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ABSTRACT

The star formation status of the translucent high-latitude molecular cloud, MBM 40, is explored
through analysis of radio, infrared, optical, and X-ray data. With a peak visual extinction of 1 to 2 mag,
MBM 40 is an example of a high-latitude cloud near the diffuse/translucent demarcation. However,
unlike most translucent clouds, MBM 40 exhibits a compact morphology and a kinetic energy—to—
gravitational potential energy ratio near unity. Our radio data, encompassing the CO (J = 1-0), CS
(J = 2-1), and H,CO 1,,-1,, spectral line transitions, reveal that the cloud contains a ridge of molecu-
lar gas with n > 10® cm™3. In addition, the molecular data, together with IRAS data, indicate that the
mass of MBM 40 is ~40 M. In light of the ever-increasing number of recently formed stars far from
any dense molecular clouds or cores, we searched the environs of MBM 40 for any trace of recent star
formation.

We used the ROSAT All-Sky Survey X-ray data and a ROSAT PSPC pointed observation toward
MBM 40 to identify 33 stellar candidates with properties consistent with pre-main-sequence (PMS) stars.
Follow-up optical spectroscopy of the candidates with V < 15.5 was conducted with the 1.5 m Fred
Lawrence Whipple Observatory telescope in order to identify signatures of T Tauri or pre—main-
sequence stars (such as the Li 6708 A resonance line).

Since none of our optically observed candidates display standard PMS signatures, we conclude that
MBM 40 displays no evidence of recent or ongoing star formation. The absence of high-density molecu-
lar cores in the cloud and the relatively low column density compared to star-forming interstellar clouds
may be the principal reasons that MBM 40 is devoid of star formation. More detailed comparison
between this cloud and other, higher extinction translucent and dark clouds may elucidate the necessary
initial conditions for the onset of low-mass star formation.

Subject headings: ISM: clouds — ISM: individual (MBM 40) — ISM: molecules — radio lines: ISM —

stars: formation — stars: pre-main-sequence — X-rays: stars

1. INTRODUCTION

MBM 40 is a small (0.7 deg?), isolated low-extinction
cloud located at I =37°6 and b = 4427 projected on the
North Polar Spur. The cloud was first listed (and
misidentified) as an H 1 nebulosity by Sharpless (1959) who
included the nebula as object 73 in his catalog. Lynds (1965)
identified two bright nebulae (LBN 105 and 106) in the
immediate vicinity of the cloud, and both Verschuur (1974)
and Colomb, Poppel, & Heiles (1980) readily identified a
narrow H 1 feature at vy =4 km s~ ! at this location.
Molecular gas was first detected in the cloud by Blitz, Fich,
& Stark (1982) during their survey of CO (J = 1-0) emis-
sion from the Sharpless objects. The CO detection was
along a single line of sight, and no mapping of the region
was made. It was not until the cloud was included as object
40 of the Magnani, Blitz, & Mundy (1985, hereafter MBM)
high-latitude CO survey that its spatial extent and mass
were determined. A poorly sampled map of the cloud (10’
sampling with a 2’3 beam) in the CO (J = 1-0) line is shown
by MBM. A fully sampled map of the same object (referred
to as the Hercules cloud) was also accomplished by de Vries
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(1988) in the CO (J =1-0) transition with a beam
resolution of 8!7; the de Vries map of the cloud closely
resembles the MBM version.

The distance to this cloud is established by Welty et al.
(1989) as <140 pc from echelle spectroscopy of the Na 1
absorption line and is fully consistent with the statistical
estimate of the distance to the high-latitude clouds in
general (~ 100 pc; MBM). Penprase (1993) has improved
the distance estimate to 90 < d < 150 pc with additional
observations of foreground stars. We adopt 100 pc as the
distance to the cloud in the remainder of this paper.

MBM 40 is a typical example of a low-extinction trans-
lucent cloud. These objects are easily identifiable at high
Galactic latitudes away from the background confusion of
the plane and represent the molecular component of the
IRAS cirrus (Weiland et al. 1986). Translucent clouds span
a vast range of sizes, shapes, and masses, but they can be
broadly categorized into two basic morphological types:
compact and filamentary. MBM 40 is typical of the former
type of high-latitude translucent cloud. It differs signifi-
cantly from morphologically similar dark clouds in that its
visual extinction is nowhere greater than 2 mag. In this
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paper the overall structure of MBM 40 is revealed from
extensive observations of several molecular species (CO,
CS, and H,CO) and from IRAS 100 ym data.

As a class of object, the translucent clouds present some
compelling questions for the study of small molecular
clouds and the diffuse interstellar medium. Translucent
molecular clouds are an intermediate population situated
between diffuse and dark clouds as regards H, column
density [=N(H,)], visual extinction, and astrochemical
complexity. Van Dishoeck & Black (1988) define dark
clouds as those entities with at least some region at A, > 5
mag and diffuse clouds as objects in which the extinction is
nowhere greater than 1 mag. MBM 40 is thus near the
transition between diffuse and translucent clouds. Dark
clouds and Bok globules are known sites of low-mass star
formation (see, e.g., Myers & Benson 1983; Yun & Clemens
1990), while traditional diffuse molecular clouds (e.g., the
cloud along the line of sight to { Ophiuchi) cannot form
stars (Elmegreen 1993). The principal reason for this inabil-
ity to form stars is believed to be the dearth of high-density,
bound cores in the diffuse clouds.

In contrast, the star-forming capability of translucent
clouds is still unknown. High-density regions somewhat
similar to those found in dark clouds have been found in
several translucent clouds (Turner, Xu, & Rickard 1992;
Mebold, Heithausen, & Reif 1987; Meyerdierks, Brouillet,
& Mebold 1990; Schreieber et al. 1993; and Reach et al.
1995). If dense cores are present in the translucent molecu-
lar clouds, then low-mass star formation is possible in these
objects, and any inventory of the local star formation rate
must include the nonnegligible number of translucent
clouds in the local interstellar medium (Magnani 1994).
However, even in the absence of high-density cores, some
scenarios have been developed for the creation of low-mass
stars in relatively low-density environments (§ 2).

Previous attempts to determine whether star formation is
possible in translucent clouds include searches through
infrared databases (the IRAS Point Source Catalog—
Magnani, Caillault, & Armus 1990; the IRAS Faint Source
Survey—Magnani et al. 1995) and the Einstein X-ray data-
base (Caillault, Magnani, & Fryer 1995). Although the first
two investigations produced many candidates that still
require optical spectroscopy for ultimate confirmation, no
unambiguous pre-main-sequence (PMS) or T Tauri star
has been found in a low-extinction translucent cloud to date.
We note that MBM 12 contains T Tauri stars (Magnani et
al. 1995; Pound 1996), but, with a central extinction of 4-5
mag, this object resembles more closely a dark rather than a
translucent cloud. Our first three papers on star formation
in translucent clouds focused on global surveys; in this
paper, we examine in detail a single translucent cloud.
Molecular, infrared, optical, and X-ray data for MBM 40
are analyzed in order to determine whether this particular
cloud has formed or is in the process of forming low-mass
stars, but we do this primarily by identifying X-ray point
sources within or near the cloud.

Observations of known star-forming regions have
revealed large numbers of X-ray—emitting sources (see, e.g.,
Feigelson et al. 1987 and Neuhduser et al. 1995b), most of
which had not been previously known to be PMS stars
(Walter et al. 1988; Alcala et al. 1995; Neuh&duser et al
1995c; Wichmann et al. 1995). However, X-ray emission by
itself is not a sufficient condition for positively identifying a
PMS star; follow-up spectroscopic observations of the
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optical counterparts to the X-ray sources are needed to
determine their pedigree unambiguously. The standard sig-
nature for such youthful stars is Li 6708 A absorption. This
is seen in both classical T Tauri stars (CTTS; those with
strong Ha emission) and weak T Tauri stars (WTTS; those
with weak or absent Ha emission). Other useful spectro-
scopic diagnostics would be radial velocities, rotational
velocities, or the width and profile of the He and Ca emis-
sion lines (if present)—however, these diagnostics require
high-dispersion spectra. Using the 1.5 m Fred Lawrence
Whipple Observatory telescope, we obtained moderate-
dispersion spectra of candidate sources in order to deter-
mine readily whether the Li 6708 A absorption line was
present in any of them.

