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ABSTRACT

The relationship between the high Galactic latitude molecular clouds (HLCs) and associated atomic hydro-
gen gas is investigated. In a global study, we examined a total of 75 HLCs observed in the CO (J = 1-0)
transition and found that all the HLCs are associated with H 1 gas in both position and velocity with most of
the HLCs located along filamentary or looplike H 1 structures. A small-scale comparison, using Green Bank
43 m H 1 data toward 10 regions associated with 18 HLCs, shows that the positions of the CO and H 1 peaks
are typically offset from one another by ~1°5, comparable to the linear size of the HLCs. No obvious pattern
for these CO-H 1 offsets was found either in relation to the Galactic plane or to an arbitrary explosion center.
Typical velocity dispersions of the CO and its associated H 1 are found to be 0.6 and 3.0 km s~ !, with a mean
H 1/CO linewidths ratio of 5.7, which is close to the square root of the ratio of mass of CO/H 1 possibly
indicating energy equipartition between the two phases. The data suggest that the molecular clouds condensed
from the atomic gas in situ, rather than having been entrained in the H 1. Moreover, the data are consistent
with formation from the H 1 by means of a phase transition in pressure equilibrium. A few cloud complexes
are anomalous, perhaps indicating variants in how the clouds formed. We find a minimum total hydrogen
column density of 5 x 102° cm~2 and a minimum relative abundance of H, nucleons of 50% in the 18 clouds
we observed. Two of the 10 observed H 1 clouds, those associated with the molecular clouds MBM 27-29 and
MBM 53-55, show clear arclike structures and the latter appear to be expanding with a velocity of about 18
km s~ !. The kinetic energy of this expanding shell is estimated to be about 4 x 10*° ergs, consistent with

L

having been produced as a result of a supernova explosion or a stellar wind.
Subject headings: ISM: clouds — ISM: molecules — radio lines: ISM

1. INTRODUCTION

At high Galactic latitudes (defined for the purposes of this
paper to be | b| > 25°) and within a few hundered pc of the Sun,
dozens of low-mass (M < 10* M), small (d < 10 pc) molecular
clouds have been found and are known collectively as the high-
latitude molecular clouds (hereafter referred to as HLCs). Their
general properties were first described by Blitz, Magnani, &
Mundy (1984) and Magnani, Blitz, & Mundy (1985, hereafter
MBM). Although several of the HLCs are Lynds (1962) dark
clouds, the majority of objects are translucent molecular
clouds with visual extinctions 1 < 4, < 5 mag (van Dishoeck
& Black 1988). Most of the translucent HLCs are not bound
by gravity (MBM; Keto & Myers 1986, hereafter KM);
however, the clumps within them may be bound by the mean
turbulent pressure of the interstellar medium (ISM) (Blitz 1991;
Turner, Xu, & Rickard 1992). In regions of shock compression,
when the pressure of the ISM is even larger than normal, con-
ditions may be ripe for converting some of the atomic gas into
molecular form. Thus, the presence of HLCs in shock-
compressed regions may provide a clue to the formation and
origin of these objects and, perhaps, molecular clouds in
general.

The suggestion that HLCs formed in regions of the ISM
compressed by shocks was originally invoked (e.g., Magnani
1987; Elmegreen 1988; Mebold, Heithausen, & de Vries 1988)
before it was widely accepted that the thermal pressure of the
ISM is a small fraction of the turbulent pressure (Spitzer 1978;
Bloemen 1987). The need for shocks arose because the HLCs,

which are in general not gravitationally bound, have an inter-
nal pressure higher than the thermal pressure of the ISM.
However, we now know that the internal cloud pressures,
which are themselves turbulent, are about equal to the turbu-
lent pressure of the ISM (Blitz 1991). Furthermore, there is
good morphological evidence that at least some of the HLCs
formed in shocks (e.g., the map of clonds MBM 53-55; Blitz
1987). The shocks could, in principle, have been generated by
supernova explosions or by stellar winds which can produce
H 1 shells with relatively large pressures within them (e.g.,
Heiles 1979, 1984; Meyerdierks, Heithausen, & Reif 1991).
Elmegreen (1988) suggested that the HLCs have condensed out
of shock-compressed H 1 based on global LSR velocity and
internal velocity dispersion considerations. If the HLCs have
condensed out of shock-compressed gas in H 1 shells, then
some of these shells should be relatively nearby and closely
associated with the molecular clouds. This case was made for
several HLCs in Ursa major by Meyerdierks et al. (1991), and a
recent paper by Burrows et al. (1993) shows exactly this
relationship between an H 1 shell in Eridanus and the high-
latitude clouds MBM 18 and MBM 20.

In this paper we examine the association between HLCs and
local H 1 gas on both global and local scales and examine the
evidence that the molecular clouds formed recently from
ambient H 1, rather than being preexisting molecular gas
entrained by expanding H 1 shells. Section 2 describes the
observations and data reduction used for this study, while § 3
presents the results from both the large- and small-scale
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analysis. The arguments for the association between H 1 and
HLCs are discussed in § 4. In the final section, we summarize
the results of the paper.

2. DATA AND OBSERVATIONS
2.1. CO(J = 1-0) Data

A total of 75 high-latitude molecular clouds from two differ-
ent surveys are examined in this study. Fifty-seven of them, in
the northern hemisphere, are from the MBM catalog; the
remainder are from the KM southern survey. MBM observed
and mapped many of these clouds in the CO (J = 1-0) tran-
sition line using the 5 m telescope at the Millimeter Wave
Observatory near Fort Davis, Texas. The beamwidth is 2!3 and
the velocity resolution is typically 0.65 km s~ !. The maps were
sampled every 10’ or 20’ and are thus considerably under-
sampled. Further details on the observations are presented in
MBM. The KM observations were carried out with the
Columbia University 1.2 m antenna at Cerro Tololo, Chile,
with a HPBW of 87 and a velocity resolution of 0.26 km s ~?,
and are generally sampled every beamwidth. Other details on
this survey can be found in KM.

2.2. HiData

Two types of H 1 data are used in this study. For the large-
scale study, a photographic representation of the H 1 emission
at 21 cm from the observations of Heiles & Habing (1974) and
Colomb, Poppel, & Heiles (1980, hereafter CPH) is used. The
data cover the whole range in [, and extend from |b| = 10° to
|b| = 65°, with velocities between —38 km s~ ! and +38 km
s~ 1. The angular and velocity resolutions of these observations
are 30’ and 2 km s~ ! respectively, but the channel maps as
presented in CPH are separated by 4 km s~ !. The maps are
sampled every one-half beamwidth in Galactic longitude and
every beamwidth in Galactic latitude.

