idea as to
how the abundances of molecules like CH, C,, CN and CO may
change can be obtained from the inhomogeneous models pre-
sented by van Dishoeck et al. (1991). One conclusion from these
models is that any small, very dense clump along the line of sight
can easily dominate the integrated abundances (i.e. column
densities) of all these molecules. The way in which the radiation
field enters the cloud (e.g. one-sided vs. two-sided) was also found
to have strong effects. Since the CH, C, and CN abundances do
not appear “abnormal” toward HD 210121 compared with low

density diffuse clouds, it appears unlikely that such a dense clump
is present along the line of sight to the star. Finally, we note that
even though some of these dense clumps may be isolated entities
in velocity space, they can shield the CO and H, in clumps at
other velocities very effectively, since the widths of the ultraviolet
lines through which the photodissociation occurs are more than
10 kms™!. Thus, the observed CO column density does not
necessarily have to build up over just one such “cell”.

In summary, although small-scale structure may be present in
these clouds of low column density, the effect it has on the
chemistry is difficult to assess until we have a better understand-
ing of the small scale structure of the interstellar gas. It is argued
that for the case of the HD 210121 clouds, the effects are likely to
be small and are not expected to change any of our main
conclusions of Sect. 4.2.1.

5. Discussion

The SEST observations of the molecular cloud toward
HD 210121 reveal its highly fragmentary spatial structure on
scales of a few pc. Individual, localized regions with spatial
dimensions of a few 0.1 pc are discernible. The strongest CO
J=1-0 emission is concentrated in an elliptical shell centered
approximately on «(1950)=22"04™30° and §(1950)= —3°41".
Only weak emission fills the central part of this apparent shell,
although the dynamic range between the lowest contour and the
peak emission in Fig. 1a is only a factor of 5-6. The overall shell-
like morphology raises intriguing questions about the origin of
the cloud and its evolutionary state. The uniformly narrow line
profiles and the complete lack of any significant velocity gradient
argue against an energetic explosion as the source of the shell
structure. Moreover, there is no prominent source of X-rays,
infrared radiation, or radio continuum emission coincident with
the apparent center of symmetry of the cloud, nor is there any
conspicuous star or compact nebula to be found there. From the
appearance of the CO map (Fig. 1a), approximately 1/3 of the
projected area is covered by readily detected emission, which
corresponds to a fraction 0.19 of the corresponding spherical
volume. The “unfilled” fractional volume (0.81) is only slightly less
than the fraction of the total virial mass that is not traced by
detectable CO (cf. Table 3). As we have emphasized, the apparent
structure is delicately sensitive to column density of observable
CO but does not necessarily reflect large density contrasts; in any
case, the dynamic range of the map is not large. If, for example, the
original total mass of the cloud had been equal to the inferred
virial mass, x~670M , perhaps 180M; could remain in atomic
form and even expand gradually through the holes between
slightly denser molecular concentrations. If so, then a localized
atomic cloud should be recognizable through H1 21cm line
emission. There is indeed a feature at the correct velocity and
position in the survey of Heiles & Habing (1974), but the beam
size of the telescope used for their measurements is comparable to
the angular size of the entire molecular cloud. A 21 cm map of
higher resolution would help to put a measure on the otherwise
unseen atomic mass, its extent, and its velocity dispersion, and
this work is in progress (Stark et al. 1992 in preparation). With
such information it would be possible to make a more reliable
assessment of the total pressure in and around the cloud. Overall
the molecular component of the entire cloud appears not far out
of virial balance. That the individual molecular concentrations
appear to have masses much smaller than virial masses computed
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from local velocity dispersions (Sect. 3.5 and Table 3) may be as
illusory as the apparent structure itself, if that structure results
from rather small density or column density contrasts. It is an
essential fact about this cloud that the local velocity dispersions
are quite similar to the dispersion across the entire cloud: for all
its apparent small-scale structure, it is a rather quiescent system.

The linear extents of the clumps in the HD 210121 cloud are

smaller than the Jeans length of ;= \/ nKT/umyGn 0.6 pc for a
gas at kinetic temperature of T=15K and density of
n=1000 cm 3. Only at a significantly higher average density of
the order of n~10*% would A;~0.1 pc. Fragmentation at scales
smaller than the Jeans length could occur in rotating clouds, but
there is no obvious evidence of systematic rotation. The second
velocity component seen in region D is the only striking anomaly
in the kinematics of the cloud. It could arise, for example, along
a line of sight through both front and back sides of a shell that
has a slight expansion. The additional velocity component at
V=+5kms™! in the Na1 D lines toward HD 210121 also
appears in the H 121 cm emission and it is not yet clear to which
extent this component is related to the molecular cloud.

6. Conclusions

Although small-scale structure is commonly observed in CO
maps of high-latitude and translucent molecular clouds, the
interpretation of such structure is not trivial. The analysis of the
HD 210121 cloud demonstrates that small fluctuations of order
20-50% in H, column density, density, ultraviolet radiation field
or grain scattering properties can produce large variations of CO
abundance and column density in these clouds where carbon is
just being transformed into CO. Thus, the apparent structure in
CO maps may be greatly exaggerated compared with the true
fluctuations in physical parameters. As a general conclusion, it
will be very difficult to isolate the physical quantity that is
primarily responsible for the observed structure.

The HD 210121 cloud fits neatly into the middle of the whole
scala of translucent and high-latitude clouds that have been
observed in recent years. It has slightly larger molecular column
densities than found in the classical diffuse clouds, but smaller
column densities than measured in translucent clouds such as
those toward HD 169454 and HD 29647. 1t is clearly less thick
than high-latitude clouds such as MBM 12, which have been
mapped in detail even in 3CO (Pound et al. 1990): the 3CO
emission in the HD 210121 cloud is quite weak and C'%0 is
barely detectable. On the other hand, the cloud toward
HD 210121 is probably thicker than the majority of clouds listed
by Désert et al. (1988). Its chemical abundances are consistent
with those found in other translucent clouds.

The HD 210121 cloud is one of the best-studied high-latitude
cloud to date in terms of physical structure and chemical abun-
dances, owing to the availability of complementary optical and
millimetre data. Similar studies of high-latitude clouds over a
range of thickness are warranted, and might eventually reveal the
true origin of the small-scale structure in these clouds.
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