In the following sections we describe our data acquisition
and reduction analyses, the rationale for searching for
youthful stars in this particular cloud, our results, and their
implications.

2. THE STRUCTURE OF THE CLOUD FROM MOLECULAR
AND INFRARED DATA

For star formation to occur in a molecular cloud, it is
generally considered necessary that the cloud contain dense
molecular concentrations typically known as “cores.”
These objects are the precursors of low-mass stars and are
often identified by probing the cloud with high-density
tracers such as NH; and CS. Myers (1985) defines low-mass
cores to be regions of size ~0.05-0.2 pc, log n ~4-5,
T ~9-12K, and Av ~ 0.2-0.4 km s~ 1. Since these types of
cores give rise to T Tauri stars in dark molecular clouds,
their existence in MBM 40 would constitute circumstantial
evidence that the cloud could be forming stars. However,
recent evidence from observations of high-latitude B stars in
the halo indicates that some of these objects are not
runaway stars from the Galactic plane and, thus, must have
formed in situ (Keenan et al. 1986; Conlon 1993). In addi-
tion, the recent discovery of 11 T Tauri stars more than 10°
south of the Taurus-Auriga dark clouds (Neuhduser et al.
1995b) and earlier reports of T Tauri stars far from any
known molecular cloud or core (Rucinski & Krauttner
1983; Downes & Keyes 1988; de la Reza et al 1989;
Gregorio-Hetem et al. 1992) may indicate that star forma-
tion is possible in regions with densities lower than pre-
viously thought. In light of these results, the possibility of
stars forming in regions with no traces of the “standard”
dark cloud cores cannot be excluded a priori. Some theo-
retical work attempts to explain the formation of stars in
low-density gas as a result of gravitational collapse induced
by either cloudlet-cloudlet collisions (Dyson & Hartquist
1983), the merger of a gas-rich satellite galaxy with our own
(Rodgers, Harding, & Sadler 1981; Lance 1988), the impact
of high-velocity clouds onto the Galactic disk (Lépine &
Duvert 1994), or a phase transition (Christodoulou &
Tohline 1990). This recent trend makes the question of star
formation in translucent clouds more relevant since, in
general, these objects either do not contain any dense
molecular cores or, at most, a few.

From a more global perspective, most of the translucent
high-latitude clouds are known to be gravitationally
unbound (MBM). In other words, the gravitational poten-

* tial energy of the clouds is typically 1-2 orders of magnitude

less than the kinetic energy as derived from the clump-to-
clump velocity dispersion. Although there is some evidence
that a fraction of the clouds may be confined by the pressure
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of the external medium (see, e.g., Keto & Myers 1986), some
of the clouds would require external pressures, P/k, of order
10° em 3 K for confinement, much higher than any cur-
rently accepted value for the ISM. If these clouds are not
bound, they are then transient objects with lifetimes on the
order of the sound-crossing time (10° yr). It is difficult to
envision star formation in unbound objects of this type with
such short dynamical lifetimes (Elmegreen 1993). However,
the ratio of the kinetic to gravitational potential energy in
MBM 40 is close to unity (MBM). Incorporating new mass
estimates from our molecular and infrared data allows us to
determine more accurately the global dynamic state of the
cloud; we elaborate on these topics below.

2.1. Are Low-Mass Cores Present in MBM 40?
2.1.1. CO and H,CO Considerations

The 12CO (J = 1-0) and *3CO (J = 1-0) data for MBM
40 were obtained in 1984 from the now-defunct 5 m tele-
scope of the Millimeter-Wave Observatory! (MWO) near
Fort Davis, Texas and with the NRAO? 12 m telescope at
Kitt Peak during 1985 May. The observing procedure and
parameters are described by MBM for the MWO run and by
Magnani, Blitz, & Wouterloot (1988) for the NRAO run.
The Gaussian-fit parameters for the individual spectra are
included in the latter paper in their Tables 3 and 4. We note
that in Table 3 of Magnani et al. (1988) the v, velocities
are too large by 0.49 km s ~*. This error in the velocity scale
(corresponding to a shift of three channels) was produced by
an internal software error at MWO during the fall of 1984.

The H,CO observations were carried out at the NRAO
43 m telescope in Green Bank, West Virginia on 1990 May
18-31. The front end consisted of a cooled, single-beam,
corrugated, dual-hybrid mode feed sensitive to both circular
polarizations. The autocorrelator was configured into two
subcorrelators of 512 channels each with 0.625 MHz band-
width. The data were obtained in the frequency-switched
mode with the frequency throw plus and minus one-quarter
of the bandpass so that the H,CO 1,,-1,, transition
appeared in both the signal and reference bandpasses. The
two polarizations were averaged together, and the resulting
spectrum was folded so that the effective velocity coverage
was 19 km s ™! and the velocity resolution was 0.08 km s~ 1.
Typical system temperatures in clear weather at elevations
greater than 40° were 27-30 K for the two channels. The
spectra were calibrated with noise tubes the values of which
were provided by the Green Bank engineering staff. To
convert the observed antenna temperature to brightness
temperature, Ty, we use a beam efficiency of 0.67 (R. Mad-
dalena, private communication). The system stability was
monitored by observing TMC-1 throughout the run. The
antenna temperature at the central position of that cloud,
(a:8) = (04"38™38°:25°35'45"), was —0.50 K with a varia-
tion of less than 5% over the course of the observing run.

A square 8 x 8 grid was mapped at full beamwidth
resolution (i.e., in 6 steps) with typical integration times of
30-40 minutes per point. The resulting rms noise level was
10-15 mK after Hann smoothing. If the presence of a line

! The Millimeter Wave Observatory was operated by the Electrical
Engineering Research Laboratory of the University of Texas at Austin
with support from the National Science Foundation and McDonald
Observatory.

2 The National Radio Astronomy Observatory is operated by
Associated Universities, Inc., under contract with the National Science
Foundation.
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was suspected, a deeper integration was carried out. All of
our detected lines are listed in Table 1 along with the
Gaussian-fit parameters that were obtained from the
unsmoothed data.

The CO (J = 1-0) map of MBM 40 presented in MBM is
still the only published full-scale CO map of this region.
Although undersampled, the map reveals the general struc-
ture of the cloud: a somewhat spheroidal region with a
southeast to northwest ridge or spine extending diagonally
through the cloud. A smaller ridge is present to the north-
east of and parallel to the main ridge and is prominent both
on the H,CO and infrared maps (see below). The two paral-
lel ridges are also noticeable as regions of diffuse optical
emission on the Palomar Observatory Sky Survey (POSS)
prints and were misidentified by Sharpless (1959) as a low-
intensity level H 11 region. The optical emission is partly due
to the dust in the cloud reflecting the integrated starlight
from the Galactic plane and is a common feature of the
high-latitude clouds (Sandage 1976; Jura 1979). Recent
work by Guhathakurta & Cutri (1994) invokes lumines-
cence of small hydrogenated carbon grains as the primary
cause of the red optical reflection.

Better sampled CO data are presented in Figures 1a and
1b for the lower section of the main ridge. The MWO data
are sampled at 2:5 spacing with a 2'3 beam at 115 GHz. The
numbers associated with some of the observed positions
give the ratio of the 12CO to '3CO integrated antenna tem-
perature [ = W(*2CO)/W(*3CO)] for that particular line of
sight. In Figure 1b, the numbers within the circled regions
are the W(*2CO)/W(!*3CO) ratios based on higher res-
olution (1) data from the NRAO 12 m telescope. Table 2
lists the W(*2CO)/W(*3CO) ratio, the *3CO optical depth
as calculated under LTE assumptions (Dickman 1978—we
assume T,, =10 K), the '*CO column density, the H,
column density based on an assumed constant *CO/H,
abundance of 2.5 x 107%, and the N(H,)/W(CO) ratio
(defined as X, or the “X” factor) determined from the
tabulated N(H,) value and >CO data for the same line of
sight reported in Magnani et al. (1988).