For the small-scale study, we observed 21 cm emission
toward 10 regions which contain a total of 18 MBM clouds.
The areas observed in H 1 were chosen to be about 3 times
larger in angular size than the CO-defined area of the MBM
clouds. The observations were carried out with the NRAO* 43
m telescope at Green Bank, West Virginia in 1985. The front-
end consisted of a receiver with dual cooled FET amplifiers
and a hybrid mode feed that produced simultaneous linear
polarizations. At the zenith, the total system temperature was
typically bout 23-25 K and the main beam efficiency, n, was
~0.8 (F. J. Lockman, private communication). The spectome-
ter was split into two receivers of 512 channels each, resulting
in a bandwidth which covered +132 km s~ ! centered at zero
velocity with respect to the local standard of rest (V g). The
angular and velocity resolutions were 21’ and 0.52 km s~ %,
respectively. The data were obtained in the frequency-switched
mode, with the reference switched by an amount to the band-
width. Sampling was accomplished at 10° or 20’ intervals
depending on the size of the molecular cloud. The integration
time was 15 s and the rms noise in a typical spectrum ranges
from 0.2-0.3 K. A parabolic baseline was removed from each
spectrum using the technique outlined in Appendix B of
Lockman, Jahoda, & McCammon (1986). Table 1 lists the
central position, the size, and the sampling interval for each
mapped region.

! The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under contract with the National Science Foundation.

TABLE 1
H 1 OBSERVATIONS

MAPPED CENTER

MaAPPED SIZE

CLouDps RA. Decl.
(MBM) (1950) (1950) ARA. ADecl. SAMPLING
38197m0 12°00:0 435 4°5 20
354.0 2 00.0 3.0 3.0 10
433.0 —14 00.0 3.0 3.0 20
7 33.5 46 30.0 2.0 2.0 10
802.0 46 00.0 1.5 1.5 10
917.8 72 20.0 12.5 2.5 20
40............ 16 08.0 22 00.0 1.5 1.5 10
41-44 ........ 16 50.7 61 50.0 3.5 2.5 10
49 ............ 2129.4 12 25.0 1.5 1.5 10
53-55........ 22 54.0 21 00.0 4.0 12.0 20

3. DATA ANALYSIS AND RESULTS

3.1. Large-Scale Comparison of HLCs and H 1

To check how well the HLCs are associated with H 1 gas on
a global scale, the positions of the HLCs are superposed on the
CPH photos that encompass the mean radial velocity of the
molecular clouds (Fig. 1 [Pl. 2-6]). The maps of Figure 1 are
in Galactic coordinates; every 10° of longitude (/) and latitude
(b) is indicated by a tick mark. The central velocity of each H 1
map is indicated next to that figure. It is clear from these maps
that all of the HLCs (except one KM cloud, for which b =
— 6623, out of the range of CPH) are positionally associated
with H 1 gas at the same velocity. In most cases, the H 1 gas is
in filamentary or looplike structures. For instance, in Figure
le, the V = —4 km s~ ! panel, a large loop in the region of
1=270° to I =30° and b= —20° to b =50° can be easily
identified. This loop is part of an expanding shell formed by
stellar winds and supernove explosions of stars in Scorpio-
Centaurus (Cappa de Nicolau & Poppel 1986; de Geus 1988).
Another example of an H 1 looplike structure appears in the
same figure in the region of / = 80° to I = 95°and b = —25° to
b = —45°, with which the CO clouds MBM 53-55 are associ-
ated. This particular H 1 structure is found to be expanding
(see § 3.5).

It is apparent from Figure 1 that these H 1 features are gen-
erally much larger in area than the molecular HLCs. In many
cases, the molecular clouds are only minor constituents of the
total gas content of a particular morphological feature. The
association of the molecular clouds with the large-scale loop-
like H 1 features suggests that at least some of the HLCs have
been affected by incident shocks. That is, looplike features
imply explosions or outflows which in turn suggest the prior
existence of shocks. To investigate whether.the clouds have
been formed from the H I, or are simply preexisting clouds
entrained within an expanding H 1 feature, we examine the
relationship between the H 1 and CO in greater detail below.

3.2. Small-Scale Comparison of HLCs and H 1
3.2.1. H1 Spectral Analysis and Resulting Contour Maps

The Green Bank H 1 data show that the strength and the
complexity of the H 1 spectral lines vary considerably from
cloud to cloud. This is clearly seen in Figure 2, a composite of
H 1 spectra at the positions of the CO peak of each cloud. It is
evident from the figure that in most cases, even where there are
multiple H 1 components, there is one that is clearly associated
with CO. Nevertheless, many of the clouds do not exhibit
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164 GIR, BLITZ, & MAGNANI
T T T T T T T T T T T T T T T T T T T
T MBM18 T MBM20 =+ MBM23 T MBM24 4
+4 RA 04010096 -} RA 043337562 | RA 07 3234.000 - RA 07 3528.727 A
4 DEC010956.86 | DEC14195899 | DEC464957.46 | DEC46100.21 |
=} t t f t T 1 } T t t f T t T t
- MBM25 + MBM27 + MBM28 + MBM29 T+ MBM40 E
- RA 080325563 | RA 084137877 L RA 085134778 | RA090111.923 L RA16093.290
50 B DEC463956.22 | DEC72475535 | DEC721326.63 | DEC711714.20 | DEC 215958.48 |
0 i 1 t i ; f f t i T t t ¥
o MBM41 + MBM42 T MBM43 T MBM44 T MBM49 E
5 RA 16 4658.083 | RA16489.192 L RA164925.715 | RA16556.560 1 RA 212521876
50 B DEC595935.63 | DEC61094577 | DEC 62195346 | DEC613953.61 | DEC 120959.68 |
0 T } t f t } t T t t } t T 1 . 1
= MBM53 T MBM54 T MBM55 0 40
L RA 23 04 49.900 | RA23103.606 |- RA 23 05 36.825
50 B DEC224631.38 | DEC1745421 | DEC 14 06 30.61 |
-40 0 40 -40 0 40 -40 0 40

FiG. 2—H 1spectra at the positions of the CO peak of each HLC. The MBM cloud number and the CO peak position are marked at the top of each spectral map.
The vertical line with an X indicates the corresponding ¥, gz of the CO emission of each cloud. The scale of each panel is identical; the x-axis has a range of — 50 km

s™!'to +50km s~ !, and the y-axis has a range of —1 K to 80 K.

simple velocity structure and the determination of how much
H 1is associated with the CO is therefore not always straight-
forward. In some cases, variations in the H 1 line profiles can
also be found within the projected area of a cloud. However,
the variation in the H 1 profiles is generally less within a cloud
than it is from cloud to cloud. This can be seen in Figure 3
which shows the H 1 spectra in the immediate vicinity of the
CO clouds. The clouds MBM 20, MBM 41-44 (the Draco
clouds), and MBM 55 show the largest internal variations in
the H 1 profile shapes.

We determine how much H 1 is associated with the molecu-
lar gas as follows. The H 1 spectra are fitted with 1-4 Gauss-
ians depending on the profile. The component closest in
velocity to the velocity centroid of the CO emission (in almost
all cases, within 1-2 km s~ !) is chosen and the values derived
for that Gaussian component over the area of the CO emission
are averaged to produce a mean H 1 velocity centroid, V,,,,,
and a mean velocity dispersion, 6(H 1), ;ngwiptss fOT €ach cloud.
The results are listed in Table 2. Also listed in this table are
Visg and oy, the one-dimensional velocity dispersion of the

CO clumps within a cloud; these are taken from MBM. We
may think of a;, as the dispersion of the ensemble of clumps
within a cloud, which may be a reflection of the dispersion of
the atomic gas from which the cloud formed. This quantity is
equivalent to the o, parameter used by Dickman & Kleiner
(1985) in their discussion of cloud turbulence. We also define
o(CO) newipTn @S the mean velocity dispersion within a par-
ticular CO clump. The quantity 6(CO);ngwipTy IS Similar to
the o; parameter defined by Dickman & Kleiner (1985). The
latter values are taken from the observational results of MBM,
Magnani (1987), and M. Pound (private communication).

We assume that the velocity interval of the H 1 associated
with the CO cloud is just the full width at half-maximum,
AV(H 1), 2.35 times the o(H 1) ;ngwipTh in Table 2, centered on
the mean H 1 velocity. The H 1 within this velocity interval is
integrated and plots of the resulting maps with the CO con-
tours superposed onto them are shown in Figure 4 (Plates
7-16). The CO contour maps are taken from MBM. The
accuracy with which the H 1is associated with the CO depends
upon how heavily blended the H 1 line profiles are. However,
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FIG. 4—CO and H 1 contour maps of the HLCs and the associated H 1 gas. The CO contours were superposed onto the H 1 gray-scale contours with heavy lines.
The CO contours were taken from MBM, with the lowest contour level 0.5 K and separated by 1 K. The H 1 data are Green Bank data. The contours and gray scales
represent the intensity of the integrated antenna temperature. (a) The map of MBM 16. The first contour is 100 K km s™1; the step level is 50 K km s~ *. The peak
integrated intensity is 507 K km s~ *. (b) The map of MBM 18. The first contour is 160 K km s~ ! ; the step level is 20 K km s~ '. The peak integrated intensity is 398 K
km s~ ". (c) The map of MBM 20. The first contour is 10 K km s ~!; the step level is 10 K km s~ *. The peak integrated intensity is 102 K km s~ *. (d) The map of MBM.
23-24. The first contour is 80 K km s™*; the level is 10 K km s~ !. The peak integrated intensity is 182 K km s~ *. (¢) The map of MBM 25. The first contour is 50 K
kms™*; the step level is 10 K km s~ . The peak integrated intensity is 78 K km s~ *. (f) The map of MBM 27-29. The first contour is 20 K km s~ *; the step level is 10
K km s~ 1. The peak integrated intensity is 156 K km s, (g) The map of MBM 40. The first contour is 120 K km s™!; the step level is 10 K km s~ 1. The peak
integrated intensity is 195 K km s~ . () The map of MBM 41-44. The first contour is 20 K km s~ !; the step level is 10 K km s~ . The peak integrated intensity is 86
K km s™*. (i) The map of MBM 49. The first contour is 50 K km s~ *; the step level is 10 K km s~*. The peak integrated intensity is 98 K km s™*. (j) The map of
MBM 53-55. The first contour is 40 K km s~ 1; the step level is 10 K km s~ 1. The peak integrated intensity is 118 K km s~ 1.
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TABLE 2

CO AND H 1 SPECTRAL PARAMETERS

(6(0] Hi
Clouds Visr Oint 6(CO)LinewpTH Veent o(H Dynpwiptn
(MBM) (kms™!) (kms™!) (kms™1) (kms™1) (km s~ 1)
16, 6.9 0.9 0.5 9.9 32
18 i 9.9 1.2 0.6 9.8 2.7
20 0.6 0.4 0.4 0.6 1.1
23 —-1.7 0.9 09 —-33 5.7
2. —-1.7 0.9 09 -36 3.7
25 i —8.1 0.6 0.4 —6.1 30
27 i —-0.1 20 0.6 0.9 1.7
28 -0.1 20 0.5 1.8 20
29 i -0.1 20 0.8 2.7 1.6
40, .. 32 0.3 0.3 0.4 3.0
4l —233 1.5 0.3 —225 1.9
42 —233 1.5 0.3 —189 3.0
43 —233 1.5 0.4 —20.0 40
4. .. —233 1.5 0.4 —19.3 33
49. . 11.0 0.8 0.7 9.5 1.9
53 i —-57 3.1 0.6 —49 35
S4 . —-55 3.1 0.9 —6.0 43
55 i —55 3.1 0.8 —6.6 39

small changes in the velocity interval used do not significantly
affect the morphology of the H 1 maps.

It is worth noting that we created H 1 maps for all of the
velocity components obtained after the Gaussian deconvolu-
tion of the H 1 spectra. In general, the maps of the different
components look quite different from one another, suggesting
that our procedure clearly separates the H 1 associated with an
HLC from the foreground and background atomic gas.

3.2.2. CO-H 10ffsets

Although some H 1 gas is invariably associated with the CO
emission, it is immediately evident that substantial concentra-
tions of H 1 are located adjacent to the clouds. thus, the overall
impression from Figure 4 is that the CO peaks are offset from
local H 1 maxima. In some clouds there are multiple H 1 peaks
and the H 1 features have a morphology different from the
associated CO clouds. In this paper, we define the H 1 peaks
associated with the molecular clouds to be those peaks which
are immediately adjacent to the cloud region. However MBM
27-29 is an exception to this definition. The MBM 27-29
complex is associated with an H 1 arclike feature which extends
tens of degrees to the east and encompasses several other
HLCs (e.g., de Vries, Heithausen, & Thaddeus 1987; Meyerd-
ierks et al. 1991). Since no well-defined H 1 peaks are clearly
identifiable near the MBM 27-29 molecular clouds within the
area we mapped, we arbitrarily set the position of the H 1 peak
at about o = 8"40™, § = +71°30, a location reasonably near
the center of the H 1 filament in which the HLCs are embed-
ded.

Table 3 lists this CO-H 1 offset and the effective diameter of
the cloud, D, which is defined as

D — (Projected area of the cloud)” 2
eff — )
n

)

The CO-H 1 offset varies from 0°4 to 4°0 with a mean value of
195, which implies that the projected separation between the
CO and H 1 peak is comparable to the mean linear diameter of
the cloud. The implications of this offset will be discussed in
§ 4.

3.3. Column Densities of H, and H 1

The determination of N(H,) from the CO emission is fairly
straightforward; we use the conversion determined from the
y-ray data by Bloemen et al. (1986): N(H,) =25
x 102°W(CO) cm ~ 2, where the value of W(CO) is determined
by W(CO) = 2350;,,, T% K km s~ ! The quantity T% is
obtained directly from the CO contour map, and o, is the
one-dimensional velocity dispersion of the cloud taken from
MBM. Magnani, Blitz, & Wouterloot (1988) obtain a similar
value for the N(H,)/W(CO) conversion factor for high-latitude
clouds based on extinction data, CO observations, and a
subset of the H 1 data presented in this paper, as do de Vries &
van Dishoeck (1988) from optical observations of one line of
sight through a translucent molecular cloud. On the other
hand, recent studies of two HLCs (e.g., de Vries et al. 1987;
Heithausen & Mebold 1989) suggest that for some high-
latitude clouds, the N(H,)/W(CO) conversion factor may be

TABLE 3
CO-H 1 OFFSET AND CLOUD SIZE

Clouds
(MBM) Effective Diameter CO-H 1 Offset
2°6 420
1.8 2.0
1.6 1.6
0.2 1.1
0.6 1.1
0.7 0.8
1.0 0.8
1.5 0.8
1.0 0.8
0.9 0.4
0.6 0.7
0.3 0.6
0.7 1.3
0.5 0.6
0.5 0.8
2.1 2.7
4.3 2.8
5.0 39
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lower than the value we have used in this paper by as much as
a factor of 6. The method employed by these authors, requires
that the ratio of 100 um surface brightness to total gas column
density be a constant everywhere, an assumption known to be
false for at least some clouds (e.g., Boulanger & Pérault 1988;
Blitz 1991). Although we favor the higher conversion factor,
most of the conclusions of this paper are not significantly
affected if there is less H, relative to a given CO line brightness
(see § 4.3).