With the estimate of N(H,) in Table 2 and the assump-

TABLE 1
H,CO 1,,-1,, LINE PARAMETERS FOR MBM 40

RA.

Decl.

—T, Av ULsr
(1950) (1950) (mK) (km s™1) (km s™?)

16%07™36"...... 22°04'00” 23+2 1.00 +£0.13  3.07 + 0.05
16 07 36 ...... 22 1000 46 + 4 0.84 £0.34  2.69 + 0.07
16 08 00 ...... 22 0400 61+9 0.84 +£0.15 292 4+ 0.06
16 08 00 ...... 22 1000 82+8 092 +£0.10 280 + 0.04
16 08 00 ...... 22 1600 37+7 1.21 £027 270 +0.11
1608 24 ...... 21 5200 48 + 8 0.76 +£ 0.16  3.22 + 0.07

40 +11* 044 +0.16
1608 24 ...... 21 5800 57+6 0.78 +£0.11  3.12 + 0.04
1608 24 ...... 22 0400 46 + 11 043 +£0.12  3.06 + 0.05
1608 24 ...... 22 1000 36+10  0.68 +022 259 +0.09
1608 24 ...... 22 1600 37+6 0.53+0.09 285+ 0.04
16 08 48 ...... 21 4600 26+ 8 094 +0.34 3.1240.15
16 08 48 ...... 21 5200 101 +16 059 +£0.11 321 40.05
16 08 48 ...... 21 5800 57+14 048 +0.14 3.18 £ 0.06
16 08 48 ...... 22 1000 62+10 068 +£0.13 287 +0.06
1609 12 ...... 21 46 00 32+4 115+ 019 312+ 0.08
16 09 12 ...... 21 4600 79+11 0.23 +£0.04 3.35+0.02

66 + 18  0.17 + 0.05
16 09 36 ...... 22 0400 20+3 0.68 + 0.14  3.03 + 0.06

11+3° 0.70 + 0.27

* F = 0-1 hyperfine component of the H,CO 1,,-1, , transition.
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FIG. 1.—(a) Integrated CO (J = 1-0) antenna temperature map of the central region of MBM 40 main ridge described in the text. The contours are set at
2,3,4,etc. Kkm s ™!, and the value of each particular contour is indicated at one of the endpoints. The black dots represent the sampled positions with the 2/3
beam, and the two-digit numerals sometimes associated with the black dots are the ratio of the integrated '2CO/!3CO antenna temperatures for that
particular line of sight. The absence of a *2CO/**CO ratio next to a dot indicates that 1*CO data were not available for that position. (b) Same as (a), except
that the contours represent the CO (J = 1-0) antenna temperature, T%. The contour levels begin at 3.5 K, and each succeeding level is 1 K greater than the
previous level. The nearly rectangular box centered on the upper clump represents the boundary of the area mapped at 1’ resolution with the NRAO 12 m
telescope (see Fig. 2). The circles represent the lines of sight for which 13CO (J = 1-0) data from the 12 m telescope are available, and the number within the
circles is the ratio of the integrated 12CO/*3CO antenna temperatures.

TABLE 2
COLUMN DENSITIES
RA. Decl. N(3CO) x 10'*  N(H,) x 10%° X oo X 102
(1950) (1950)  12CO/*CO  «(*3CO) (cm~?) (cm™?) (cm™2 [K km s~1]"1)
Column Densities from 3CO-MWO Data
16"08™02s...... 21°59'5 14.7 0.05 19 0.8 0.3
16 08 02 ...... 22 02.0 5.7 0.22 6.9 2.8 0.9
16 08 13 ...... 22 02.0 6.2 0.35 10.1 4.0 0.8
16 08 13 ...... 22 04.5 57 043 10.8 43 0.9
1608 14 ...... 21 59.5 10.3* 0.20 5.3 2.1 0.7
1608 24 ...... 21 570 8.1 0.13 6.9 2.8 04
1608 24 ...... 21 59.5 8.9 0.20 5.9 24 0.5
16 08 35 ...... 21 54.5 4.8 0.60 18.0 72 1.1
16 08 46 ...... 21 520 8.0 0.33 10.3 4.1 0.6
16 08 46 ...... 21 54.5 73 0.33 10.3 4.1 0.7
Column Densities from 3CO-NRAO Data
16 08 11 ...... 22 01.0 57 0.44 7.8 31 0.7
1608 11 ...... 22 02.0 52 0.74 13.1 5.2 1.1
1608 15 ...... 22 01.0 53 0.59 139 5.6 0.9
16 08 15 ...... 22 02.0 43 0.64 15.1 6.0 1.2
1608 19 ...... 22 01.0 6.1 042 7.4 3.0 0.6
1608 19 ...... 22 02.0 4.1 0.40 11.8 4.7 1.1
1608 24 ...... 22 01.0 59 0.37 8.7 35 0.8
1608 24 ...... 22 02.0 8.2 0.25 44 1.8 04
16 08 28 ...... 22 02.0 18.6 0.08 1.9 0.8 0.2

* Includes two 12CO components and one *3CO component; 7 and the other parameters are calculated for only the single
component.
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tion that the two clumps in the ridge are as thick as they are
wide, densities of several times 10° cm ™3 are derived for the
condensations along the ridge. Since W('2CO)/W(*3CO)
ratios in the range 4-8 are indicative of optically thick
12CO emission, it follows from the data presented in Figure
1 that the ridge stands out significantly with respect to the
surrounding gas of the cloud, which has an average density
of order 10*> cm™3 (MBM). The central and southern por-
tions of the ridge, in which the optical depth of the *2CO is
greatest, appear to consist of two clumps (immediately rec-
ognizable in Fig. 1b) that are denser than the surrounding
gas. The linear size of these clumps is ~ 5, corresponding to
0.15 pc at the adopted distance of MBM 40.

Although the LTE method works best in clouds with
5 < Ay < 10 mag (Dickman 1978), the values of N(H,) we
obtain with this technique are consistent with those
obtained for lines of sight in MBM 40 where we have CH
data (Magnani et al. 1996b). It is unlikely that our estimate
of the column density of the molecular ridge is off by more
than a factor of a few. In any case, a greater source of
uncertainty in determining the volume density is the esti-
mate of the pathlength through the cloud. This estimate is
usually based on the linear dimensions of structures across
the face of the cloud, and the extrapolation to the radial
direction is often hazardous.

At lower resolution (6'), the H,CO observations of the
clouds are shown in Figure 2. The main ridge visible in CO
is clearly present, as is the other ridge to the northeast. Since
the H,CO absorption covers a smaller area than the CO
emission (0.2 deg? vs. 0.7 deg?), and the average H,CO line
width is narrower than the average CO line width (0.75 km
s™1 vs. 0.80 km s 1), it is reasonable to assume that the
H,CO is tracing slightly denser gas than the CO. Thus,
Figure 2 shows the presence of two well-defined conden-
sations that are similar in size to the low-mass cores

T -7 T T T

23° 4

8 (1950)
©
&

220 | / 4

1 1 1 L 1
10m 8m 16" 6™
o (1950)

Fi6. 2—Map of MBM 40 in the H,CO 1,,-1,, transition. The bold,
outer contours of the map illustrate the extent of the CO (J = 1-0) tran-
sition as mapped by MBM. The square box represents the region sampled
in H,CO, and the contours of the 6 cm absorption line are within the box.
The outermost contour (signifying the lowest level of absorption) is at —20
mK, and each succeeding contour is at an interval of 20 mK. Within the
H,CO contours are the locations of the lines of sight sampled in the CS
(J = 2-1) transition. Detections are denoted by filled circles, and nonde-
tections are denoted by crosses. The Gaussian fit parameters and rms
limits for nondetections are listed in Tables 1 and 3.

described by Myers (1985). However, a comparison between
the H,CO map and the CO map in Figure 1b reveals a
surprising feature: The northwest clump in the CO map of
Figure 1b is actually located within a region of relatively
weak H,CO absorption. We may be able to understand this
anticorrelation in light of the excitation characteristics of
the 6 cm transition of H,CO.