For the atomic gas, we converted the 21 c¢m integrated
antenna temperature to H 1 column density in the standard
manner (e.g., Spitzer 1978) assuming that the H 1 emission is
optically thin: N(H 1) = 1.823 x 10'® { Ty dv cm ™2 The value
of the integrated antenna temperature, | T, dv, is determined
directly from the H 1 maps and is converted to | Ty dv using the
beam efficiency 5z = 0.8. The optically thin assumption is valid
for the vast majority of high-latitude molecular clouds because
of the relatively low H I antenna temperatures. For each cloud,
the H I peak column density refers to the column density at the
position of the H I peak associated with the cloud as discussed
above. The average column density of neutral gas over the
cloud area defined by the CO contours and the mean total
hydrogen column density is simply obtained from
(NHpa)) = {NH 1)) + 2{N(H,)). Table 4 lists these
column densities. Since these column densities are related to
the positions of the highest emission and the cloud area, the
tabulated values may be somewhat sensitive to the resolution
and sampling of the CO and H 1data.

In spite of the care we have taken to identify only the H 1
associated with a particular HLC, the H 1 column density
listed in Table 4 may still contain some small contribution
from background emission. For example, Verschuur &
Schmelz (1989) and Verschuur & Magnani (1994) argue that, in
general, there exists a broad, low-intensity H 1 component
unrelated to sidelobe contamination, present in most lines of
sight. The broad component (referred to as “ Component 2” in
those papers can be seen in some of the spectra shown in
Figure 2 and is probably associated with the warm neutral
medium (see review by Kulkarni & Heiles 1987). For the most
part, the contribution of Component 2 to the H 1 column den-
sities in Table 4 is less than 20% of the tabulated values and in

TABLE 4
ATOMIC AND MOLECULAR COLUMN DENSITIES
Clouds NH I, (NHDY  (NH)  (N(Hpw))
(MBM) (102°cm™%)  (10*°cm~2) (10*°cm~%) (102°cm2)
16............ 11.6 93 49 19.1
18, 8.8 6.4 9.4 25.2
P 23 1.2 45 10.2
23, 3.5 29 2.5 79
24............ 3.5 29 2.7 8.3
25 i 1.6 1.4 2.1 5.6
27 i 1.7 1.1 7.5 16.1
28 1.7 1.2 7.2 15.6
29 i 1.7 1.5 6.7 14.6
40............ 44 3.9 24 8.7
41............ 1.6 1.0 74 15.8
42 .l 1.2 0.8 44 9.6
43 1.3 0.7 49 10.5
4............ 14 1.0 4.5 10.0
49 .. ...l 20 1.8 23 6.4
53, 2.7 1.8 12.6 27.0
54.. ... 2.7 1.9 15.5 329
55, 23 1.9 11.5 249

Vol. 434

many cases is much smaller. We therefore ignore the contribu-
tion of this component in the following discussion.

3.4. H 1 Filaments and Expanding Shells

From the velocity channel maps of the Green Bank H 1 data,
it is evident that two of the 10 mapped regions. MBM 27-29
and MBM 53-55, show clear arclike structures (see Fig. 5).
This figure was created by averaging the H 1 data over 11
velocity channels (about 5.7 km s~ ') centered at V,,,, of each
complex (see Table 2). These arclike H 1 features suggest that
previous energetic events such as supernova explosions or
stellar winds have taken place and have swept up the gas shell-
like configurations. As a result of the explosions, these shells
may still be expanding at present. An expanding shell will show
a changing radius of curvature as a function of velocity. In
addition, evidence of such an expansion may be obtained by
comparing channel maps at different velocities, or by dis-
playing in rapid succession a series of sequential velocity
channel maps (i, a “movie”) on a computer screen. Both
methods were employed to determine if the shell structure is
expanding.

Although the channel maps in MBM 27-29 look as if the
arclike feature has a changing radius of curvature (see Fig. 6a)
the rapid display of the channel maps suggests a more complex
picture and a more ambiguous interpretation. The situation for
MBM 53-55 is also complex, but the interpretation is less
ambiguous. Figure 6b shows two filamentary arcs, which may
even be interacting. The brightest portion of the H 1 map is
located at the intersection of these two arcs. The more
southerly of the two arcs, seen in velocity channels V = —11.3
to —3.6 km s, does show a clearly varying radius of curva-
ture both in the “movie” and in the channel maps; the more
northerly arc is seen in velocity channels V = —16.5to —12.9
km s™! and shows no apparent expansion. The feature at
o =228 §=420°inthe V= —21kms 'and V = 1.0
km s~ ! panels looks as if it could be the rearmost section of the
shell. Because the interpretation of MBM 27-29 as an expand-
ing H 1 shell is ambiguous with our data set, we consider only
MBM 53-55.

We begin by considering a uniformly expanding, non-
rotating shell. For a given observed angular radius 6, and
velocity V,, a ringlike structure would be seen by an observer
at the origin. V,,,,., is the systemic velocity of the shell along
the line of sight toward the shell center, V,,, is the shell expan-
sion velocity, and the quantities y and ¢ are defined as shown
in Figure 7. Note that for the shell considered here, r is not
negligibly small compared to d. We thus have

l/obs = I/centel' cos 0 + Vexp Cos 'l/ H (2)

where Vyus, Viener» and V,,, are defined as above. From
geometry, the above equation can be rewritten as

d 2 1/2
Vobs = Vcenter cos 0 i Vexp|:1 - <;) sin2 0] s (3)

where d and r are the distance and radius of the shell respec-
tively, and the “ + ” and *“ — ” signs refer to the half of the shell
expanding away from and toward the observer, respectively.
The quantity d is known from absorption-line measurements
to foreground and background stars in the direction of the
clouds to be 200 + 50 pc (Welty et al. 1989). The quantity r can
be obtained under the assumption that the largest angular
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diameter subtended by the shell is tangent to the line of sight. If
this assumption is incorrect, we obtain only a lower limit to the
expansion velocity, but the error is likely to be small. Because
the quantities in the brackets in equation (3) are known, the
expansion velocity can be obtained from a simple linear regres-
sion.

Table 5 gives the measured angular diameters of the more
southerly arc of the MBM 53-55 H 1 shell in the velocity chan-
nels where the measurements are unambiguous. The measure-
ments are made along the ridge line of the filaments. The
quantity V,,, is plotted against [1 — (d/r)? sin? §]*/2 = cos
in Figure 8. We obtain an expansion velocity for the shell of 18
km s~ ! and a value for V.., of —12 km s~ from the fit to the
data. If the feature at o = 22"48™, § = +20° indicated in
Figure 6b (left-hand panel) does indeed represent the back part
of the expanding shell, then the shell expansion velocity is
determined approximately but directly by the difference
between the velocity of the back portion and the velocity of the
maximum extent of the shell. The implied expansion velocity is
about 10-13 km s !, in rough agreement with the fit.

Although our H 1 data in the vicinity of some of the clouds
that make up the Ursa Major complex (MBM 27-32) were
insufficient to determine an expansion velocity, Meyerdierks et
al. (1991) performed an analysis of other data and found the
H 1 shell to be expanding at a rate of about 20 km s, a value
similar to that found for the MBM 53-55 H 1 shell.

In addition to the above examples, we also note a recent
paper by Burrows et al. (1993) which identifies a shell of neutral
material around the Eridanus soft X-ray enhancement. The

TABLE 5

ANGULAR DIAMETERS OF MBM 53-55 H 1 SHELL AT VARIOUS
VELOCITY CHANNELS

Channel Velocity
(km s™?)

=1Ll

Angular Diameter

1728
17.6
17.8
17.4
17.6
17.6
18.0
17.4
17.2
17.0
16.6
16.8
16.8
16.4
17.0
16.4
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which shows no apparent expansion.

authors conclude that the enhancement is likely the result of
hot gas produced by stellar winds which have evacuated the
cavity and created the shell. The shell is clearly noticeable in
both global representations of IRAS 100 um data and low-
resolution H 1 low-velocity data. Since MBM 18 and MBM 20
are embedded in parts of the shell, it is likely that these objects
share a common origin.

4. DISCUSSION

4.1. The Association of HLCs and H 1 Gas

A large fraction of the local H 1 gas, as shown in Figure 1, is
distributed in filamentary or looplike structures. These H 1
filaments, in general, cover an area of hundreds of square
degrees with the HLCs invariably projected within the bound-
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FiG. 7.—Diagram for derivation of the expansion velocity of an expanding shell (see § 3.4). Note that in our case r is comparable to d.

aries of the H 1 structures. Moreover, from Figure 2, we find
that there is always a component of the H 1 associated with the
CO, even though in some clouds there are multiple blended H 1
components. The close association of the HLCs with the H 1,
both in projected area and in velocity, implies that the HLCs
are physically associated with some of the H 1 gas on a global
scale. Since typical distances of the HLCs are of order 100-300
pc (Blitz 1991), the corresponding H 1 features are at the same
distance.

In general, the H 1 spectrum of the 18 clouds in our sample
can be collected into a few distinct groups according to the
complexity of their line shapes. For MBM 20 and MBM 40,
the spectra show a single isolated H 1 peak at the CO velocity.
On the other hand, the spectra of MBM 27-29 and MBM
41-44 show an H 1 peak with extended low-intensity emission
at the cloud’s CO velocity. For MBM 23-24, MBM 25, MBM
49, and MBM 53-55, the spectra show multiple peaks with one
of the peaks centered on the CO velocity and with other emis-
sion components overlapped to some degree. The spectra of
the remaining clouds, MBM 16 and MBM 18, show compli-
cated profiles with the components blended together. This is

oIIIIIIIIIIIIIIIIIII‘II!II|III

Vew (km/s)
[ ]

T
o0
L

-10 — Y —

v v by v b v b e by

-1 0 A 3 4 5

2
[1 - (d/r)’sin%])"*

FiG. 8—The observed velocity of the shell in which MBM 53-55 are
embedded for various velocity channels plotted as a function of the quantity
[1 — (d/r)? sin® 6]'/2. The right-hand term is equivalent to cos ¥ in Fig. 7,
where ¥ is the angle between the line of sight of the observer and the radial
expansion velocity vector. One of the data points gives an imaginary value for
the ordinate and is not plotted.

not surprising since these two clouds are embedded in a large
region of 100 um emission extending south (in Galactic
latitude) of the Taurus-Auriga dark clouds. Magnani (1988)
has speculated that this region may be a more diffuse extension
of the Taurus-Auriga dark cloud complex. Since the entire
region is rich in gas and dust, the H 1 line intensities are strong-
est here (see Fig. 3) and the H 1 component associated with the
HLCs is hidden in the foreground and background emission.

The association of the CO and H 1 raises the question of
whether the HLCs were created in situ or whether they are
preexisting and have been entrained by the passing H 1 shells.
We note that the velocity dispersion of the HLCs is 5.4 km s ™!
(MBM). If the velocity dispersion of the filaments has a similar
value (values of 3-7 km s~ ! have appeared in the literature),
then the likelihood of seeing the close correspondence between
the CO and H 1 velocities for such a large number of clouds
would be very small. Moreover, we would expect that most of
the CO detected to date would be outside the shells and fila-
ments if their volume filling fraction is as small as the 20% that
has been inferred (Van Buren 1989). Elmegreen (1988) has
pointed out that groups of HLCs share similar internal veloc-
ity dispersions and LSR velocities. These considerations imply
that a common formation mechanism may be responsible for
creating the various groups of clouds. Since the groups appear
to be embedded in large H 1 structures, the most likely conclu-
sion is that the clouds formed in situ in the H 1 loops and
filaments. A group of entrained, preexisting clouds would not
necessarily show similar internal velocity dispersion and LSR
velocities.

4.2. The Offsets between CO and H 1

In the small-scale analysis of the H 1 and CO data, an offset
generally comparable to the cloud linear size of the CO cloud
was found in all of the clouds between the CO peak and the
nearest H 1 peak. However, no systematic pattern for the
offsets between the CO and H 1 has been found from our data
sample, either with respect to the Galactic plane or from an
arbitrary center of expansion. The lack of any obvious pattern
suggests that the CO-H 1 offset is probably not determined by
large-scale processes but is determined by local conditions.

One possible explanation for the offsets is that the molecular
clouds have condensed out of the atomic gas. As an example, in
a uniform, spherical H 1 cloud, the highest column density will
be detected along the line of sight to the center of the cloud. If a
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phase transition from atomic to moleculr gas occurs near the
center of the cloud, some of the H 1 would be converted to H,
and the H 1 peak would consequently be shifted from the peak
of the CO emission. The separation of the offset from the center
of the H 1 peak depends on the size of the region that under-
goes the phase transition, but should in any case be compara-
ble to the size of the CO cloud. Table 3-clearly shows that for
most clouds the CO-H 1 offset is comparable to the effective
diameter of the molecular clouds. The similarity of this size
scale from cloud to cloud is consistent with the idea that the
offsets are due to a phase transition.

4.3. H 1 Envelopes around HLCs

An association between atomic and molecular hydrogen in
interstelar clouds is known to exist both from theoretical con-
siderations and from observations. On a large scale, several
Galactic surveys show that molecular clouds contain residual
H 1 (e.g., Burton, Liszt, & Baker 1978; Baker & Burton 1979;
Liszt, Burton, & Bania 1981). On small scales, H 1 observations
demonstrate that the atomic gas is clearly related to the molec-
ular component in many sources (see Blitz 1987; Elmegreen &
Elmegreen 1987 for references) including nearby dark clouds,
where H 1 self-absorption has been observed (Knapp 1974 and
references therein). While most of these studies describe the
association of the atomic and molecular gas, detailed analyses
of the H1-H, morphology are less common. Mattila &
Sandell (1979) and Liljestr6m & Mattila (1988) observed the 21
cm line in a number of dark nebulae and suggested that an H 1
layer surrounds the inner molecular region. A similar conclu-
sion was reached by Wannier, Lichten, & Morris (1983) in a
study of five giant molecular clouds, by Grabelsky et al. (1987)
for CO clouds in the outer Galaxy, by Elmegreen & Elmegreen
(1987) for giant molecular clouds in the inner Galaxy, and by
Wannier et al. (1991) for 14 molecular clouds of various types.