The excitation of the H,CO 1,,-1,, (6 cm) and 2,,-2,, (2
cm) transitions is anomalous in the sense that for molecular
cloud densities less than 10° ¢cm ™3, the lines appear in
absorption against the cosmic microwave background radi-
ation. The excess population in the lower levels of the perti-
nent J = 1, 2 states requires a nonthermal mechanism first
suggested by Townes & Cheung (1969). The refrigeration
pump for the 6 cm and 2 cm transitions is initiated by
collisions with H, preferentially populating the lower level
of the 2 cm doublet (2,,) state. This is rapidly followed by
radiative decay to the lower level of the 6 cm doublet (1,,)
state, so that both doublets have greater than equilibrium
populations in their lower levels. The net result is that the
excitation temperature for both transitions is below the
microwave background temperature. However, at high
enough densities (typically >10° cm ™3 for the 6 cm line and
somewhat less for the 2 cm line), the collisions with H, are
sufficient in number to begin thermalizing the level popu-
lations so that lines appear in emission rather than absorp-
tion. The behavior of the excitation temperature of the 6
and 2 cm transitions of H,CO as a function of density is
described by Evans et al. (1975).

A weak H,CO 6 cm absorption feature may thus indicate
either the presence of very low density molecular gas or of
much higher density gas as the transition passes from
absorption to emission. In these latter instances, there will
be an anticorrelation between the integrated H,CO
antenna temperature and that of CO. This anticorrelation
has already been noted in a translucent high-latitude cloud
by Heithausen, Mebold, & de Vries (1987) even though later
work by the same group reversed this claim (Meyerdierks et
al. 1990).

In MBM 40, we note that the H,CO and CO line
strengths are for the most part correlated along the ridge
region, but there exists a clear anticorrelation at (x:6) =
(16"08™20°:22°02'00"). The W(12CO)/W(*3CO) ratio is as
low as 4-5 in this region (see Fig. 1b), indicative of optically
thick gas, yet the H,CO 6 cm absorption is only at the ~40
mK level, significantly lower than in the southern and
northern sections of the ridge. In light of the above argu-
ment, it is plausible that a low-mass core may be present
even at this location. We do note ihat H,CO has a rela-
tively large dipole moment so that it may be possible for
electron excitation to lower the gas densities necessary for
the transition to pass from absorption to emission (see, e.g.,
Turner 1993). Future studies with higher density gas tracers
such as NH; or the CS (J = 5-4) transition are required to
settle this matter.

In summary, our CO and H,CG observations indicate
that densities of at least 10> cm ™2 are present along the
molecular ridge in MBM 40. Whether higher density
regions reminiscent of those found in dark cloud “cores”
are present cannot be determined from these data.

2.1.2. CS(J = 2-1) Observations along the Ridge

The CS (J =2-1) observations were made with the
NRAO 12 m telescope at Kitt Peak during 1991 May-June.
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The beam size at 98 GHz is ~70". The front end consisted
of an SIS junction, dual polarization receiver with each
polarization feeding a 128 channel, 100 kHz filter bank. The
velocity resolution per channel was 0.31 km s~ !, and the
total velocity coverage was nearly 40 km s~ !. The data were
obtained in the frequency-switched mode with a frequency
throw of +2 MHz. System temperatures on the sky varied
from 400 to 700 K depending on elevation and weather
conditions. Seventeen lines of sight were observed in MBM
40, and the results are listed in Table 3.

Traditionally, the lower rotational levels of CS have been
considered tracers of high-density molecular gas (see, e.g.,
Snell et al. 1984). We thus observed 17 positions along the
MBM 40 ridge in the CS (J = 2-1) transition. The observed
positions are denoted in Figure 2 as filled circles for detec-
tions and crosses for nondetections. Of the 17 lines of sight,
11 yielded detections in three separate regions of the main
ridge (Table 3). With the exception of positions A and B, the
CS (J = 2-1) line does not correlate well with the H,CO or
even the CO observations. For instance, it is somewhat
surprising that position Q produced only an rms noise
value of 18 mK since this line of sight shows the strongest
H,CO 6 cm absorption over the entire cloud. However, the
differing resolutions of the two sets of observations may
indicate that clumping effects are significant and cannot be
ignored. The only way to be certain that an anticorrelation
exists between the two molecular species is to map the
entire cloud in the CS (J = 2-1) line, an enterprise that
currently requires prohibitive amounts of telescope time.

A significant CS concentration does exist centered at
position K [(a:6) = (16°08™34%:21°54'30")]. The incomplete
mapping shows that the CS clump is at least 3’ x 4’ in size
(0.09 pc x 0.12 pc at the adopted cloud distance). The
W(12CO)/W(*3CO) ratio is 4.8 at the center of this region
and the '3CO optical depth is 0.6 (see Table 2), indicative of
rather substantial 3CO column density. In light of this, it is
surprising that a region with virtually identical *3CO
properties [at («:8) = (16"08™20°:22°02'00")] has only a 19
mK rms upper limit for the CS (J = 2-1) line. Similarly,
position G shows CS emission, yet the W(}3CO)/W(*2CO)
ratio is 9, and the **CO optical depth is only 0.2. In these
cases, clumping or sampling effects are not a problem
because the CO and CS data have virtually the same

TABLE 3
CS (J = 2-1) LINe PARAMETERS FOR MBM 40
RA. Decl. T% Av Upsr
Position (1950) (1950) (mK) (km s™1) (km s™Y)
A....... 16*°07™5454  22°09'28" 56 0.35 325
B....... 16 07 54.4 221128 77 0.70 2.77
C....... 16 08 12.0 22 0000 25 mK rms
D....... 16 08 20.0 22 0200 19 mK rms
E....... 16 08 24.0 21 5500 61 0.26 3.31
F.... 16 08 24.0 21 5700 13 mK rms
G....... 16 08 24.0 21 5900 76 0.38 3.31
H....... 16 08 30.0 21 5430 68 1.30 3.69
I, 16 08 30.0 21 5700 17 mK rms
T 16 08 34.0 21 5330 63 0.53 3.37
K...... 16 08 34.0 21 5430 95 0.62 3.46
L.... 16 08 34.0 21 5530 96 0.56 339
M.... 16 08 38.0 21 5330 77 0.67 3.28
N....... 16 08 38.0 21 5430 117 0.55 335
O....... 16 08 38.0 21 5530 128 0.36 332
P.... 16 08 44.0 21 5430 34 mK rms
Q....... 16 08 48.0 21 5200 18 mK rms
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angular resolution. It is likely that the above regions differ
because of varying excitation conditions, but without more
data we cannot speculate further.

Although the presence of CS emission is normally con-
sidered evidence for dense molecular gas (4 < logn < 6), the
detection of CS (J = 2-1) emission in diffuse and trans-
lucent clouds (Drdla, Knapp, & van Dishoeck 1989) has
revised this perception. Since the molecule has a large
dipole moment, electron impacts are capable of populating
the J =2 level of the v =0 ground state so that CS
(J = 2-1) emission can be detected even from regions with
densities less than 100 cm ™ 3. The translucent cloud models
presented by Gredel et al. (1992) predict CS column den-
sities in the range 1.1 x 103-1.2 x 10'* cm ™3 depending
on parameters such as the cloud density, sulfur depletion,
and UV radiation field. Column densities in this range can
produce observable radio lines according to Drdla et al.
(1989) in gas that has densities as low as 500 cm ™3 for
electron abundances (n,/H,) =1 x 10™* and Ty = 15 K.
Since we do not have an independent estimate of the elec-
tron abundance in the cloud, we cannot use our CS
(J = 2-1) observations to determine the column densities in
cores which have CS detections.

In summary, the CS evidence is ambiguous and does not
prove or disprove the existence of low-mass cores in MBM
40. The *2CO and '3CO data, when coupled with the
H,CO 6 cm observations, imply that the molecular ridge
region has a density of >10° cm ™3, at least an order of
magnitude lower than the low-mass cores described by
Myers (1985).