From a theoretical standpoint, the formation of H, is
assisted by the shielding of line radiation by the H, that has
already formed (self-shielding) and by the presence of dust
within an H 1 layer that provides the nucleation sites for the
H, molecules. After a critical column density of H 1 is reached,
the H, self-shields, with the outer layer absorbing the disso-
ciating Lyman lines, and any additional hydrogen inside this
layer becomes molecular (Hollenbach, Werner, & Saltpeter
1971; Federman, Glassgold, & Kwan 1979). The critical
density of H 1 depends only on the ratio G/n, where G is the
integral over frequency of the ambient interstellar flux times
the cross section in the H, Lyman band, and n is the volume
density of hydrogen atoms. Shaya & Federman (1987) express
this relationship in terms of a critical radius, R, for the
H -H, transition beyond which clouds become molecular.
This relationship can be expressed as R, oc G!**n~2-*. Since
the radius depends on the radiation field, the H 1 layer
around molecular clouds will be smaller as the radiation field
diminishes.

Empirically, studies of diffuse clouds have shown that the
column density of H, rises precipitously for visual extinctions
>0.25 mag (Savage et al. 1977; Blitz, Bazell, & Désert 1990).
For interstellar clouds on the borderline between diffuse and
translucent clouds (defined to be 4, ~ 1 mag; see van Dis-
hoeck & Black 1988), the H 1 and H, column densities are
found to be comparable to one another. This result was estab-
lished in a preliminary fashion for the HLCs by Blitz et al.
(1984) from an observational standpoint, and by van Dishoeck
& Black (1986) from a theoretical standpoint.
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TABLE 6
RATIOS OF THE H 1 To CO LINEWIDTHS AND COLUMN DENSITIES

Clouds oMy 33[0(1‘1 I)T’ P (NHy))  2«{NH,))
(MBM) a(CO) o(CO) NH Dpeae  <NHiou)?

16 oo, 6.4 39 04 0.51
18 s 4.5 25 1.1 0.75
20 o 2.8 1.3 20 0.88
23 6.3 38 0.7 0.63
24 4.1 22 0.8 0.65
25 i 7.5 4.8 1.3 0.75
27 i 2.8 1.3 44 0.93
28 i 4.0 21 4.2 0.92
29 20 0.8 39 0.92
40 oo 10.0 71 0.5 0.55
41 6.3 3.8 4.6 0.94
42 10.0 7.1 37 0.92
43 10.0 71 38 093
4 8.3 55 32 0.90
49 27 1.2 12 0.72
53 i 5.8 34 4.7 0.93
54 i 4.8 2.7 5.7 0.94
55 i 49 2.7 5.0 0.92

Mean........... 5.7 35 2.8 0.82

Uncertainty .... 0.6 0.5 0.4 0.03

The mean fractional abundance of the H, over the cloud
area, (2N(H,)>/{ N(H,y..1)>, is listed in the last column of Table
6 with a mean value of 0.82, and varies from 0.51 to 0.94. This
value is slightly greater than the fractional abundance of H,
reported for typical diffuse interstellar clouds with 4, ~ 1 mag
such as o Per, { Per, { Oph [(2N(H,)/N(H 1) ~ 0.6; van Dis-
hoeck & Black 1986]. The HLCs have visual extinctions aver-
aged over areas on the scale of H 1 sampling (10'-20’) of ~1
mag (Mafnani & de Vries 1986) and are for the most part,
translucent clouds. Models of translucent molecular clouds
(van Dishoeck & Black 1988) have higher values of N(H,) than
the diffuse cloud models and consequently the ratios of
N(H,)/N(H,,,) for a large set of cloud models are consistent
with our observations.

Our data reveal that in HLCs there exists a “ threshold ” for
the wholesale conversion of hydrogen nucleons to the molecu-
lar phase at a N(H,,,,) of ~5 x 10%° cm ™2, This is most easily
seen in Figure 9 which shows that a column densities greater

—rl 17T I T T 1T [ T 11T T 1T 1T | LI L | T 11T ! IR
L o ]
o® o o ®
L A i
°
8 —
3
2 - e ° 4
=1 °
< - |
z
L ° N
Z .
60— —
L ° B
L ° 4
4 I B N .| | | I I 1.1 1 1 | | I | I 11 11 | L1 1 1 l L4 1 1
5 10 15 20 25 30 35 40

total N(H) ( x 10%° nucleons cm™)
F16. 9.—The fraction of protons in molecular form plotted as a function of
the total number of hydrogen nucleons. At a threshold of N(H,,,,)) > 5 x 10%°
cm ~ 2, most of the hydrogen nucleons are in the form of H,.
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than 5 x 102° cm~2 most of the hydrogen nucleons are in
molecular form. This threshold is consistent with the theoreti-
cal arguments outlined above; the exact value of the threshold
probably results from the intensity of the local UV radiation
field. We note that the mean fractional abundance of H, along
the line of sight is never less than 0.5. If the clouds are, on
average, as young as the 2 x 10° yr estimated by MBM, then
some of the clouds should be considerably younger than the
mean. The lower limit to the fractional abundance suggests
that either there is a rapid conversion from H 1 to H, once a
cloud becomes molecular, or more probably that the CO
abundance increases rapidly once the cloud is sufficiently
opaque (ie., Ay >0.25 mag). Recall that the H, column
density is inferred from the CO line strength so the only direct
information available to us in this analysis is from the CO
data. Blitz et al. (1990) showed that the CO observations of the
clouds identified by Désert, Bazell, & Boulanger (1988) can be
best understood if the clouds with visual extinctions less than
0.25 mag have CO abundances similar to those in diffuse
clouds (~107°), and those with higher extinction have abun-
dances like those in translucent or dark clouds (~107° to
10~4). If the clouds are randomly distributed in age, an esti-
mate of the conversion time can be made from the estimated
mean age of 2 x 10° yr divided by the number of clouds likely
to be younger than this; i.e., half the sample, or nine clouds.
Thus an estimate of the upper limit for the timescale of gener-
ating a typical transluscent cloud CO abundance is ~2 x 10°
yr.
It is worth noting that the numerical results quoted in this
paper are based on the CO to H, conversion ratio stated in
§ 3.3. Some workers suggest that this conversion ratio for at
least some HLCs is lower than the one we used. The immediate
consequence of lowering the conversion ratio is to lower the
values of N(H,) in direct proportion to the conversion ratio. A
lower value would not change the conclusions of this paper,
nor would it even alter the threshold value of 5 x 10?° ¢cm ™2
very much since the total column densities of most clouds near
the threshold are dominated by H 1. In any event, we do not
believe that such a large downward revision is warranted
because the studies that suggest a lower CO/H, conversion (de
Vries et al. 1987; Heithausen & Mebold 1989) are based on
only a few clouds and on the questionable assumptions men-
tioned in § 3.3. On the other hand, Magnani et al. (1988)
showed a large variation in the N(H,)/I(CO) factor which can
encompass the low values found by de Vries et al. (1988) and
Heithausen & Mebold (1989). Furthermore, the higher value is
supported by the observations of de Vries & van Dishoeck
(1988) and Magnani & Onello (1993).

4.4. The Condensation of Molecular Clouds

The observations presented to this point suggest that the
CO clouds have formed from the H 1 swept up in shells and
filaments. Moreover, there appears to be a minimum H 1
column density needed to form molecular clouds detectable in
the radio lines of CO, and that the fractional abundance of CO
appears to be related to the column of CO swept up in the
shells and filaments. The question thus arises, what is the
physical mechanism that drives the molecule formation? Can
we unambiguously predict where molecules will form in the
interstellar medium?

The most obvious mechanism is that of a thermal instability
arising from the opacity of the H 1 column due to shielding of
the continuum by the dust and the self shielding of the line
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radiation by the column of H, that builds up along the line of
sight, as discussed in § 4.1. In this case, we expect that

nHy) 1 [AV(H 1)]2 1 [U(H 1)]2 4
nH1) 2|AV(CO)| 2|e6(CO)] (

where n is the volume density, AV is the full width at half-
maximum of the H 1 or CO line, and ¢ is the velocity disper-
sion of the gas, in this case due to thermal Doppler broading. If
the gas undergoes a change of phase, and there is a simple
isotropic compression of the molecular gas under conditions of
pressure equilibrium because of the lower temperature of the
molecular gas, then we find that

(NE TR o ]
NH Doy 0 [n(H x)] =033 [a(CO)] - 0

Here, {(N(H,)) is the mean H, density along the line of sight
(to account for clumpiness), and N(H 1), is the maximum
column density of the uncondensed H 1.

Linewidths for the CO (J = 1-0) transition with velocity
widths less than 0.4 km s~ ! are only rarely seen in molecular
clouds. Typical CO linewidths imply kinetic temperatures of
>500 K for CO in thermal equilibrium with H,. For the
clouds we have observed, the excitation temperatures are never
more than 15 K, and typically they are lower. In addition, the
associated dust temperatures determined from IRAS observa-
tions are invariably 20-25 K (e.g., Weiland et al. 1986). Since
the CO molecule is almost always optically thick in Galactic
molecular clouds, its excitation temperature should be close to
the kinetic temperature. The discrepancy between the two esti-
mates suggests that the CO lines are not thermally broadened
but that the widths are due to bulk motion of the gas, and that
o is a measure of this motion. There is reasonable evidence
from what is known about the magnetic fields that the bulk
motions are the result of magnetosonic turbulence, but the
velocity dispersions are less than or equal to the Alfvén veloc-
ity in the gas (Blitz 1993). It is therefore likely that the gas
motions are sub-Alfvénic and that the motions may be quite
long lived compared to hydrodynamic supersonic turbulence.
In this case, o is due to the bulk motions rather than thermal
broadening.

On the other hand, equation (4) results from the assumption
of pressure equilibrium, and it is unclear how a thermal insta-
bility is manifested under the conditions of magnetosonic turb-
ulence. Furthermore, several additional factors complicate the
observational picture. The column densities derived here
assume a single ratio to convert the observed CO transition to
N(H,). CO abundances are known to vary by large factors for
clouds in the range of extinction manifested by the high lati-
tude clouds (see § 4.3), and thus the molecular densities may
not be very well determined from the CO J = 1-0 transition
alone. Furthermore variations in the ambient ultraviolet radi-
ation field can produce large CO abundance variations (e.g.,
Gredel et al. 1992). Our observations produce only approx-
imate line-of-sight column densities, but the relevant column
density is the minimum column exposed to the ambient radi-
ation field. For the shell-like and filamentary geometries preva-
lent here, the minimum column may be significantly different
from what we measure.

We have nevertheless attempted to evaluate whether equa-
tion (5) is supported by the data and have found the results to
be inconclusive. Without independent information on the gas
densities (from multitransition observations, for example), it
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becomes difficult to evaluate n, and the geometric com-
plications suggest that it is difficult to evaluate equation (5)
even if it were valid under the conditions of magnetosonic
turbulence. We are therefore unable to pinpoint a precise
mechanism for the molecular condensation process, even
though the evidence that the molecular clouds have formed
from the H 1appears to be quite good.

4.5. CO and H 1Linewidths and Energy Considerations

If the HLCs formed within the H 1 shells and structures
described above, the CO and H 1 linewidths might be expected
to be correlated with one another. Figure 10a is a plot of the
velocity dispersions of the CO emission lines and the H 1 com-
ponents associated with the various clouds. A weak correlation
is present in the data; the correlation coefficient is 0.41 suggest-
ing that there is a 10% probability that the data are uncor-
related. However, the correlation is sufficiently weak that no
conclusions can be drawn from the values of the velocity dis-
persions.

In an analysis of the H 1 associated with a number of giant,
self-gravitating clouds, Andersson, Wannier, & Morris (1991)
also found no clear trend between H 1 and CO linewidths at
the edges of the clouds. We note, however, that the mean ratio
of the H 1 CO linewidths is 5.7 in our sample and 8.1 in the
Andersson sample (taken from their Fig. 7b), suggesting that
the ratios of the linewidths are not too dissimilar for self-
gravitating and non-self-gravitating clouds.

In Figure 10b we plot o, versus o(H 1). Recall that oy,
represents the velocity dispersion among the clumps in a CO
cloud and is used by MBM to determine the overall kinetic
energy of an HLC. If a particular HLC has condensed from the
surrounding H 1, there may also be a correlation between these
two quantities. However, both the figure and a statistical
analysis suggest that the two velocity dispersions are uncor-
related. If we use the data in Table 2 to calculate how the mean
kinetic energy per particle is distributed between the two
atomic and molecular gas phases, we find that the ratio
my 1 64(H 1)/mco 0*(CO) varies by a factor of 25 from cloud to
cloud. Despite this range, the mean ratio of this quantity for
the ensemble of clouds is 1.2. Although there is considerable
variation from cloud to cloud, our results suggest that, on
average, there is energy equipartion between the atomic and
molecular phases of the gas. We find no obvious relationship
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between the size of this ratio and the morphology of either the
CO or the H 1. However, we do note that MBM 41-44, the
molecular clouds associated with the Draco Nebula, have the
highest value of this ratio. It has been suggested that the Draco
Nebula is the result of gas from the halo raining down onto the
disk (Goerigk & Mebold 1986; Odenwald 1988), and thus its
origin and formation mechanism is likely to be different from
the other HLCs.

4.6. Individual Cloud Complexes
4.6.1. MBM 20

The Lynds dark cloud 1642, which comprises MBM 20, has
been known for a decade to be associated with H 1 emission
(Taylor, Taylor, & Vaile 1982). Later studies in the far-infrared
and optical regions revealed that the cloud is located in the
head of a cometary H 1 nebula (Laureijs, Mattila, & Schnur
1987; Liljestrom & Mattila 1988). Sandell, Reipurth, & Gahm
(1987) confirmed that two infrared point sources are a pair of T
Tauri stars embedded in the cloud core.