2.2. Is MBM 40 Gravitationally Bound?

Despite the lack of conventional molecular cores, star
formation in MBM 40 may still be possible given the recent
scenarios that envision the formation of stars in relatively
low-density gas (Dyson & Hartquist 1983; Lépine &
Duvert 1994; Christodoulou & Tohline 1990). However, if a
nonconventional star-forming scenario is relevant for
MBM 40, it is may be relevant to determine if the molecular
mass of the cloud is sufficient to produce a gravitationally
bound object that can survive as an entity long enough for
star formation to commence. The gravitational stability of
the cloud can be determined to first order by comparing the
magnitude of the gravitational potential and kinetic energy
terms in the virial equilibrium equation. For a spherically
symmetric, homogeneous cloud, the gravitational potential
energy is given by

Q= —@MGR™, ()
while the kinetic energy term is
T = 2no2umynR3 , @

where o; is the one-dimensional internal velocity dispersion
of the gas (=0.25 km s ~!; MBM), u is the molecular weight,
my is the mass of the hydrogen atom, n is the average
density, M is the mass, and R is the radius of the cloud.
With an estimate of the cloud mass, the two terms can be
evaluated and compared. We use two independent tech-
niques to obtain the mass of MBM 40: first, we utilize a
CO-H, conversion factor; our second method uses infrared
observations and the standard gas-to-dust ratio.
2.2.1. The Mass of the Cloud from CO Data

The mass of a cloud can be determined directly from CO
data, if a suitable conversion factor from W(CO) to the
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primary constituent of the cloud (H,) can be found. This
conversion factor is commonly referred to as the “X ” factor
or X0 and, for the Galactic molecular cloud ensemble, is
often taken to range from 2 to 4 x 102° cm™2 [K km
s~ 117! (the units will be dropped hereafter for brevity).
Magnani & Onello (1995) have pointed out the pitfalls of
applying a “standard” X factor to translucent clouds.
They suggest that the best technique for determining X o in
translucent clouds is to calibrate the ratio for a particular
cloud using observations of the CH hyperfine ground state
transition at 3335 MHz. Such a calibration for MBM 40 has
been made (Magnani et al. 1996b) and yields a value of
1.8 x 10%°. Along the MBM 40 molecular ridge, five
separate measurements of the X-factor produced values
ranging from 0.8 to 2.0 x 102°—a rather limited range
given the variations usually encountered in translucent
clouds (Magnani & Onello 1995). The average value com-
pares favorably with the average value obtained in Table 2
using N(H,) derived from the !*CO data and W(CO) from
Magnani et al. (1988): 0.7 x 10?°. Since Magnani & Onello
(1995) determine that the CH method is the most reliable
one for translucent clouds, for the remainder of this paper,
we use 1.8 x 10%° as the value for X o in MBM 40.

We express the mass of the cloud in terms of readily
available parameters with the equation

M = 5.8 X 10_3Ad2N21 M@ 5 (3)

where A is the area of the cloud in square degrees, d is the
distance in pc, and N,, is the average H, column density
in units of 102! cm 2. The average W(CO) for MBM 40 is

22°30'

21°30'
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Z20—=-H>»Z-rrOmo
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2.0 K km s~! (MBM), so that X, = 1.8 x 10%° yields an
average value of N,, = 0.12. The area of the cloud is 0.7
deg? so that, based on the preceding assumptions, the mass
of MBM 40 is ~ 15 M. If we correct for the presence of He
in the cloud, the overall mass increases to ~19 M.

2.2.2. The Mass of the Cloud from Infrared Observations

An alternative derivation of the mass of MBM 40 can be
made using optically thin infrared observations to deter-
mine the mass of the cloud and then scaling to a total mass
by an adopted gas-to-dust ratio. Figure 3 is a 100 um IRAS
image of MBM 40 and its immediate environment. Infrared
images of high-latitude molecular clouds do not at first
glance look noticeably different from infrared atomic cirrus
clouds. The distinction between atomic and molecular
cirrus seems to be a gradual transition to a regime of
column density and pressure that allows clouds to contain
significant quantities of molecular gas (Elmegreen 1993).
The visual extinction through molecular cirrus is somewhat
higher than for atomic clouds, which is how these regions
were selected for observation in the original MBM survey.
Also, a comparison of all-sky surveys in IR and H 1 emission
identifies molecular cirrus as regions of enhanced IR/HI,
presumably because there is additional dust associated with
gas in the form of H, (Désert, Bazell, & Boulanger 1988;
Blitz, Bazell, & Désert 1990). It is now believed that molecu-
lar cirrus clouds are more condensed features embedded in
larger arcs of H 1 (see, e.g., Gir, Blitz, & Magnani 1994). In
the case of MBM 40, the puffs of cirrus emission seen in
Figure 3 lie in an arc that extends roughly 6° and are other-
wise isolated. Although the adjacent cirrus clouds have not

05 15h oo™ 55
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been covered by the existing CO maps of MBM 40 (MBM;
de Vries 1988), they are probably atomic because they are
not noticeable on the POSS plates as reflection nebulosities
and are not tabulated as having excess IR/H 1 (Désert et al.
1988). The cirrus clouds to the upper left and lower right of
MBM 40 in Figure 3 probably have peak column densities
that are lower by a factor of ~0.55 and 0.75, respectively,
since these are the factors by which their peak 100 um
surface brightnesses are reduced compared to MBM 40.

The infrared flux of the MBM 40 region was obtained
from IRAS Sky Flux Plate Images (HCON 1) at 100, 60, 25,
and 12 um. The images were taken from a survey of the
infrared properties of molecular cirrus (Verter et al. 1996),
and the data reduction procedures used in the survey are
described by Verter & Rickard (1996). At each wavelength,
the image background was fitted with a tilted plane and
subtracted. The MBM 40 cloud flux was integrated inside
the 0.33 K km s™! contours of the MBM CO (J = 1-0)
map. The cloud emission was measured as a difference
against the residual off-cloud emission in the background-
subtracted image. This step is necessary because cirrus
clouds are so faint that residuals in the background subtrac-
tion can be comparable to the cloud emission (Verter &
Rickard 1996).

Figure 4 is a plot of the MBM 40 integrated emission
versus IRAS wave band. Although the cloud was barely a
smudge on the background-subtracted images at 25 and 12
um, the difference against neighboring off-cloud areas pro-
duced a detectable flux. The propagated measurement
uncertainty is basically a function of the rms pixel disper-
sion divided by the number of resolution elements in the
measurement area for both the on- and off-source areas.
The IRAS detectors are also afflicted by intrinsic gain
uncertainties, which introduce a fixed photometric uncer-
tainty of 16, 13, 13, and 12% at 100, 60, 25, and 12 um,
respectively (Verter & Rickard 1996). The plotted error bars
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F1G. 4—Infrared flux density of MBM 40 vs. wavelength. The reduced
data are plotted as solid triangles centered on the nominal wavelengths of
the IRAS filters. Each of these points represents the net infrared emission
of the background-subtracted cloud image, integrated within the 0.33 K
km s~! contours of the MBM CO (1-0) map. The error bars include
both measurement and photometric uncertainties. For comparison, the
cross at each IRAS nominal wavelength is the convolution of the model
emission with the IRAS filter. The solid curve plots emission versus wave-
length for the best fit of the Dwek grain model; dashed and dotted lines
show the contributions of MRN grains and stochastically heated grains,
respectively.
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in Figure 4 are the net result of combining measurement
and photometric uncertainties.

The dust mass of MBM 40 can be determined by fitting a
grain model to the integrated fluxes in the four IRAS wave
bands. Most of the dust mass in the clouds is in grains with
size between 0.025 and 0.25 um, which radiate at an equi-
librium temperature and give rise to most of the 60 um and
100 um emission. This grain population is well described
by the standard “MRN™ dust model (Mathis, Rumpl, &
Nordsieck 1977), and assuming that all the 60 and 100 um
IRAS emission originates from these grains, we derive a
dust mass of 0.073 M, within the lowest CO contour in the
MBM map.

Additional mass is contributed by stochastically heated
dust grains and macromolecules (PAHs, QCCs, HACs) that
are the source of the “overidentified ” near-infrared contin-
uum and emission features (see, e.g., § II in Allamandola &
Tielens 1989).