MBM 20 is one of the only two HLCs in the MBM catalog
which is a known site of star formation (the other is MBM 12;
Magnani, Caillault, & Armus 1990). Liljestrom (1991) calcu-
lated o,;, by assuming a homogeneous and spherical cloud at a
distance of 100 pc and argued that MBM 20 is in virial equi-
librium, a conclusion which is not surprising in view of the
observed star formation.

Because MBM 20 is a dark cloud in which star formation is
observed, it probably represents the most advanced state of
evolution of any of the HLCs. However, the cloud is not
unusual in terms of either its total column density, its average
H 1 or H, column density, or the ratio between the two. It is
remarkable however, for the narrowness of the H1 and H,
lines, and for the narrowness of the H 1 line relative to the CO
line (see Table 6). Unlike most HLCs, gravity is important in
the dynamics and line profiles of MBM 20. Moreover, the
location of the cloud in the loop-like structure surrounding the
Eridanus soft X-ray enhancement (Burrows et al. 1993) indi-
cates that a dark cloud may be able to form in the same way as
we describe for the translucent clouds.

4.6.2. MBM 27-29

The clouds which comprise the MBM 27-29 complex are
typical high-latitude clouds, lying along a large fraction of an
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Fi6. 10—(a) The velocity dispersion of the CO (J = 1-0) line as a function of the H 1 velocity dispersion. The plotted quantities are obtained from Table 2 but are
averaged over the objects comprising a “cloud complex ” (see MBM). (b) Same as (a) but the CO dispersion represents the variance in CO Gaussian-fit centroid

velocities (see § 4.5).
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H 1 arc. In Figure 3f, a clear H 1 line component at the Vg of
this complex is apparent. Figure 4f shows a shell-like structure
in the observed area, suggesting that the formation of the
MBM 27-29 complex is related to the evolution of the H 1
shell. The high H, fractional abundance values for this
complex indicate that the phase transition from atomic to
molecular is quite complete if the clouds had been formed from
H 1. Although the velocity structure of the H 1 shell is too
ambiguous to be identified as expanding from our data, an
interstellar shock or stellar wind is still a possible mechanism
for the formation of the shell and the subsequent condensation
of the CO clouds. Such a mechanism has been suggested by
Meyerdierks et al. (1991).

4.6.3. MBM 4144

The complex of clouds MBM 41-44 are intermediate veloc-
ity objects and have been extensively studied by Mebold et al.
(1985). These clouds appear to be prototypes of a class of
relatively high velocity local molecular clouds discussed by
Blitz (1991). They all have large negative velocities; the LSR
velocity ranges from —20 km s~ ! to —25 km s !, four stan-
dard deviations from the V g of typical HLCs, much higher
than the velocity dispersion of the ensemble of HLCs. Goerigk
& Mebold (1986) suggest that the MBM 41-44 complex, which
they call the Draco Cloud, is at a distance >800 pc and is
therefore at the disk-halo interface of the Galaxy. This large
distance is, however, controversial (Blitz 1991). This cloud
complex, like two others discussed by Blitz (1991), has a com-
etary morphology and both Goerigk & Mebold (1986) and
Odenwald (1988) suggest that it is an example of a cloud that
may be “raining” onto the disk of the Galaxy from the halo. If
s0, the formation of the molecular cloud may have taken place
somewhere other than in a local shell or filament and the
mechanism responsible for the formation of the cloud may be
quite different than the one proposed in this paper for the other

HLCs.

4.64. MBM 53-55

From the data presented in § 3.4, we find that the MBM
53-55 H 1shell is expanding with a velocity of 18 km s~ 1. This
complex, which, incidentally has the largest projected area on
the sky of any of the MBM clouds, is the clearest example of
molecular clouds formed by shock compression in an expand-
ing shell. These clouds also have the highest value of
{N(H;)>/N(H 1), of any of the clouds in our sample, sug-
gesting the most complete conversion of H 1 to H,. A likely
candidate for providing the mechanical energy necessary to
create an expanding shell is a supernova remnant (SNR). This
mechanism has already been invoked for creating the Eridanus
shell (Heiles 1976), a structure similar to the MBM 53-55 shell.
The energy necessary to create the Eridanus shell, 3.8 x 105°
ergs, calls for a supernova possibly energizing a pre-ionized
cavity.

The kinetic energy of the MBM 53-55 expanding shell can
be obtained by adding the kinetic energy of each portion
(projected arc of a given channel map) together, i.e., K.E. =
3VZ, Y M, where M is the mass of one of the arcs in our
channel maps. Assuming a distance of 200 pc (the estimated
median distance of this cloud complex; Welty et al. 1989), the
mass for the H 1 shell is about 3 x 10* M, and the kinetic
energy, 1 x 10%° ergs. Including the H, inferred from the CO
observations increases this energy by a factor of about 4 to
4 x 10%° ergs.

If only 1% of the energy of the supernova explosion goes
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into the kinetic energy of shell, as we currently believe (Woltjer
1972), the outburst energy necessary for the creation of MBM
53-55 is about 4 x 10°! ergs. This suggests that MBM 53-55
could have been formed by a few supernovae or another simi-
larly large mechanical input of energy such as the stellar wind
from an association of early O stars. Because the other shells
presumably exhibit small expansion velocities, even less energy
is needed to explain the morphology of the typical HLC H 1
shell or filament. Therefore, events less energetic than super-
novae, might explain some of the shells and filaments seen in
the figures.

5. CONCLUSIONS

The main conclusions of this paper can be summarized as
follows:

1. In a large-scale comparison, all 75 HLCs in our data
sample are found to be associated with H 1 gas both in position
and velocity with most of the HLCs lying along filamentary or
loop-like H 1 structures. This conclusion is supported by a
Gaussian deconvolution of the H 1 spectra in which it is found
that there is always one strong H 1 component essentially coin-
cident with the CO velocity.

2. In a small-scale comparison, we found from the contour
maps that the CO and H 1 emission peaks are typically offset
from one another by about the same linear size as the HLCs,
about 1°5. No obvious symmetric pattern of these CO-H 1
offsets was found with respect to either the Galactic plane or
toward an arbitrary explosion center. This suggests that the
offset results from physical conditions local to the molecular
clouds.

3. We find that there is a minimum total column density of
5 x 102° cm ™2 observed along any line of sight in which CO
clouds are found. The fractional abundance of H, nucleons is
never found to be less than 0.5 in any of the clouds for our
assumed CO/H, coversion ratio.

4. The good agreement between the H 1 and CO radial velo-
cities and the morphological association between the CO and
H 1 peaks suggests that the molecular clouds were formed in
situ and were not preexisting clouds entrained by expanding
H 15shells and filaments.

5. No apparent correlation of the CO and the H 1linewidths
is found. There is, however, a rough equipartition of the kinetic
energy between the H 1 and the CO gas although there is
considerable variation from cloud to cloud.

6. Two of the 10 observed H 1 regions, which are associated
with the MBM 27-29 and MBM 53-55, respectively, show
clear arclike structures. In addition, two more HLCs are
embedded in a looplike structure attributed by Burrows et al.
to a wind-blown bubble. The MBM 53-55 shell is found to be
expanding. An expansion velocity for the latter shell of about
18 km s~ is obtained, and the kinetic energy of the expanding
shell is estimated to be 4 x 10*° ergs. The shell could have
been formed by a supernova explosion or stellar winds, and so
shocks may be responsible for at least some of the conversion
of H1to H,.
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