Our approach is to fit simultaneously the MBM 40 fluxes
at 100, 60, 25, and 12 um by adopting a modified MRN
grain model in which the grain size distribution for graphite
becomes much steeper below ~ 200 A, introducing large
numbers of very small particles that undergo stochastic
heating. This approach was developed by Dwek (1986),
among others, and applied to three molecular cirrus clouds
by Weiland et al. (1986); we have used more recent versions
of these models. The three free parameters in this model are
(1) the grain size at which the size distribution changes
exponent (which must be less than ~ 200 A where stochastic
emission sets in), (2) the minimum grain size (which must be
greater than 3 A to resist sublimation, and (3) the steepness
of the enhanced size distribution (which must be greater
than the MRN exponent — 3.5). The fits with the lowest x?
values allow 0.057-0.109 M of dust within the lowest CO
contour of MBM with a best fit of 0.095 M. If we now
scale up the dust mass by a gas-to-dust value of 100, we
obtain a best-fit mass for MBM 40 of 9.5 M. Given the
uncertainty in the gas-to-dust ratio, the agreement with the
mass obtained from molecular spectroscopy considerations
is good.

However, as the infrared map in Figure 3 makes clear,
there is more emission in the region than what was mapped
by MBM. The infrared emission identifiable with the MBM
40 cloud subtends an area 2.1 times larger than that covered
by the CO contours. Consequently, if we scale up the mass
determined for MBM 40 from the molecular data to the
“entire ” infrared-emitting region, we obtain a best estimate
for the molecular cloud of 40 M. We adopt this value for
the remainder of the paper.

With an estimate of 40 M, for the cloud mass, Q and T
in equations (1) and (2) have values of 6.4 x 10*3 ergs and
4.2 x 10*3 ergs, respectively. The ratio of T/Q (~1) is sig-
nificantly lower than typical values for translucent high-
latitude clouds (10-100; MBM) and indicates that MBM 40
is an atypical low-extinction translucent cloud. The simi-
larity between Q and T for MBM 40 indicates that the
cloud is not breaking up on a sound-crossing timescale and
may be stable for timescales long enough for star formation
to occur. This is one of the reasons we chose to investigate
the star-forming capabilities of this particular cloud.

With the cloud mass, we can estimate the expected star
formation efficiency of MBM 40 if the rate were similar
to that in the Taurus-Auriga dark clouds. The total mass
of the Taurus-Auriga dark clouds is 3.5 x 10* Mg
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(Ungerechts & Thaddeus 1987). Kenyon & Hartmann
(1995) estimate the minimum number of PMS members of
Taurus-Auriga to be ~200, while the ROSAT All-Sky
survey has revealed as many as ~10® TTS candidates
(Neuh&user et al. 1995b); hence, the star formation effi-
ciency probably lies somewhere between 1% and 3%. This
shows that in a 40 M, cloud, one can expect up to several
T Tauri stars with a few 0.1 M ; each.

3. RESULTS OF THE X-RAY/OPTICAL SEARCH

3.1. The ROSAT Observations

One of the best methods for identifying PMS stars is via
their X-ray emission (see, e.g., Walter et al. 1988; Alcala et
al. 1995; Neuhduser et al. 1995c). The X-ray data for this
study were acquired via two methods which employed the
ROSAT Position Sensitive Proportional Counter (PSPC).
Briefly, the PSPC had a field of view ~2° in diameter,
sensitivity to ~0.1-24 keV X-rays, on-axis spatial
resolution of ~40” in the survey mode and ~20” in pointed
mode, and spectral resolution of AE/E ~ 43% at 0.93 keV
(Zimmermann et al. 1993).

One method of observing MBM 40 utilized the ROSAT
All-Sky Survey and was carried out between 1990 July and
1991 August. The telescope, with the PSPC at the focal
plane (Triimper 1983; Pfeffermann et al. 1986) scanned the
sky once per satellite orbit along great circles containing the
north and south ecliptic poles. X-ray sources were typically
visible for ~20-30 s per scan. Since the visibility of an
object depends on its ecliptic coordinates, the sources in
MBM 40 (f ~ 41°) were observed for an exposure time of
~550-650s. We examined a 3°5 x 6°5 area centered on the
CO emission peak of MBM 40 (Fig. 5). All of the source
detection analysis was performed using the NOV93 version
of the Extended Scientific Analysis Software System
(EXSAS) software developed at the Max-Planck-Institut fiir
Extraterrestrische Physik (MPE ; Zimmermann et al. 1993).

We conducted our analysis in a manner similar to that
performed by Neuhduser et al. (1995a). We searched for
sources using the EXSAS LDETECT, MDETECT, and
MAXLIK algorithms. The LDETECT algorithm uses a
“sliding-window” technique, which utilizes a local back-
ground that surrounds the detection cell. The major advan-
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ROSAT All-Sky Survey image of MBM40 (.4 to 2.1 keV)

FiG. 5—ROSAT All-Sky Survey hard-band (0.5-2.0 keV) map of the
region centered on MBM 40. The small squares indicate the locations of
the 31 sources, while the large circle indicates the location of the ROSAT
pointed observation shown in Fig. 6. The fact that many sources indicated
on this hard-band image cannot be recognized as sources is a result of their
being detected in the soft band only, indicating that they are not T Tauri
stars, but, rather, are either dMe stars or quasars.
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tage of this method is that LDETECT is virtually
independent of external parameters (such as background
rate and distribution). However, since the local background
is estimated only in a relatively small cell, this method is less
sensitive than others that use the total field of view. The
MDETECT algorithm uses a full field-of-view map of the
expected instrumental background (modeled from actual
parameters such as satellite orbit, solar aspect angle, and
anticoincidence rates) in conjunction with photon and par-
ticle background estimates as the background against
which the “sliding-window ” technique is used. The source
lists that are generated by these two algorithms are then
subjected to a maximum likelihood analysis (MAXLIK)
that fits the observed distribution of source counts to a
source model (usually a flat background across the region of
interest) and a point source (with a point-spread function
appropriate for the source position in the field). The best fit
is the most likely value for the background and source
strength, as well as source position, given the observed dis-
tribution of counts. More detailed descriptions can be
found in papers by Cruddace, Hasinger, & Schmitt (1988)
and Zimmermann et al. (1993).

Our search was conducted in different ROSAT standard
“bands,” defined as follows: “S” =0.1-04 keV; “H” =
0.5-2.0 keV; “H,” =0.5-09 keV; “H,” =0.9-2.0 keV;
“B” =0.1-2.4 keV. After merging the LDETECT and
MDETECT source lists from all different bands, the merged
source list was again tested with MAXLIK ; the maximum
likelihood threshold was ML = 8. An additional utility of
the bands is that “ hardness ratios,” somewhat analogous to
optical photometric colors, can be defined. Since the cross
section for absorption of X-rays by the interstellar medium
is well understood (Morrison & McCammon 1983), these
hardness ratios allow us to make inferences about the
amount of absorbing material along the lines of sight
toward the sources detected (Neuhauser et al. 1995a).

Again we have employed standard ROSAT definitions of
hardness ratios:

@

HR, =282 “ZH1 )

where Zy, Zg, Zy,, and Zy, represent the count rates in
each of the bands.

We combined the individual source lists, merging sources
from different energy bands which lay within 1’ of each
other. A total of 31 sources were detected in the All-Sky
Survey. The number of sources per deg? in MBM 40 at this
sensitivity level is somewhat smaller than that indicated by
the log N-log S relation found from a deep ROSAT survey
of the Lockman Hole conducted by Hasinger et al. (1993);
this diminution is most likely attributable to the extinction
in the line of sight toward MBM 40 (4, < 2 mag), since the
Galactic latitudes of both objects are roughly the same.
Nevertheless, this could be interpreted as an initial indi-
cation that there are no X-ray emitting PMS stars in
MBM 40.

The second method of observing MBM 40 involved the
pointed phase of the mission. A 7.3 ks PSPC observation of
MBM 40, centered on (x:6) = (16"09™09%6:22°03'00") and
covering the densest region of the cloud (the PSPC field of
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view is 2° in diameter), was performed on 1993 August
18-19 and is shown in Figure 6; the investigators for this
observation, David Burrows and collaborators, had pro-
posed the observation in order to study the possible shad-
owing of the X-ray background by MBM 40. They kindly
allowed us access to the data in order to study any point
sources that might have been detected. Although the stan-
dard ROSAT data products include a “ Master ” source list,
we have chosen to confirm the entries on that list (and
perhaps to find additional sources) by reanalyzing the data.
Our analysis procedures for the pointed data differed from
those utilized for the All-Sky Survey data. In particular, the
X-ray source list for the pointed image was derived using
the IRAF/PROS LDETECT routine. This detection
routine was run for each of the nine possible combinations
of cell size with energy band (three cell sizes and three
energy bands) in order to find candidate sources above a
signal-to-noise ratio threshold S/N = 2.5. We take S/N to
be the ratio between the net source-counts (see below), S,
divided by the 1 g error in S, g (see, e.g., Gagné & Caillault
1994). This generated nine possible source lists. The
LMATCHSRC routine was then run to merge redundant
sources appearing on more than one list; the spatial separa-
tion criterion for merger was that the sources had to have
positions within their respective 3 ¢ positional error circles
(as determined by the LMATCHSRC routine). We then
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confirmed (or refuted) the existence of the sources by visual
inspection of the image; at the same time, we inspected the
image for any sources that may have been missed by the
LDETECT routine: four additional sources with S/N > 2.5
were found.

In order to measure the flux from the pointed observation
sources, we utilized source circle radii calculated from the
ROSAT off-axis, energy-dependent point response function
(found in the ROSAT Mission Description); these radii
include 99% of the source photons. Local background
counts were calculated from a concentric annulus, where
the inner radius was twice as large as the source circle
radius and the outer radius 200 pixels (~ 100”) larger than
the inner radius. Sources were “masked” from the image
when the local background was calculated so that back-
ground counts were not overestimated. Our final,
“pointed” source list consists only of sources with
S/N > 2.5 in the broad energy band. A total of 14 sources
were detected in the pointed observation, only one of which
was found in the survey.

There are no cataloged PMS stars in this region of the
sky. Using an X-ray error radius of ~40” (Neuhiuser et al.
1995a), we cross-referenced all 44 of our X-ray sources with
the SIMBAD, NED, and IRAS Faint Source databases to
remove any extragalactic objects from our list of candidates
for follow-up optical spectroscopy; four objects were elimi-

FiG. 6.—Broadband {0.1-2.4 keV) X-ray image of the 7.3 ks ROSAT PSPC pointed observation of MBM 40
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nated via this procedure. Visual magnitudes for the remain-
der were obtained from SIMBAD (when available) or were
determined, within 0.25 mag, from visual inspection of the
POSS prints.

ROSAT-detected T Tauri stars can be distinguished from
ROSAT-detected non-T Tauri stars by hardness ratios
(Neuhiuser et al. 1995b). This allows us to eliminate two of
our sources as candidates for being PMS stars; their HR,
values = —1, far outside the range of acceptable values.
Although this discrimination technique appears to work
sufficiently well for discovering new T Tauri stars (from
follow-up observations of previously unidentified ROSAT
survey sources), it is certainly helpful to use additional cri-
teria to select T Tauri candidates. One such additional cri-
terion is the X-ray—to—optical flux ratio. Maccacaro et al.
(1988) point out that X-ray sources with Galactic and extra-
galactic counterparts can be separated at a high confidence
level (>90%) prior to any optical spectroscopy. Results of
the Einstein Extended Medium Sensitivity Survey (EMSS)
show that among extragalactic sources all but a few have
log (fx/f,) > —1.0; in addition, those few are normal gal-
axies which are easy to identify on the POSS plates. With
the exception of dMe stars, all stars, including the T Tauri
stars observed in the Einstein EMSS, have log (fx/f,) <
— 1.0 (Stocke et al. 1991). Since we are looking for X-ray—
active low-mass PMS stars and in many cases are making
rough estimates of the visual magnitude as seen on the
POSS piates, we have adopted a more conservative cutoff.
We consider sources that have log (fx/f,) > 0.0 to be extra-
galactic and those with log (fy/f,) < 0.0 to be possible
stellar candidates. These values are calculated from:

log (fx/f,) = log B+ 04V — 5.08 , (6)

where B is the ROSAT broadband count rate and V is the
optical counterpart’s visual magnitude (Sterzik et al. 1995).
Given the errors in the measured X-ray flux and the esti-
mated visual magnitudes, the maximum error in our esti-
mate of log (fx/f,) is ~0.5. Thirteen sources were identified
as extragalactic via this method. These, along with the six
sources previously mentioned, were eliminated from further
consideration. The remaining 25 objects plausibly have
stellar optical counterparts.

These 25 X-ray sources and their 33 associated optical
counterparts (within the X-ray error radius of ~40") are
listed in Table 4. Those from the All-Sky Survey (17
sources = 22 optical candidates) appear in the upper half of
the table, while the eight (=11 optical candidates) from the
pointed observation appear in the bottom half. We list the
source name and position, existence maximum likelihood
(for survey sources) or S/N ratio (for pointed observation
sources), broadband count rate and 1 ¢ error, and the two
hardness ratios and their 1 ¢ errors in the first seven
columns. In Figure 7 we plot the HR, values versus the
HR, values for these 25 X-ray sources; all except two of
them have HR, values that are positive, and all but one
have HR, values > —0.5. Since PMS stars are located in
the same upper right-hand portion of such plots (Neuhduser
et al. 1995a), the hardness ratio data for our X-ray sources
are generally consistent with the possibility of their being
PMS stars.

Another advantage to having calculated the hardness
ratios is that one can determine the dereddened X-ray fluxes
of the sources via the technique described by Neuhiuser et
al. (1995a). The method essentially assumes that the
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observed energy distribution depends only on the hydrogen
column density and the temperature of a single-temperature
Raymond-Smith thermal plasma (Raymond & Smith 1977).
Since the observed energy distribution is expressed by hard-
ness ratios, any pair of HR;, HR, values corresponds to a
pair of T, Ny values. Together with the PSPC energy
response matrix, the energy conversion factor, and the
count rate, the best-fit T, Ny pair yields a corrected X-ray
flux; these values and their errors are listed in column (8) of
Table 4. Count rates used to calculate the flux ratios with
equation (6) are not dereddened but, rather, observed count
rates, in order to compare correctly with the flux ratio limits
given by Stocke et al. (1991) who also use fluxes which are
not dereddened.

Since the two observing methods had very different expo-
sure times, the resulting sensitivities were correspondingly
different: a threshold limiting flux of ~10~*3 ergscm ™25 *
was achieved during the All-Sky Survey, while the pointed
observation was ~ 10 times more sensitive. These values
correspond to minimum X-ray luminosities of ~10%°-* and
~10%8-1 ergs s~ ! at the adopted distance of MBM 40.

Despite the fact that the deeper, pointed observation’s
field of view was included in the All-Sky Survey region
analyzed, only one source, RXJ 1605.6 +2153, was detected
by both methods. Actually, this is not too surprising, since
the All-Sky Survey should detect only the brightest sources,
which, all else being equal, should not appear in the region
of higher extinction where the pointed observation was
made. The candidate RXJ 1605.6+2153 was detected on
the periphery of the field of view of the pointed observation.
However, its location produced a poorly determined source
position relative to that of the All-Sky Survey so that we list
only RXJ 1605.6 +2153 in the upper portion of Table 4.

In columns (9) and (10) of Table 4 we list the optical
counterparts’ apparent magnitudes and fy/f, ratios.
Approximately half of the optical counterparts have visual
magnitudes brighter than 15.5, the limit to which we
obtained optical spectra. In the next section, we describe the
optical observations of these brighter candidates.

3.2. The Mount Hopkins Observations

Our spectra were obtained during 1994 May and July
and 1995 March using the FAST spectrograph with the 600
lines mm ™! grating of the 1.5 m Fred Lawrence Whipple
Observatory telescope. The wavelength range of the spectra
is ~5590-7590 A ; the slit size of 175 provided a reciprocal
dispersion of 0.75 A pixel . The spectra were bias cor-
rected and then divided by the appropriate flat field. Wave-
length calibration was performed by comparison with
standard He-Ar and Ne spectra. All optical data reduction
was performed using standard IRAF routines.

Integration times of 2 minutes for sources brighter than
V ~ 10, 6 minutes for sources brighter than V' ~ 13, and 10
to 15 minutes for fainter sources produced spectra with
{S/N> ~ 30. The 3 ¢ equivalent width was determined from
EW = 3A4/(S/N) A. Using our 2 pixel resolution, S/N ~ 22
for the 600 lines mm ~! grating is required to detect a line
with an EW 0f 0.2 A at a 3 o confidence level.

Spectral types were determined by comparison to spec-
tral standard stars and via comparison with the spectral
atlas compiled by Allen & Strom (1995). The assigned spec-
tral types and the EWs of the Ha emission appear in
columns (11)—(12) of Table 4. Negative equivalent widths
represent Ha emission.
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FiG. 7—Plot of the X-ray hardness ratios HR, vs. HR,. Open circles represent sources detected in the ROSAT All-Sky Survey; filled circles represent
sources detected in the pointed observation. One sigma error bars are indicated.

Our search for evidence of PMS stars in MBM 40
revealed four stars that exhibited Ho emission (EW ~ 5 A),
but none of these objects showed statistically significant Li
absorption. The broadband spectra (5700 A to 7500 A)
of all four objects are shown in Figure 8, while in Figure 9,
we show a close-up view of the 6550 Ato67254 region.
The fact that the gravity sensitive features in our spectra
(e.g., the Na 1 D doublet and the Ca H band at 6370 A) are
quite strong suggests that these stars are indeed dwarfs and
are not young (low-gravity) PMS stars. Since the Hoa-
emitting stars all have spectral type M, we expect that these
stars are probably dMe stars along the line of sight toward
MBM 40. Extrapolating from the Gliese & Jahreiss (1988)
catalog of stars within 25 pc to the ~100 pc distance of
MBM 40, we estimate that there should be ~5 dMe stars

RXJ1601.4+2116

W RXJ1604.6+2103b
RXJ1622.0+2250a

I | ] | 1 l |
5750 6000 6250 6500 6750 7000 7250 7500

Wavelength (angstroms)

Fic. 8.—Broadband (5700-7500 A) optical spectra for the dMe stars in
our sample. The spectra have been normalized by a first-order cubic spline.

within the 3°5 x 6°5 area surveyed, consistent with our
spectroscopic results. The estimated magnitudes and spec-
tral types, together with the extinction along the line of
sight, provide distance estimates to these M dwarfs, which,
in turn, allow us to calculate their X-ray luminosities. We
find that these four dMe stars have Ly values that place
them in the same range (a few times 10%° ergs s~ ') as the
X-ray-selected sample from the Einstein Medium Sensi-
tivity Survey (Fleming et al. 1988). Although PMS models
predict that early M dwarfs burn their lithium by an age of
10 Myr and, hence, that these stars could have been born in
or near MBM 40 but be > 10 Myr old, we feel that the field
star explanation is more likely.

A similar analysis of ROSAT all-sky observations of the
Taurus dark clouds was performed by Neuhduser et al.

| | | 1 I I

RXJ1601.4+2116
RXJ1604.6+2103a
RXJ1604.6+2103b

RXJ1622.0+2250a

1 I 1 | | I
6575 6600 6625 6650 6675 6700

Wavelength (angstroms)

6550 6725

FiG. 9.—Same four stars as in Fig. 8, but with the region from 6550 A to
6725 A enlarged. The Ha line is readily noticeable, but there is no trace of
the Li 6708 A line in any of the spectra.
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(1995b): in a region covering ~500 deg?, 73 TTS were
detected (Wichmann et al. 1995). As discussed at the end of
§ 2.2.2, if the region around MBM 40 were forming stars at
the same rate as the Taurus molecular clouds, and given the
areas surveyed and the relative distances, our technique
would have uncovered two to three TTS in MBM 40.

4. DISCUSSION

From this exhaustive multiwavelength study of MBM 40,
an example of a “compact” low-extinction cloud, we con-
clude that the cloud displays no evidence of recent or
ongoing star formation. MBM 40 does not have the low-
mass molecular cores typical of the Taurus-Auriga dark
clouds, which are prolific nurseries of low-mass stars (see,
e.g., Myers 1985). The clumps along the MBM 40 ridge are
about the same size as the standard low-mass cores
described by Myers, but the volume densities are likely to
be smaller by at least 1 order of magnitude, and the line
widths do not show evidence of subsonic turbulence. In
addition, the column density and extinction throughout the
cloud are lower by an order of magnitude from the values in
dark clouds. In light of these differences, it may seem futile
to search for young stars in the environs of MBM 40.
However, the growing number of young stars discovered far
from dark clouds or low-mass cores (§ 2) indicates that
unconventional scenarios for forming low-mass stars must
be explored.

MBM 40 is an atypical translucent cloud in that it
appears to be gravitationally bound. Most translucent
clouds have internal kinetic energies greater by a factor of
10-100 than the gravitational potential energy based on the
cloud’s mass and size. MBM 40 has nearly identical values
of these two quantities and is most likely a bound object.
This peculiar property of MBM 40 motivated our search for
pre-main-sequence stars in this cloud.

Only five of 28 high-latitude clouds with the appropriate
estimates of mass, radius, and velocity dispersions for the
calculation of the ratio of kinetic to gravitational potential
energy are gravitationally bound (Magnani, Hartmann, &
Speck 1996a). One of these objects, MBM 20, is a star-
forming region (Magnani et al. 1995). Using the data pre-
sented by Magnani et al. (1996a), we can compare the two
objects: MBM 20 is slightly larger than MBM 40 (1.3 deg?
vs. 0.7 deg?) and has a larger mass (84 M, vs. 40 M); the
internal velocity dispersion of the two objects is comparable
(0.39 km s~* vs. 0.25 km s~ ?!); and both objects have a
compact morphology. The big difference between the two
clouds is that MBM 20 contains a low-mass molecular core.
The column density through the central region of MBM 20
is 3 x 10%! cm ™2 (Liljestrom 1991), a factor of 25 greater
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than the value for MBM 40 determined in § 2.2.1. Similarly,
the extinction in the central region of MBM 20 is much
larger than anywhere in MBM 40. Sandell et al. (1981)
determine a lower limit to A5 of 5.6 mag over a 10" x 5’ area
in the direction of the low-mass core. This opacity led
Lynds (1962) to catalog MBM 20 as a dark cloud, although
the outer regions are clearly translucent.

Another high-latitude translucent/dark cloud, MBM 12,
has also formed T Tauri stars (Magnani et al. 1995; Pound
1996). Its physical characteristics are similar to those of
MBM 20 with the exception that the ratio of kinetic to
gravitational potential energy is ~26 (Magnani et al.
1996a). On the basis of our study, it appears that gravita-
tional binding of the entire cloud is neither a necessary nor
a sufficient condition for triggering the mechanism(s)
responsible for producing stars in a translucent cloud and
that a large column density of molecular gas in a low-mass
core is a more important factor.

Comparative studies of the physical properties of the
various types of translucent and dark clouds may illuminate
under what conditions the star formation process begins in
these objects. MBM 40, as an example of a compact, low-
extinction, gravitationally bound cloud, is currently not
capable of star formation. However, there are other types of
translucent clouds that may be massive enough and that
may harbor regions dense enough to have formed stars.
These other types of clouds, specifically filamentary and
compact, but of higher average extinction and thus greater
N(H,) than MBM 40, are best exemplified by MBM clouds
55 and 7. Both of these objects have regions of greater
extinction than those found in MBM 40 but lower than
those in MBM 12 and MBM 20. In future papers, we will
describe similarly exhaustive efforts to determine their role,
if any, in local Galactic star formation.

This research has made use of the NASA/IPAC Extra-
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supported by the Bundesministerium fiir Forschung und
Technologie and the Max-Planck-Gesellschaft. Part of this
research was supported by NASA grants NAG 5-2665 and
NAG 5-1610 to the University of Georgia and NAGW-
2698 to the Harvard-Smithsonian Center for Astrophysics.
We thank an anonymous referee for comments which
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